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Summary  

The terrestrial soil organic carbon (SOC) pool constitutes about twice the amount of 
the current atmospheric carbon reservoir. Under increasing atmospheric carbon 
concentrations it is of paramount importance to better understand its dynamics for 
predictions of its behavior as a carbon sink or source, but there are still many gaps in 
the knowledge on the long-term cycling of SOC. Compound-specific radiocarbon 
analysis (CSRA) of terrestrial biomarkers provides a powerful tool to determine 
residence times of individual compounds in the terrestrial carbon reservoir.  

The first scope of the thesis was the development and evaluation of isolation 
protocols for CSRA. With increasing precision of accelerator mass spectrometry 
techniques, the main analytical challenge turned out to be the chemical purification of 
individual compounds from complex mixtures of sedimentary organic matter. The 
amount of extraneous carbon (Cex) added during the isolation process had to be 
precisely determined and kept as small as possible. A new isolation protocol was 
developed to isolate individual long-chain fatty acids using semi-preparative high-
performance liquid chromatography (HPLC). An average Cex contribution was 
determined using process standards. Then, individual long-chain fatty acids from an 
environmental sample were successfully isolated and dated. In order to compare the 
purity and the radiocarbon results fatty acids from the same sample were also 
isolated using preparative gas chromatography (pcGC). The values were nicely 
reproduced using both methods, even though there still was room to reduce the 
uncertainty for the samples isolated with the HPLC. A second method development 
was also based on the use of HPLC for isolating individual benzene polycarboxylic 
acids (BPCAs). After collection of individual compounds the samples were converted 
to CO2 via wet chemical oxidation. The possibility of subsequent 13C and 14C isotope 
analysis on the same sample is a main advantage of this method as the combination 
of different analysis significantly improves the interpretation of the result and enables 
monitoring of Cex in a fast and efficient way.   

Information about past climate and environments has been traditionally derived from 
lake and ocean sedimentary records. In this thesis, biomarker studies on lacustrine 
sediments combined with CSRA have been used to reconstruct the terrestrial 
ecosystem evolution and to differentiate between inputs from the soil surfaces or 
from the soil itself. SOC that has been eroded from deeper soil horizons and 
deposited on the lake bottom gives insight into SOC pools and residence times 
during landscape evolution. Organic matter that has been deposited soon after its 
production provides insight into the composition and development of the vegetation 
in the catchment area. Additionally, these terrestrial markers have the potential to be 
used for dating of sediments that lack well-preserved macrofossils. This potential 
was used successfully in the generation of a chronology for the sedimentary record 
of the Greek lake Ioannina using both radiocarbon dates of microcharcoal 
concentrates and of individual long-chain n-alkanes.  
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The terrestrial ecosystem evolution was intensively studied on the well-dated 
sedimentary record of the Swiss lake Soppensee. Radiocarbon ages of individual 
long-chain n-alkanes, of bulk sedimentary organic carbon and carbonates were 
compared with the sediment age obtained from terrestrial macrofossils. Prior to about 
3100 cal BP n-alkanes ages were about the same as the sediment age, but for 
sediments younger than 3100 cal BP the n-alkanes became relatively older. At the 
same time, there was an increase in the abundance of pre-aged n-alkanes, and both 
observations could be related to erosion of deeper soil layers in the catchment area, 
providing evidence that a recalcitrant carbon pool had been building up since the 
begin of ecosystem evolution after glacial retreat. These significant changes were 
directly related with anthropogenic activity (deforestation and agriculture). Lastly, the 
lipid biomarker and isotopic composition of Soppensee sediments were scrutinized. 
The abundance of terrestrial biomarkers in combination with compound-specific 
isotope analysis (! 13C) confirms very stable ecosystem conditions during most parts 
of the Holocene. Immigration of angiosperms at the onset of the Holocene is 
evidenced by the occurrence of pentacyclic triterpenoids. Past redox conditions of 
lake bottom waters could be linked to the presence of the biomarker 13! -malabarica-
14(27),17,21-triene, while unsaturated C40 carotenoids were related to the 
occurrence of euxinia during parts of the Holocene. Overall, the limnological 
evolution and changes in the terrestrial ecosystem during the time of deglaciation 
and main parts of the Holocene were reconstructed by means of lipid biomarkers. 
CSRA proved that the composition of terrestrial biomarkers was significantly biased 
during the last 3000 years as a consequence of long residence times in soils. 
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Zusammenfassung  

Die Bšden auf dem Festland bilden ein Kohlenstoffreservoir, das ungefŠhr doppelt so 
gro§ ist wie das atmosphŠrische Reservoir. Angesichts steigender Kohlenstoffkon-
zentrationen in der AtmosphŠre ist es von besonderer Bedeutung den 
Bodenkohlenstoffkreislauf besser zu verstehen, um einschŠtzen zu kšnnen, ob 
Bšden zukŸnftig eher als Kohlenstoffsenken oder -quellen agieren. Jedoch gibt es 
immer noch gro§e WissenslŸcken Ÿber den langfristigen Kreislauf des Kohlenstoffs 
in Bšden. Ein wichtiges Werkzeug, um die Verweildauer individueller organischer 
Verbindungen in terrestrischen Reservoiren zu bestimmen, ist die Radiokarbon-
datierung an spezifischen Verbindungen terrestrischer Biomarker.  

Ein Schwerpunkt dieser Dissertation lag zunŠchst in der Entwicklung und Evaluation 
von Laborprotokollen zur Isolation individueller Verbindungen fŸr die anschlie§ende 
Radiokarbondatierung. Die Techniken der Massenbeschleunigungsspektrometrie 
sind mittlerweile so weit entwickelt, dass die PrŠzession der Datierungen vor allem 
von der Genauigkeit der chemischen Auftrennung individueller organischer Verbin-
dungen aus der komplexen Matrix organischen Materials abhŠngt, als von der 
massenspektrometrischen Messung an sich. WŠhrend des Prozesses der Auf-
trennung kann die Probe mit externen Kohlenstoffverbindungen (Cex) verunreinigt 
werden. Die Menge der Verunreinigungen muss exakt ermittelt und mšglichst gering 
gehalten werden. Eine im Rahmen dieser Arbeit neuentwickelte Methode ermšglicht 
die Auftrennung und anschlie§ende Datierung individueller langkettiger FettsŠuren 
aus Umweltproben anhand von HochdruckflŸssigkeits-Chromatographie (HPLC). 
Nach der Bestimmung der durchschnittlichen Menge von Cex unter Zuhilfenahme von 
Prozessstandards wurden individuelle langkettige FettsŠuren erfolgreich aus 
Umweltproben isoliert und datiert. Um die Reinheit der Proben und die Datierungs-
ergebnisse vergleichen zu kšnnen wurden FettsŠuren aus der selben Probe ein 
zweites Mal isoliert und datiert. In diesem Falle erfolgte die Auftrennung anhand von 
Gaschromatographie (GC). Die Ergebnisse wurden von beiden Methoden reprodu-
ziert. Jedoch kšnnte die Genauigkeit der Datierungen, die mit der neuen Methode 
produziert wurden, noch verbessert werden. Eine weitere Methodenentwicklung 
basierte auf der Nutzung der HochdruckflŸssigkeits-Chromatographie, um einzelne 
BenzolpolycarbonsŠuren (BPCA) zu isolieren. Die gesammelten BPCA-Verbin-
dungen wurden anschlie§end durch nasschemische Oxidation in Kohlendioxid (CO2) 
umgewandelt. Ein Vorteil dieser Methodik ist die Mšglichkeit sowohl 13C, als auch 14C 
Isotope nacheinander an der gleichen Probe zu messen. Die Kombination dieser 
Messungen erleichtert die Interpretation der Ergebnisse und ermšglicht eine schnelle 
und kostengŸnstige †berwachung von Cex.  

Das Studium an See- und Ozeansedimenten ermšglichte es Erkenntnisse Ÿber 
vergangene Klima- und Umweltbedingungen zu erlangen. Durch die Kombination der 
Studie an Lipid-Biomarkern in Seesedimenten mit der Radiokarbondatierung 
einzelner organischer Verbindungen wurde im Rahmen dieser Arbeit die Evolution 
terrestrischer …kosysteme rekonstruiert und versucht das sedimentŠre organische 
Material nach seinen UrsprŸngen von der OberflŠche oder aus tieferen Boden-
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horizonten zu unterteilen. Bodenkohlenstoff, der aus tieferen Bodenschichten 
erodiert und am Seegrund sedimentiert wurde, kann Ÿber  die verschiedenen Boden-
kohlenstoffpools und deren Verweilzeiten im Boden Auskunft geben. Andererseits 
kann man anhand organischer Substanz, die kurz nach ihrer Synthetisierung 
sedimentiert wurde, die Zusammensetzung und Entwicklung der Vegetation in dem 
Einzugsgebiet des Sees nachvollziehen. Ein weiterer Ansatz dieser Arbeit war die 
Erforschung des Potentials spezifische Biomarker zur Datierung von Seesedimenten, 
welches als Alternative fŸr Sedimente angedacht ist, in denen keine konservierten 
Makrofossilien aufzufinden sind. Anhand von Datierungen an Mikro-Holzkohle-
Ÿberresten und langkettigen Alkanen konnte ein Altersmodell fŸr einen Sedimentkern 
aus dem griechischen See Ioannina erfolgreich erstellt werden.  

Die Evolution eines terrestrischen …kosystems wurde intensiv an den Sedimenten 
des Soppensees, Schweiz erforscht, dessen Altersmodell sich durch eine besonders 
hohe Auflšsung hervorhebt.  Radiokarbondatierungen von langkettigen Alkanen, vom 
sedimentŠren Gesamtkohlenstoff und von Karbonanten wurden mit dem Sediment-
alter verglichen, welches mittels terrestrischer Makrofossilen ermittelt wurde. Es 
zeigte sich, dass in Sedimenten, die Šlter als 3100 cal BP sind, die Alkane ungefŠhr 
das selbe Alter hatten als das Sediment. Jedoch wurde in jŸngeren Schichten ein 
zunehmend grš§erer Altersunterschied gemessen. Gleichzeitig wuchs der Anteil an 
Alkanen, die schon zum Zeitpunkt ihrer Sedimentierung relativ alt waren. Diese 
Beobachtungen wurden mit der Erosion tieferer Bodenschichten innerhalb des 
Einzugsgebiets in Zusammenhang gebracht. Dieses beweist auch, dass sich seit 
dem Beginn der …kosystementwicklung, beziehungsweise seit dem RŸckzug der 
Gletscher persistente organischer Verbindungen in den Bšden angesammelt haben. 
Die signifikanten €nderungen des Erosionsregimes sind direkt auf anthropogene 
Eingriffe (Abholzung und Landwirtschaft) zurŸckzufŸhren. Des Weiteren wurden 
Lipid-Biomarker und stabile Kohlenstoffisotope in den Sedimenten des Soppensees 
analysiert. Das Vorkommen terrestrischer molekularer Marker und deren stabile 
Kohlenstoffisotopdaten (! 13C) zeichnen sehr stabile Bedingungen fŸr das 
terrestrische …kosystem im Laufe weiter Teile des HolozŠns nach. Seit Beginn des 
HolozŠns wurden pentazyklische Triterpenoide detektiert, sie zeigen die Einwan-
derung von Bedecktsamern an. Vergangene Redoxbedingungen im See wurden 
anhand des Vorkommens des Biomarkers 13! -malabarica-14(27),17,21-triene 
rekonstruiert. UngesŠttigte Karotenoide markieren das Vorkommen euxinischer 
Bedingungen wŠhrend bestimmter Zeiten des HolozŠns. Zusammenfassend wurden 
die limnische Entwicklung und VerŠnderungen im terrestrischen …kosystem wŠhrend 
des RŸckzugs der Gletscher und dem meisten Teil des HolozŠns anhand von Lipid-
Biomarkern rekonstruiert. Radiokarbondatierungen von terrestrischer Biomarkern 
zeigten, dass die Zusammensetzungen der molekularen Marker wŠhrend der letzten 
3100 Jahren nicht mehr reprŠsentativ fŸr den Zustand des terrestrischen …kosys-
tems sind, da diese zuvor schon lange in den Bšden zwischen gespeichert waren.   
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Introduction  

1 Kapitel  
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1.1 General objectives  

This PhD thesis is part of a project funded by the SNF (Schweizerischer 
Nationalfond) entitled ÒCompound-specific radiocarbon dating on lake sedimentsÓ. 
The goals of the project were broadly twofold: First, determination of the radiocarbon 
ages of specific organic molecules (biomarkers) in lacustrine records can give more 
insight into the build-up and recalcitrance of carbon in surrounding terrestrial 
ecosystems. A second goal was to further develop an alternative dating tool for lake 
sediments. However, before these goals could be accomplished laboratory protocols 
for compound-specific radiocarbon analysis (CSRA) needed to be developed 
implemented and intensively evaluated.  

1.2 Introduction  

1.2.1. The g lobal carbon cycle  

The global carbon (C) cycle describes the biogeochemical cycle by which carbon is 
exchanged between various organic and inorganic reservoirs. The main reservoirs 
are the atmosphere, the terrestrial biosphere, the oceans and fossil carbon (including 
sedimentary rocks, kerogen and fossil fuels). Since the onset of the industrialization 
during the 1750s there has been an increasing imbalance between the uptake and 
release of CO2 due to fossil fuel combustion and land-use changes (e.g. 
deforestation). Consequently the atmospheric concentration of CO2 has raised from a 
pre-industrial level of ca. 280 ppm to ca. 390 ppm in 2011 (Ciais et al., 2013; 
Sundquist and Ackerman, 2014 and references therein). Simultaneously, the oceans 
and the terrestrial ecosystem are removing parts of the accumulating C from the 
atmosphere. However, there are still many uncertainties about the magnitude and 
feedback mechanisms of these C sinks on seasonal to millennial timescales. The 
terrestrial reservoir can be further divided into the living terrestrial biomass (500 ± 
100 Pg C), rivers and lakes, the dead organic matter (OM) that is stored in the soils 
and litter (1500 - 2300 Pg C) and C that is stored in the deep permafrost soils (ca. 
1700 Pg C, Tarnocai et al., 2009, Fig. 1). The terrestrial C cycle is more even more 
difficult to measure and model than the ocean cycle (Houghton, 2014, 2003). 
Radiocarbon analysis of bulk and especially of individual biomarkers, however, can 
provide important constraints on the residence time of carbon in the different 
reservoirs and information on the transfer between them.  
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Figure  1: Schematic of the terrestrial carbon cycle. Units for carbon reservoir sizes are Pg C, and for 
fluxes Pg C per year, that are given in italics (data assembled from Cole et al., 2007; Houghton 2003; 
Houghton et al.; 2014, Tarnocai et al., 2009; Tranvik et al. 2009).   

1.2.2. Carbon storage and turnover in soils  

Soil organic carbon (SOC) represents the largest terrestrial reservoir in the global 
carbon cycle (e.g. Kšgel-Knabner and Amelung, 2014). SOC stocks are basically 
regulated by inputs from plant production and outputs through decomposition (Fig. 1) 
The global SOC reservoir is dynamic on a decadal time scale and is very sensitive to 
vegetation disturbances, succession and land use changes (Amundson, 2001; 
Batjes, 1996). Mean residence times of the total SOC are estimated to be in the 
range of 26 to 40 years (Kšgel-Knabner and Amelung, 2014 and references therein). 
However a number of studies have identified refractory SOC  pools to be rather old 
(e.g. Lichtfouse et al., 1997; Paul et al., 2001; Torn et al., 1997; Trumbore, 2000; von 
LŸtzow et al., 2007) suggesting that degradation may take much longer, or may even 
be largely absent under certain circumstances. Predicting future changes of SOC 
requires knowledge about such stabilization and destabilization mechanisms and 
how they function over time and space. Soil organic matter can be preserved against 
decomposition by climatic conditions (e.g. freezing temperatures), by intrinsic 
recalcitrance of the organic molecules, by physical stabilization (e.g. association with 
aggregates or mineral surfaces), or by inhibition of microbial activity (Schmidt et al., 
2011; Six et al., 2004; Sollins et al., 1996; Trumbore, 2009). However, long-term 
dynamics of SOC stocks are hard to assess with direct measurements in soils. 
Present-day soil profiles, as well as the landscape, change continually, and have 
especially done so over the last centuries especially due to human activities.  

Radiocarbon (14C) analysis, besides its primary use for dating purposes, is a useful 
tool for studying soil C dynamics. Dating of various fractions of SOM defined either 
by physical (e.g. grains size, density) or chemical (resistance to various chemical 
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treatments) criteria have led to an improved understanding of carbon dynamics in soil 
(e.g. Eusterhues et al., 2003; Hšfle et al., 2013; Kleber et al., 2005; von LŸtzow et al., 
2007). However these fractions still consist of a complex mixture of organic material 
with different origin and decomposability (Rethemeyer et al., 2004a). Recycling of old 
SOC through microorganisms can equally lead to old 14C ages (Rethemeyer et al., 
2005), as well as the contribution of anthropogenic pollutants such as fossil fuel-
derived carbon (Rethemeyer et al., 2004a; Schmidt et al., 2001). The SOC turnover 
in subsoils is even more difficult to assess due to the complexity of pedogenetic 
transformation and translocation processes (Kšgel-Knabner and Amelung, 2014; 
Rumpel and Kšgel-Knabner, 2011). There are still numerous open questions on the 
long-term dynamics of SOC that may not be resolved with direct measurements in 
soils.  

The introduction of compound-specific radiocarbon analysis (CSRA) (Eglinton et al., 
1996) made dating of specific molecular compounds of known origin, so-called 
biomarkers, possible. It helps excluding contaminating C sources and tracing 
physical, chemical and biological pathways and the rates of organic carbon (OC) 
dynamics. During the last "  20 years CSRA studies have been applied for a number 
of topics ranging from transport mechanisms from the large reservoirs on land to the 
ocean (e.g. Drenzek et al., 2007; Galy and Eglinton, 2011; Kusch et al., 2010), to 
identification of timescales of OC fixation in sediments (e.g. Mollenhauer and 
Eglinton, 2007; Pearson and Eglinton, 2000; Smittenberg et al., 2006), or to trace 
metabolic C fixation pathways by microorganisms (e.g. Hansman et al., 2009; Ingalls 
et al., 2006; Pearson et al., 2005; Petsch et al., 2001; Rethemeyer et al., 2004b). 
Furthermore CSRA has also been applied to establish sediment chronologies (HŠggi 
et al., 2014; Hou et al., 2010; Ingalls et al., 2004; Jones et al., 2013; Ohkouchi et al., 
2003; Uchikawa et al., 2008). There are relatively few CSRA studies on SOC to date 
(Douglas et al., 2014; Matsumoto et al., 2007; Rethemeyer et al., 2005), in part 
because soils are bad 'recorders of the past', because of their active nature and 
bioturbation mixing the signals in the soil column. 

Lacustrine sedimentary records have traditionally been used to reconstruct various 
environmental parameters. A wide spectrum of sedimentological and geochemical 
analyses can be applied in the reconstruction of palaeoenvironments and past 
climates (e.g. Boyle, 2001; Meyers and Ishiwatari, 1993; Meyers and Teranes, 2001 
and references therein). Analyzing the allochthonous component of sedimentary 
organic carbon in lacustrine sediments allows reconstructing terrestrial ecosystem 
evolution in the watershed. On the one hand freshly produced organic components 
can reach the lake by wind transport or surface run-off. Fluvial erosion, on the other 
hand, can also reach deeper layers of soil horizons and transporting older sediments 
and organic compounds to the lake. In addition, changes in vegetation due to natural 
causes and/or human influence, can change the source and amounts of organic 
carbon transported to the lake. Thus eroded and deposited SOC gives insight to the 
composition of the SOC pools at the time of deposition and on landscape evolution.   
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1.3 Radiocarbon  analysis  

The radioactive isotope of carbon (14C) is produced in the atmosphere by the 
reaction of nitrogen (14N) with neutrons produced by cosmic rays. 14C is oxidized to 
carbon dioxide (14CO2) and uniformly distributed in the atmosphere. 14C is 
incorporated into the environment via photosynthesis or gas exchange processes in 
the ocean. During their life span organisms continuously incorporate 14C. Once the 
organism dies, the uptake stops and its 14C content decreases according to the 
decay law with the specific half-life of 14C (T1/2 = 5730 years). Comparing the actual 
14C content of carbon-bearing material with the initial content at the time of formation 
gives a measure of the time that elapsed since its death. In the late 1940Õs the 
principles of radiocarbon dating were discovered and established by Libby and 
coworkers (Arnold and Libby, 1949; Libby, 1947). They showed that by using decay 
counting techniques of the radioactive isotope of carbon (14C) the age of any organic 
material could be deduced. Since then the radiocarbon dating technique has 
continuously been improved and became widely used in an increasing number of 
scientific disciplines, such as geosciences and archaeology, and more recently even 
in medicine and forensics. The development of the accelerator mass spectrometry 
(AMS) technique in the late 1970Õs was a very important step in the history of 
radiocarbon dating. For the first time it was possible to analyze samples of about one 
milligram instead a few grams material that was needed before (Hajdas, 2006) 
opening new areas of application. Further developments such as lowered energies 
paved the way towards higher throughputs of samples and further decreasing 
sample sizes, so that molecular-scale research became possible. This opened a new 
field of applications and was introduced by Eglinton and co-workers (1996).  

Radiocarbon measurements presented in this thesis were carried out at the AMS 
facility of the Laboratory of Ion Beam Physics at ETH ZŸrich, Switzerland using the 
miniaturized radiocarbon dating system (MICADAS) equipped with a gas ion source 
(Ruff et al., 2007; Synal et al., 2007). It allows analyzing samples as small as 3 #g C.     

1.4 Reporting radiocarbo n data  

The procedure of sample calculation is standardized as summarized by Stuiver and 
Polach (1977). During an AMS measurement the the number of 14C atoms and the 
ratio of 14C to 12C and/or 13C  to 12C are determined. By convention, to account for 
isotopic fractionation the 14C/12C ratio of the sample (S) is normalized (SN) to a ! 13C 
of -25 ä relative to the Vienna PeeDee Belemnite (VPDB), the postulated value for 
terrestrial wood, after which any other fractionation of the sample, either caused by 
nature or instrumentation, is taken into account:  
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The 14C/12C ratio of a sample is reported in comparison with the ratio of a known 
oxalic acid standard (ON). By convention, the oxalic acid standard (OX) is corrected 
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to 0.95 times its activity, which is normalized for fractionation to a ! 13C of -19ä 
relative to VPDB:  
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In this thesis the results are reported as fraction modern (F14C) as defined by Reimer 
et al. (2004): 

  

F14C =
14C 12C( )

SN
14C 12C( )

ON

 

Conventional radiocarbon ages (t) are calculated as follows (Stuiver and Polach, 
1977): 

  
t = ! 8033"ln F14C( )  

Radiocarbon ages t are reported as 14C years before present (BP) with 0 BP equals 
1950 AD. 

1.5 Geochemical methods   

Both for the biomarker study and for CSRA presented in this thesis, detailed lipid 
biomarker analyses needed to be carried out. Very briefly, freeze-dried samples were 
extracted using an accelerated solvent extraction (ASE) system. Several wet 
chemical methods were applied in order to prepare certain lipid fractions: 

¥ Silica gel chromatography was used to separate total lipid extracts or lipid 
fractions according to certain properties, such as polarity. 

¥ Methylation was performed to esterify COOH-groups to make them amenable for 
gas chromatography.  

¥ Silylation converted alcohols into their corresponding trimethylsilyl ethers. 
¥ AgNO3-silica gel chromatography was performed to separate saturated from 

unsaturated hydrocarbons.  

Details about the procedures can be found in Chapter 5 and 6. Measurements of the 
different lipid biomarkers were mostly carried out using gas-chromatography mass-
spectrometry (GC-MS). The only exceptions were glycerol dialkyl glycerol tetraethers 
(GDGTs) that were analyzed with high-performance liquid chromatography mass 
spectrometry (HPLC-MS). Further details about sample preparation for GDGT 
analysis are also given in Chapter 6.    
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1.6 Compound -specific radiocarbon analysis  

In order to isolate the desired specific molecules of known origin (biomarker) from 
complex matrices, extensive wet chemical and/or chromatographic techniques are 
required. With increasing precision of AMS techniques, it became obvious that the 
main analytical challenge of CSRA is not any more the precision of the AMS itself but 
the precise determination of extraneous carbon (Cex) that can be added to the 
sample during the isolation process (Santos et al., 2010). Therefore all steps to 
extract and further purify lipids had to be carried out with care and evaluated for 
possible sources of contamination. Evaluations for the laboratory protocols applied 
for this thesis are presented in detail in the Chapters 2 and 3.   

The extraction and purification procedures for CSRA differed slightly from that 
applied for general biomarker analysis. After extraction using an ASE system, lipid 
fractions were further purified by means of wet chemical techniques, such as column 
chromatography using silica gel or silica gel coated with silver nitrate, before 
individual lipids were isolated by using preparative gas chromatography (Chapter 2 
and 5) or high-performance liquid chromatography (Chapter 2 and 3).   
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1.7 Structure of the thesis  

This thesis consists of a number of papers with a general structure that first focuses 
on method development, followed by applications of CSRA. 

Chapter 2  ÒMethod development and challenges in molecular-scale radiocarbon 
analysis: isolation of individual fatty acids using high performance liquid 
chromatographyÓ evaluates a new method to purify individual long-chain fatty acids 
by the use of semi-preparative high performance liquid chromatography regarding its 
applicability for dating purposes. Standards with known 14C content were isolated 
and dated, as well as long-chain fatty acids from an environmental sample. As a 
reference individual fatty acids from the same sample were also isolated with the 
established method using preparative gas chromatography.  

Chapter 3 ÒPurification of fire derived markers for µg scale isotope analysis (!13C, 
$ 14C) using high performance liquid chromatography (HPLC)Ó presents a new 
method to purify and to date oxidation products of black carbon on a molecular level. 
It allows analyzing ! 13C and $ 14C values on the same sample. A detailed 
assessment to identify and quantify sources of extraneous carbon contamination was 
carried out.  A second manuscript ÒCharacterization, quantification and compound-
specific isotopic analysis of pyrogenic carbon using benzene polycarboxylic acids 
(BPCA)Ó is closely associated with the first one. It is a detailed description of the 
methodology of the extraction and analysis of benzene polycarboxylic acids, the 
molecular markers of black carbon.  

Chapter 4  ÒDiatom-inferred late Pleistocene and Holocene paleolimnological 
changes in the Ioannina basin, northwest GreeceÓ shows diatom records from 
multiple sediment cores from the Ioannina basin, northwest Greece. Changes in 
diatom assemblages were directly related to past changes in the lake level, which in 
turn evidence abrupt climatic changes in that region. Compound-specific radiocarbon 
analyses on individual long-chain n-alkanes were integrated in the age model of the 
cores, as there were only very few microcharcoal dates available, achieved by more 
conventional 14C dating.   

Chapter 5  ÒLong-stored soil carbon released by prehistoric land use: Evidence from 
compound-specific radiocarbon analysis on Soppensee lake sedimentsÓ compares 
radiocarbon ages from bulk sedimentary organic carbon, carbonates, and from 
individual long-chain n-alkanes with the age model that has been developed on an 
extensive dataset of more than 80 radiocarbon ages of macrofossils. After 3.1 ka cal 
BP an increasing age offset between the age of the sediment and of the terrestrial 
biomarkers is observed, which can directly be connected with human activity in the 
region.  

Chapter 6  ÒLimnological evolution of lake Soppensee, Switzerland since the Late 
Glacial, as reconstructed using lipid biomarkersÓ presents a detailed biomarker study 
in combination with compound-specific isotope analysis (! 13C). There is molecular 
evidence for prevailing anoxic conditions at the lake bottom between 11.5 and 2.0 ka 
cal BP. During the early Holocene even euxinic conditions were detected. The 
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composition of terrestrial biomarkers indicates the appearance of angiosperms and 
very stable conditions during the most parts of the Holocene.  

Chapter 7  is a summary of the most important findings of the thesis and an outlook 
on future prospects for further applications of the CSRA method and for research of 
the terrestrial carbon cycle.  
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Abstract  

Long-chain fatty acids (> 22 C atoms) are often targeted for compound-specific 
radiocarbon analysis (CSRA), because they have a predominantly terrestrial source 
and are typically very abundant in sediment matrices. Their radiocarbon content can 
elucidate questions regarding terrestrial organic carbon cycling, but they can also be 
used directly for dating purposes.  

Until recently, the isolation protocol required several chromatographic steps, as well 
as derivatization and separation of individual fatty acids (FAs) using preparative gas 
chromatography (pcGC). Here, we present a new method to purify individual long-
chain FAs by the use of semi-preparative high performance liquid chromatography 
(HPLC). We were successful in separating individual FAs using a reversed phase 
C18 column and a mobile phase with a mixture of acetonitrile, ethyl acetate and 
methanol. With the new HPLC method derivatization of the compounds is not needed 
and, in addition, due to the bigger capacity of the HPLC column the number of 
injections could be reduced dramatically compared to pcGC. Furthermore the 
presented method can likely be expanded and optimized towards the separation of 
FA with different carbon chain lengths or towards the more polar hydroxy-fatty acids. 
This method was tested using three fatty acid standards (C21, C26, and C28 FA) with 
different radiocarbon signatures. We also separated individual long-chain FAs from a 
natural peat and compared the purity and radiocarbon results yielded with both the 
GC and the new HPLC method. 
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2.1 Introduction  

Radiocarbon (14C) analysis is a widely used dating tool in a number of scientific 
disciplines, such as geosciences or archaeology. The development of the accelerator 
mass spectrometry (AMS) technique in the late 1970Õs and following developments in 
that field paved the way towards higher throughputs of samples and decreasing 
sample sizes, so that molecular-scale applications became possible. The concept of 
compound-specific radiocarbon analyses (CSRA) has been introduced by Eglinton 
and co-workers (1996). In order to isolate the desired specific molecules of known 
origin (biomarkers) from complex matrices extensive wet chemical and/or 
chromatographical techniques are required. With increasing precision of AMS 
techniques, it became obvious that the main analytical challenge of CSRA is not any 
more the precision of the AMS itself, but the precise determination of extraneous 
carbon (Cex) that can be added to the sample during the isolation process (Santos et 
al., 2010). Only a decade after its first application this was first discussed by Shah 
and Pearson (2007). They presented an isolation technique based on liquid 
chromatography and discussed in detail sources of Cex and quantified them resulting 
in a discrete determination of Cex. After that, several techniques to isolate novel 
biomarkers were published often in combination with a detailed discussion about 
blank contribution (e.g. Birkholz et al., 2013; Ingalls et al., 2010; Lang et al., 2013; 
Ziolkowski and Druffel, 2009). These studies sensitized the community for the 
importance of a thorough blank assessment for the interpretation of the results. The 
Cex determination needs to be carried out for each set of samples that is processed 
for CSRA, as this depends on laboratory protocols, as well on the experience and 
care of the persons involved. However, in many studies where CSRA is applied, it is 
often still not clear if these corrections were taken into account or not.   

Fatty acids (FAs) are one of the important classes of lipids occurring ubiquitously in 
the environment (e.g. Killops and Killops, 2004). They are a very versatile class of 
lipid biomarker compounds and thus have been applied to various environmental 
studies as it can been referred in several reviews about such applications (e.g. 
Bianchi and Canuel, 2011; Meyers and Ishiwatari, 1993). Structural features such as 
carbon (C) chain-length, methyl branches or number of unsaturations can be related 
to specific source organisms (Volkman et al., 1998). Unsaturated C16 and C18 FAs, for 
example, are reported to be mainly synthesized by fresh water algae (Cranwell, 
1974), while branched iso- and antiso-FAs are indicative for microbial contributions 
(Goossens et al., 1989). Saturated, long-chain FAs (C24 to C36) are specific markers 
for terrestrial higher plants, where they are components of the protective waxes that 
coat leaf surfaces (Eglinton and Hamilton, 1967; Ficken et al., 1998). Further 
palaeoenvironmental information can be retrieved from these biomarkers analyzing 
their compound-specific isotopic composition. ! 13C and !D values reflect 
palaeoclimatic conditions (e.g. atmospheric CO2, aridity) and provide information 
about the photosynthetic pathway of the source organisms (Hayes et al., 1990; 
Rieley et al., 1991; Sauer et al., 2001). FAs have also regularly been a target in 
compound-specific 14C studies. They were used for investigating either biogeo-
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chemical cycles on land and in the ocean (e.g. Drenzek et al., 2007; Eglinton et al., 
1997; Galy and Eglinton, 2011; Kusch et al., 2010; Rethemeyer et al., 2004), for 
source apportion (Matsumoto et al., 2001) or for chronological uses (Ohkouchi et al., 
2003; Stott et al., 2001). Until recently, the isolation protocol required several 
chromatographic steps, as well as derivatization and separation of individual 
compounds using preparative gas chromatography (pcGC). Here, we present a new 
method to purify individual long-chain FAs by the use of semi-preparative high 
performance liquid chromatography (HPLC). We compared this new method with the 
traditional isolation method using pcGC, first using standard compounds, which 
allowed evaluation of Cex for both protocols. Secondly, we also isolated of long-chain 
FAs from a natural peat bog sample were repeatedly separated using both pcGC and 
HPLC. 

2.2 Material and Procedures  

2.2.1. Reference material and environm ental sample  

To develop and optimize the isolation of long-chain FAs using HPLC, a mixture of 
pure reference compounds with known 14C content was needed. 14C analysis of 
these isolated standards is required to assess the amount and 14C signature of Cex, 
and ideally both a modern and a 14C-free standard are used. Despite testing several 
substances we were not able to find an appropriate standard being almost free of 
14C. Consequently, we had to be content with a mixture of a FA standard with a 
modern (C21 FA) and two with an intermediate 14C content (C26 and C28 FA). 
Distributors of these standards with the respective F14C are given in Table 1. For the 
pcGC protocol two alkane standards (nC26 and nC30 alkane, Table 1) were chosen, 
as their F14C values covered the whole range from very old (F14C <0.02) to modern 
(F14C = 0.9918 ± 0.004). 

The 14C content of the powdered standards were determined by conventional AMS 
methods at the Laboratory of Ion Beam Physics of the ETH ZŸrich, Switzerland. AMS 
data correction was carried out using NIST Oxalic Acid II (OX-2) and 14C-free 
charcoal.  

An organic rich peat sample with a complex natural matrix has been used as a 
reference sample. It has been collected from a peat bog that surrounds lake 
Lusvatnet on the island Andoya, Lofoten-VesterŒlen archipelago, Northern Norway 
(69¡ 3.81' N 15¡ 34.317' E; 69¡ 4' 14.238" N 15¡ 34' 6.402" E; Birkholz et al., 2013).  
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Table  1: Standards used for method development and for error propagation of small-scale CSRA. 

Method  Standard  Distributor, P/N  F14C* Lab code  

prepGC Hexacosane (nC26) Fluka, 52185 0.0016 ± 0.3530 ETH-40607 

 Triacontane (nC30) Fluka, 90270 0.9918 ± 0.0038 ETH-39830 

HPLC Heneicosanoic acid (C21 FA) Sigma, H5149 1.0419 ± 0.0038 ETH-40610 

 Hexacosanoic acid (C26 FA) Sigma, H0388 0.6153 ± 0.0040 ETH-40611 

 Octacosanoic acid (C28 FA) Sigma, 284432 0.6321 ± 0.0040 ETH-40612 

* Powdered standard material was analyzed for F14C as graphitized samples.  

2.2.2. Extraction and purification of the environmental sample  

The freeze-dried peat sample was extracted with a dichloromethane-methanol 
mixture (DCM-MeOH, 9:1 v/v) using an automated solvent extraction system (ASE-
200, Dionex Corp., Sunnyvale, USA). After solvent removal the total lipid extract was 
further separated on KOH-impregnated silica gel columns. Following Smittenberg 
and Sachs (2007) a neutral fraction eluted first with DCM-ethyl ether (1:1, v/v). Then, 
acids were recovered by application of glacial acetic acid in ethyl ether (100 ml). This 
acidic fraction (AF) was again concentrated and split into two. One part was taken for 
compound-specific isolation on pcGC, whereas the other part was subjected for 
fraction collection on HPLC. 

Identification and quantification of the various compounds was performed on an 
aliquot of the AF using a Hewlett Packard 6890 Series Gas Chromatograph (GC) 
System equipped with a HP 6890 Series auto injector, interfaced to a HP 5973 Mass 
Selective Detector. Lipids were identified by comparison of the mass spectra with 
those reported in literature, and abundance was determined by the use external 
standards.  

2.2.3. Preparative gas chromatography ( pcGC) 

Before injection on pcGC further separation of the AF was required. First, acids were 
esterified with 10 % methanolic hydrochloric acid (60 min, 70 ¡C) and alcohols were 
silylated using N,O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) and pyridine (20 
min, 70 ¡C). Afterwards fatty acid methyl esters (FAMEs) were separated from other 
components on a regular silica gel column eluting a mixture of hexane and DCM 
(1:1, v/v). The resulting purified extract was repeatedly injected on a pcGC system 
composed of a HP 6890 GC/FID with a Gerstel 7683 Cold Injection System (CIS) 
and connected to a Preparative Fraction Collector (PFC, both Gerstel GmbH, 
MŸlheim an der Ruhr, Germany). A detailed description of the system can be found 
in earlier publications (e.g. Eglinton et al., 1996). In brief, separation of individual 
FAMEs was achieved on a DB-XLB capillary column (30 m, 0.53 mm ID, 1.5 #m, 
Agilent). During injection the oven was maintained at 80 ¡C, then raised at 20 ¡C min -

1 to 130 ¡C, then to 320 ¡C at a rate of 6 ¡C min -1, and held isothermal for 20 min. 
Injection volume was 5 #l and the CIS was run in solvent-vent mode. Around 1 % of 
the flow from the column was diverted to the FID and the remaining 99 % was sent to 
the PFC. The PFC transfer line and the switching interface were kept constant at 320 
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¡C. The attached U-tubes were wrapped with aluminium foil in order to hold the 
warmth. The isolated compounds were finally rinsed out of the U-tubes with ca. 1 ml 
DCM.     

2.2.4. Method development of high -performance liquid chromatography    

Method development to isolate individual long-chain FAs was carried out using a 
Surveyor HPLC system consisting of a P1000 Pump and an ion trap LCQ mass 
spectrometer with APCI ionization in negative mode (Thermo Fisher Scientific, 
Waltham, USA), the autosampler (LC PAL System, CTC Analytics, Zwingen, 
Switzerland) was equipped with a 1 ml or a 100 #l syringe and a corresponding 
sample loop. For fraction collection the flow from the column was split, an aliquot of 2 
to 5 % went to the MS in order to monitor the stability of retention times. Individual 
compounds were collected automatically using a Gilson FC204 fraction collector 
(Gilson, Middleton, USA). The HPLC method was developed using the same 
standard mixture that has been used for 14C dating as well. For this the C21, C26 and 
C28 FAs were dissolved in 1 part DCM and 3 parts methanol (MeOH) achieving a 
concentration of 50 ng #l -1. 

The main requirements for the laboratory protocol for the isolation of individual FAs 
for CSRA were on the one hand the establishment of an HPLC method that 
sufficiently separates the desired compounds featuring robust retention times. On the 
other hand the amount of Cex needed to be kept to a minimum, and this should be 
quantifiable as good as possible. We tested a suite of approaches that are listed 
below.  

A. For a first test set-up, the mobile phase consisted of MeOH and ethyl acetate 
(EtOAc). The latter was acidified with 0.05 % acetic acid. Separation was done on a 
Zorbax Eclipse Plus C18 column (4.6 % 150 mm, 3.5-micron, Agilent). Within a run 
time of 20 min the proportion of EtOC increased from 3 to 8 % (MeOH: 97 to 92 %) at 
a flow rate of 1.0 ml min-1. Four injections of 100 #l of the standard mixture (in total 
20 #g of each compound) were made for fraction collection. For each compound a 
time window of three minutes was collected. This procedure was repeated four times. 
Overall, this method gave a good separation of the FAs with stable retention times. 
However, the recovery of the collected compounds was very low (< 50 %). 
Additionally, further problems came up to ionize molecules to be able to monitor FA 
separation. 

B. As a next step, the mobile phase was adjusted. The most promising results were 
made using a gradient of acetonitrile (MeCN) from 62.5 to 67.5 %, while the 
proportion of EtOAc was reduced from 27.5 to 22.5 %, and 10.0 % MeOH was kept 
isocratic for a run time of 20 min with a flow rate of 1.0 ml min-1. For 14C 
measurements individual FAs were again collected during four to eight repeated 
injections (10 to 30 #g compound). Each compound was again collected during an 
interval of 3 min.   
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C. A larger LC column (Zorbrax Eclipse XDB C18, 9.4 x 250 mm, 5-micron, Agilent) 
was intended to reduce the number of injections required to collect sufficient 
amounts for 14C measurements. The FAs of the standard mixture were satisfactorily 
separated on this column applying the same solvent program as with the smaller 
one. Only the flow rate was adjusted to 4.2 ml min-1. In order to test the applicability 
of this method to environmental samples, an aliquot of the AF of the peat sample 
was dissolved in DCM-MeOH-EtOAc (1:1:1, v/v) and injected. The method had to be 
further extended by 10 min, keeping the final solvent ratio isocratic. During the first 
14 min a suite of hydroxy-FA and FAs with a chain-length of less than 22 C atoms 
eluted rather as a hump, however, the straight-chain FAs with a C chain-length 
ranging between C24 and C30 were nicely separated (Fig. 1). For fraction collection, 
the sample was injected six times. This procedure was replicated three times. 

In order to directly determine the amount of possible contamination (e.g. column 
bleed) added during isolation on HPLC (Cex), blank samples were repeatedly injected 
(18 repetitions) and the effluent was collected during the same time window as for 
the long-chain FAs of the peat sample. Subsequently, FA standards were isolated 
with the large column, as well. Different amounts (5 to 25 #g compound) of 
compound were injected during 1 to 10 repeated injections for 14C analyses. 

Different attempts in order to reduce the Cex in the collected effluents were tested. 
Therefore the mobile phase was collected during 16 injections during the same time 
windows as above. After concentration of the solvent the sample was split into three. 
One was directly analyzed for its C content. Another was eluted over silica gel with 
DCM-MeOH (1:1, v/v) and the last was re-injected (3x) on HPLC using the smaller 
column, in turn, using the same mobile phase with a flow rate of 1.0 ml min-1 (Table 
3). The latter approach was later repeated.  

BÕ. Finally, the effluent was collected after being only injected to the small column. 
Subsequently a suite of standards was isolated during 6 to 12 injections (15 to 30 #g 
compound). Then the peat sample was repeatedly injected (8 and 10 repetitions) and 
the C24, C26, C28 and C30 FAs collected using a slightly adjusted method. In order to 
separate the long-chain FAs the gradient of the mobile phase was extended from 20 
to 30 min. As a last step, the effluent was collected, again, during 60 min after a 
single injection (Table 3).  

2.2.5. Radiocarbon analysis  

For 14C analysis all samples were transferred into pre-combusted (900 ¡C) quartz 
tubes (¯  9 mm) loaded with cupper oxide, flame-sealed under vacuum, and 
converted into carbon dioxide (CO2) at 900 ¡C. In order to determine the sample size 
the CO2 was transferred by freezing over to a calibrated volume equipped with a 
pressure sensor. Water was simultaneously separated from the sample gas by the 
use of a mixture of ethanol and dry ice as a water trap. Finally, CO2 was transferred 
to pre-combusted (500 ¡C) Pyrex tubes (¯  4 mm) and flame-sealed. 14C measure-
ments were carried out at the Laboratory of Ion Beam Physics of ETH ZŸrich, 
Switzerland using the miniaturized radiocarbon dating system (MICADAS) equipped 
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with a gas ion source (Ruff et al., 2007; Synal et al., 2007). Oxalic acid II was used 
as standard for normalization and fossil coal served as blank. The data output was 
processed using the BATS software (Wacker et al., 2010) and results are reported as 
fraction modern (F14C, Reimer et al., 2004) being corrected for instrumental 
background, standard normalization and evaluated for uncertainty. 

     

  

 
Figure 1 : Base peak chromatogram of an acid fraction of a lipid extract from a natural peat bog 
indicating collection windows for purification of individual compounds. 

 

 

 
Figure 2: Mass of HPLC blank vs. volume of collected eluent. 
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Table  2: Standards to assess extraneous C (Cex) of the HPLC isolation procedure.  

Method  Standard  F14CT  ± !g C T  ± !g C ex  ± Lab code  
A C21 FA 1.0112 0.021 5.0 0.5 0.15 0.70 ETH-40500.2 

 
C21 FA 1.0183 0.017 7.0 0.5 0.16 0.71 ETH-40500.1 

 C21 FA 0.9877 0.027 3.0 0.5 0.16 0.69 ETH-40500.4 

 C21 FA 0.9466 0.027 3.0 0.5 0.27 0.68 ETH-40500.3 

 average      0.18 0.35  
B C21 FA 1.0198 0.018 8.0 0.5 0.17 0.71 ETH-40500.1 

 
C21 FA 0.8762 0.016 9.5 0.5 1.51 0.67 ETH-40500.5 

 
C21 FA 0.9496 0.016 9.0 0.5 0.80 0.69 ETH-40500.7 

 
C21 FA 0.9467 0.015 11.0 0.5 1.01 0.70 ETH-40500.8 

 C21 FA 0.9197 0.019 12.5 0.5 1.47 0.70 ETH-40500.9 

 average      1.19 0.35  
C C21 FA 0.6353 0.024 4.3 0.5 1.68 0.59 ETH-40500.2.3 

 C21 FA 0.8624 0.011 19.0 0.5 3.27 0.68 ETH-40500.2.1 

 average      2.48 1.13  
BÕ C21 FA 0.8456 0.025 8.6 0.5 1.61 0.68 ETH-40500.4.1 

 
C21 FA 0.7958 0.010 15.7 0.5 3.70 0.65 ETH-40500.5.1 

 
average  

    
2.66 1.48 

 
 

 

Table 3: Direct assessment of CHPLC. 

Method  Sample  !g C HPLC  Vel (ml ) !g C ml -1 F14CHPLC ± Lab code  

C CHPLC 59.0 529.2 0.11 0.6027 0.008 ETH-43227.1.1 

C CHPLC 35.7 156.8 0.23 0.5825 0.008 ETH-43737.1.1 
C+B   - C2xHPLC 5.0 21.0 0.24 0.6914 0.013 ETH-43739.1.1 
C+silica   - CHPLC+silica 14.2   0.6586 0.020 ETH-43738.1.1 
C CHPLC 16.6 117.6 0.14 0.7062 0.013 ETH-45154.1.1 
C+B   - C2xHPLC 10.1 21.0 0.48 0.6917 0.015 ETH-45155.1.1 
BÕ CHPLC 6.0 128.0 0.05 0.4571 0.015 ETH-46521.1.1 
BÕ CHPLC 9.1 192.0 0.05 0.3902 0.011 ETH-46521.2.1 
BÕ CHPLC 12.4 60.0 0.21 0.6547 0.012 ETH-46540.1.1 

BÕ CHPLC 12.0 60.0 0.20 0.6482 0.022 ETH-46540.2.1 
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2.3 Results and Discussion  

2.3.1. Assessment of extraneous carbon  

Two methods were used to evaluate the mass and 14C signature of extraneous 
carbon (Cex) that is added to the sample during the isolation procedure using HPLC. 
Both are based on the general assumption that the measured total F14C value (FT) 
and its mass (CT) are composed of the sample (FS, CS) and extraneous contributions 
(Fex, Cex): 

 FT !CT = FS !CS + Fex !Cex  

with  Cs = CT ! Cex  

As radiocarbon analysis is very sensitive to the addition of Cex it is a common 
approach to indirectly determine Cex and Fex by the use of a modern and a 14C-free 
standard (Gierga et al., 2014; Lang et al., 2013; Shah and Pearson, 2007; Ziolkowski 
and Druffel, 2009). The main concept is the theoretical assumption that Fex can be 
divided into two pools representing opposite 14C contents (i.e. modern and 14C-free). 
Here Cex is assumed to be a constant amount of carbon added to the sample during 
the isolation procedure. Consequently the theoretical contribution of a modern Cex 
(F14C = 1) can be determined by the use of a 14C free (F14C "  0) standard and vice 
versa: 

 
Cex =

FT !CT " FS !CS

Fex " FS

 

However, even though the subdivision of Cex into two pools with opposite Fex is 
convenient, it does not display real sources of Cex. It is more realistic to assume a 
single carbon pool whose 14C content displays a mean value of the 14C content of all 
compounds contributing to Cex. Such a mixed signature can be calculated on the 
basis of the modern and dead pool: 

 
Fex =

Fmodern !Cmodern + Fdead !Cdead

Cmodern +Cdead

 

Further details and a more in-depth discussion about this approach can be found in 
previous publications (e.g. Gierga et al., 2014; Lang et al., 2013). 

This concept was applied to assess the Cex for the isolation of individual compounds 
with pcGC using a modern (nC30 alkane) and a 14C-free standard (nC26 alkane, Table 
1). The average modern (Fex = 1) Cex was 0.13 ± 0.09 (n = 7) and the average 
contribution of dead Cex (Fex = 0) was 0.29 ± 0.29 (n = 6) resulting in a total 
contribution of 0.42 ± 0.31 #g Cex to each isolated sample with an average Fex of 
0.310 ± 0.307. The measured and corrected values of the FAs isolated from the peat 
sample via pcGC are listed in Table 5.  

Unfortunately, it was not possible to directly apply the same approach to the isolation 
procedure with HPLC, as it was not possible to find an appropriate standard that was 
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14C-free (Table 1). However, the contribution of a dead Cex was calculated for all 
modern standards isolated during the various stages of method development (Table 
4). There are significant differences among each method that clearly illustrate the 
necessity to individually evaluate each step of method development. The 14C 
contents of the first isolated standards (method A) were relatively close to the 
unprocessed standard (Table 1, Table 2), thus the average calculated Cex was as low 
as 0.18 ± 0.35 #g C (n = 4). However, due to the low sample sizes, among others 
caused by the low recoveries of the FAs (< 50 %), a relatively high uncertainty 
remained when calculating the respective values of the samples. After the 
introduction of a different mobile phase (method B) the average Cex was significantly 
higher with 1.19 ± 0.35 #g C (n = 4). Standards isolated with the larger column 
(method C) contained an average Cex even twice as large: 2.48 ± 1.13 #g C (n = 2). 
Finally, FAs were isolated using again method B (labeled as BÕ), but now Cex 
remained twice as large as it was before using method B (now 2.66 ± 1.47 #g C, n = 
2).  

Besides the differences between the methods, a considerable scatter among the 
individual standards isolated with the same method can be observed. This was found 
especially for the last two approaches (method C and BÕ). We therefore suggest that 
there is no single source of Cex that is constantly added to the sample. Instead, it is 
more likely that there are memory effects modifying the amount of Cex and its 14C 
content. This means that most likely parts of the matrix of previously injected sample 
remain absorbed on the solid phase of the HPLC column, which bleed off gradually. 
In order to further investigate the characteristics of this Cex, processing blanks of the 
HPLC method C and BÕ were taken. In order to separate the carbon content and F14C 
that are both important characteristics of Cex, these parameters are labeled as CHPLC 
and FHPLC in the following section. Their values are listed in Table 2. After 
evaporation of the solvents 5.0 to 59.0 #g C remained with a FHPLC between 0.5825 
and 0.7062 (0.6515 ± 0.0044, n = 8), except for two samples, a duplicate, with 
significant older values (FHPLC = 0.4237 ± 0.0473, n = 2). These two also contained 
considerably lower CHPLC values (0.05 #g ml-1). We suggest that these variations are 
mainly due to memory effects, as the same LC column was previously utilized to 
separate 14C-dead porphyrins, even though the column and all tubing were 
thoroughly rinsed prior isolation of the FAs. However, subsequent to this processing 
blank a couple of standards and FAs from environmental samples were isolated and 
finally two processing blanks were collected, again. The latter had a Fex and Cex that 
matched much better with the other blanks (FHPLC = 0.6515 ± 0.0045, n = 2). 
Therefore we decided to exclude the two blanks with the older F14C values while 
investigating the relationship between CHPLC and the volume of HPLC eluent Vel (Fig. 
2). These two parameters show a strong linear relationship with (R2 = 0.91), even 
though two different column types were utilized. According to this, ca. 0.1 #g C 
accumulated to an isolated compound for each ml of collected eluent. An 
extrapolation of this relationship to zero eluent volume indicates that there would be 
a very high constant contamination of 7.5 #g C added to each sample. This high 
value does not seem to be reasonable, especially for samples collected with lower 
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Vel, namely with the smaller LC column. Most probably, the strong relationship is 
biased by the large differences in Vel, which implies that the relationship might be 
weaker than the data suggested. As a duplicate blank was clearly affected by 
memory effects, it is possible that the same should be taken into account for the 
other blanks, as well, manifesting in the scatter observed between the CHPLC and 
FHPLC. Because of this, the processing blanks could not be regarded as a consistent 
series that might be utilized to assess one constant amount of CHPLC that is being 
added per each ml collected. It seemed to be more appropriate to utilize only those 
processing blanks that were collected directly before or directly after the samples. By 
simply dividing CHPLC by Vel the amount of extraneous carbon added to each 
compound is hence only dependent to Vel of the respective sample.  

The results do not clearly indicate whether the CHPLC isolated with the larger column 
could be significantly reduced by a second isolation using the smaller LC column 
(Table 2). The main factor influencing the total CHPLC is most likely Vel. That means, 
that the total CHPLC should be equal as long the amount of the injected compound to 
be separated is 4.2 times higher using the larger column. A certain amount of 
extraneous carbon was also retained in the silica column. However, the usage of a 
smaller column (i.e. less Vel to collect the same amount of compound) seems to be 
much more effective.      

In order to obtain an overview of the precision and reproducibility of this method all 
standards isolated were corrected using the respective Cex on the one hand and on 
the other the corresponding CHPLC times Vel to correct the analyzed F14C (FT) to 
obtain a FS (Table 2, Table 4). In order to better compare the values, all FS were 
normalized using the corresponding F14C that was determined on the unprocessed 
standards (FStd, Table 1). Figure 3 shows the normalized FS relative to their sample 
size (CS). It clearly demonstrates that with increasing sample size, the normalized FS 
approaches 1 and the uncertainty decreases. From these observations it can be 
concluded that sample sizes of at least 10, and best more than 15 #g C are needed 
in order to minimize the influence of Cex. A correction applying CHPLC generally 
generated values smaller than 1, thus the values are underestimated. The deviation 
from the real value is also higher than using Cex for the correction.  

In summary, both assessments of extraneous carbon give promising results, even 
though both require further refinements. As long there is no 14C-dead FA standard 
available, the entire range of Cex cannot be determined precisely. Processing blanks 
might be corrective in that way. However, CHPLC needs to be determined with a higher 
accuracy. That means more blanks with various sizes need to be taken during each 
series. 
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Figure 3 : Normalized and Cex corrected radiocarbon values (norm. F14CS) of the fatty acid standards 
that underwent isolation with HPLC as a function of the sample size (CS). 
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Table 4 : Amount and radiocarbon content of isolated process standards (C21, C26 and C28 FA), 
calculated amount of external C (Cex) added to the related sample and residual F14C values after 
correction for the blank (FS).  

Method  Standard  F14CT  ± !g C T  F14Cex  !g C ex  ± F14CS  ± norm.F S Lab code  
HPLC-A C21 FA 1.0112 0.021 5.0 0 0.18 0.35 1.0499 0.1854 1.008 ETH-40500.2 

 
C21 FA 1.0183 0.017 7.0 

   
1.0458 0.1314 1.004 ETH-40500.1 

 
C21 FA 0.9877 0.027 3.0 

   
1.0523 0.3143 1.010 ETH-40500.4 

 
C21 FA 0.9466 0.027 3.0 

   
1.0085 0.3033 0.968 ETH-40500.3 

 
C26 FA 0.6022 0.017 5.0 

   
0.6252 0.1254 1.016 ETH-40499.1 

 
C26 FA 0.5710 0.011 9.0 

   
0.5829 0.0660 0.947 ETH-40499.2 

 
C26 FA 0.6232 0.020 5.0 

   
0.6470 0.1287 1.052 ETH-40499.3 

 
C28 FA 0.6087 0.017 3.0 

   
0.6485 0.2168 1.026 ETH-40501.2 

 
C28 FA 0.6144 0.016 5.0 

   
0.6379 0.1269 1.009 ETH-40501.1 

HPLC-B C21 FA 1.0198 0.018 8.0 0 1.19 0.35 1.1989 0.1424 1.151 ETH-40500.1 

 C21 FA 0.8762 0.016 9.5    1.0023 0.1016 0.962 ETH-40500.5 

 C21 FA 0.9496 0.016 9.0    1.0950 0.1158 1.051 ETH-40500.7 

 C21 FA 0.9467 0.015 11.0    1.0621 0.0909 1.019 ETH-40500.8 

 C21 FA 0.9197 0.019 12.5    1.0169 0.0778 0.976 ETH-40500.9 

 C26 FA 0.9192 0.029 6.5    1.1262 0.1729 1.830 ETH-40499.4 

 C26 FA 0.8215 0.015 10.0    0.9330 0.0907 1.516 ETH-40499.1 

 C26 FA 0.6628 0.023 9.0    0.7643 0.0901 1.242 ETH-40499.6 

 C26 FA 0.6189 0.013 11.0    0.6943 0.0659 1.128 ETH-40499.7 

 C26 FA 0.5818 0.011 16.0    0.6288 0.0419 1.022 ETH-40499.8 

 C28 FA 0.8698 0.015 10.0    0.9878 0.0950 1.563 ETH-40501.2 

 C28 FA 0.8071 0.016 7.0    0.9733 0.1390 1.540 ETH-40501.1 

 C28 FA 0.6679 0.013 10.0    0.7585 0.0775 1.200 ETH-40501.5 

 C28 FA 0.6157 0.013 11.0    0.6908 0.0656 1.093 ETH-40501.6 

 C28 FA 0.6393 0.013 14.0    0.6989 0.0516 1.106 ETH-40501.7 
HPLC-C C21 FA 0.6353 0.024 4.3 0 2.48 1.13 1.4943 1.1912 1.434 ETH-40500.2.3 

 C21 FA 0.8624 0.011 19.0    0.9917 0.1046 0.952 ETH-40500.2.1 

 C26 FA 0.3397 0.040 4.2    0.8284 0.8925 1.346 ETH-40499.2.3 

 C26 FA 0.5364 0.010 23.0    0.6012 0.0679 0.977 ETH-40499.2.1 

 C26 FA 0.4918 0.008 17.0    0.5757 0.0936 0.936 ETH-40499.2.2 
HPLC-B' C21 FA 0.8456 0.025 8.6 0 2.66 1.48 1.2265 0.4177 1.177 ETH-40500.4.1 

 C21 FA 0.7958 0.010 15.7    0.9583 0.1648 0.920 ETH-40500.5.1 

 C26 FA 0.5046 0.012 7.8    0.7655 0.3734 1.244 ETH-40499.4.1 

 C26 FA 0.4902 0.009 14.7    0.5984 0.1470 0.973 ETH-40499.6.1 

 C26 FA 0.4394 0.014 9.8    0.6029 0.2481 0.980 ETH-40499.5.1 
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2.3.2. Fatty acids from an environmental sample  

Individual C24 and C26 FAs were successfully separated in triplicate by pcGC. As the 
recovery of the FAs with longer C-chain length significantly decreased, individually 
separated C28 and C30 FAs had to be combined for dating. The reported results in 
F14C (FT) were first corrected for the addition of the methyl group of the derivatization 
agent (FTÕ), before the correction for extraneous carbon was carried out as described 
above (Table 5). The C24 FA had an average F14C of 0.7343 ± 0.0752 (n = 3). The 
average F14C of the C26 FA was 0.7279 ± 0.1328 (n = 3), and of the combined C28/30 

FA was 0.692 ± 0.0528. Thus all values were within the reported errors of the same 
age.  

Triplicates of C24 and C26 FAs were isolated and dated using the HPLC method with 
the large column (method C). C28 and C30 FAs were isolated, as well (Table 5). Their 
yield, however, was too small (CT < 4 #g C) for 14C measurements. After correction 
for the dead Cex (3.21 ± 0.24 #g C) as described above the average F14C of the C24 
FAs was 0.8557 ± 0.0749 (n = 3) and that of the C26 FAs was 0.8392 ± 0.0559 (n = 
3). Applying the correction according to CHPLC (0.11 #g C & Vel = 8.43 #g C) the mean 
fraction modern were 0.7870 ± 0.1524 (C24 FA, n = 3) and 0.7502 ± 0.1155 (C26 FA, 
n = 3). Due to high contribution of extraneous carbon and the small sample sizes 
(CS) the deviation between the individual results was much higher than within those 
obtained via pcGC, but also the individual errors of each sample was very high. We 
achieved to reduce the total contribution of Cex, or CHPLC by separating the FAs on the 
smaller LC column (method BÕ). Unfortunately, only one sample of each C24, C26 and 
C28 FA was successfully separated and dated, while only the C30 FA could be 
separated twice (Table 5). The other replicates were either too small for 14C analysis 
or were lost during preparation for dating. 

All values of the FAs isolated from the peat sample are summarized in Fig. 4. Within 
the error range the F14C values obtained by the HPLC methods have nicely 
reproduced those values obtained by the pcGC method. However, the C24 and C26 
FAs were separated on the larger LC column (method C), and they therefore tended 
to show a 14C signature that is slightly too modern. The samples with the largest 
sample size (CS) have the most accurate values. A C24 FA with a sample size of ca. 
45 #g C, for example, that was purified using the HPLC (method C) gives an 
uncertainty of 2 %, while samples with less than 15 #g C give uncertainties of up to 
20 %. The overall uncertainties of the replicate measurements, as indicated above, 
thus seem to be relatively high (e.g. 8.8 % for the C24 FAs using HPLC, method C), 
but a higher confidence of the accuracy can be achieved. Based on these results, we 
recommend aiming for samples with more than 20 #g C, preferably even as 
replicates.  
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Figure  4: Corrected radiocarbon values of individual fatty acids from a peat bog as they have been 
isolated via pcGC (GC) and HPLC using a large column (C) and a smaller column (BÕ). If replicate 
measurements were available, individual results are indicated as crosses, while the black filled symbols 
indicate the average value. 

2.4 Conclusion and recommendations  

We presented a new protocol to purify individual long-chain FAs for CSRA by the use 
of HPLC. With the new HPLC method derivatization of the compounds is not needed 
any more. Due to the larger capacity of the LC column the number of injections could 
be reduced dramatically compared to pcGC. Even though there are still some 
constraints, especially regarding the precision of the radiocarbon values, we consider 
that our method is a promising approach. The assessment of Cex and thereby the 
accuracy of FS will be significantly improved as soon as there is also a 14C-free 
standard available. The contamination varied between the various tested methods, 
and there was evidence for memory effects, as well. The latter most likely strongly 
influences the amount and the 14C signature of Cex/CHPLC. Therefore we recommend 
to continuously monitoring CHPLC by collecting process blanks. Ideally a sample 
should be purified in duplicate, and each should be larger than 20 #g C, in order to 
achieve the highest accuracy possible. As a size-dependent component of Cex 
cannot be excluded we advise to determine Cex by injecting and collecting standards 
with known 14C content in the same size range as the samples. In order to minimize 
the possibility of cross contaminations by memory effects of the LC column, the use 
of the column should be restricted to the use for the isolation of FAs for CSRA.        

The presented method allows investigations regarding a multitude of research 
questions such as the terrestrial C cycling, dating purposes or source apportionment. 
Furthermore the presented method can likely be expanded and optimized towards 
the separation of fatty acids with different C chain lengths or towards the more polar 
hydroxy-fatty acids. Lastly, out method may also be useful for organic geochemical 
research focusing on FAs but not involving radiocarbon. 
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Abstract  

Black carbon (BC) is the residue of incomplete biomass combustion. It is ubiquitous 
in nature and, due to its relative persistence, is an important factor in EarthÕs slow-
cycling carbon pool. This resistant nature makes pure BC one of the most used 
materials for 14C dating to elucidate its formation date or residence time in the 
environment. However, most BC samples cannot be physically separated from their 
matrices, precluding accurate 14C values. Here we present a method for radiocarbon 
dating of the oxidation products of BC, benzene polycarboxylic acids, thereby 
circumventing interference from extraneous carbon. Individual compounds were 
isolated using high performance liquid chromatography (HPLC) and converted to 
CO2 via wet chemical oxidation for 13C and 14C isotope analysis. A detailed 
assessment was performed to identify and quantify sources of extraneous carbon 
contamination with two process standards of distinct isotopic signatures. The 
average blank was 1.6 ± 0.7 #g C and had an average radiocarbon content of 0.90 ± 
0.50 F14C. We successfully analyzed the 14C content of individual benzene 
polycarboxylic acids with a sample size as small as 20 to 30 #g C after correcting for 
the presence of the average blank. The combination of ! 13C and F14C analysis helps 
interpret the results and enables monitoring of extraneous carbon contribution in a 
fast and cost efficient way. Such a molecular approach to radiocarbon dating of BC 
residues enables the expansion of isotopic BC studies to samples that have either 
been either too small or strongly affected by non-fire derived carbon. 
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3.1 Introduction  

The solid residues of incomplete biomass combustion are generally summarized 
under the term black carbon (BC). It is ubiquitous in nature and can be found in the 
atmosphere, sediment, water and ice (Goldberg, 1985) and includes a continuum of 
combustion products ranging from slightly charred biomass to char and charcoal to 
highly condensed refractory soot (Hedges et al., 2000; Masiello, 2004). Fire-derived 
components are of interest for the investigation of the global C cycle due to their 
relative persistence in the environment. It is widely accepted that BC contributes 
significantly to the EarthÕs slow-cycling C pool (Skjemstad et al., 1996, 2001; Schmidt 
et al., 2000; Preston and Schmidt, 2006; Knicker et al., 2008) and in models of soil 
organic matter (OM) turnover it is defined as a C pool with relatively high resistance 
to degradation (Skjemstad et al., 2004). It is also utilized in the reconstruction of fire 
history from geological records (e.g. Glaser et al., 2000; Carcaillet et al., 2002; Tinner 
et al., 2005). Similarly, pure charcoal is of importance for archeological research; in 
addition, the presence of BC at excavation sites allows precise determination of the 
age of the finds from 14C analysis. Consequently, pieces of pure charcoal are one of 
the most targeted materials for 14C dating in archaeological or geological research 
(Bird et al., 1999). 

Nevertheless, the physicochemical properties and the biological stability of BC are 
poorly understood and even quantification is inherently difficult. One promising 
approach towards a better understanding and quantification of BC is a molecular 
method, the so-called ÔBPCA methodÕ introduced by Glaser et al. (1998). Benzene 
polycarboxylic acids (BPCAs) result from the digestion of BC with HNO3 under high 
pressure and temperature, and can be analyzed using either gas chromatography 
(GC; Glaser et al., 1998) or high performance liquid chromatography (HPLC; Dittmar, 
2008; Wiedemeier et al., 2013). The BPCAs derive unambiguously from BC and 
provide insight into the original BC at a molecular scale. In addition to being a 
quantifiable molecular proxy for the total amount of BC in a complex matrix, the 
relative distribution of individual BPCAs can provide further information. For example, 
a relatively high amount of highly carboxylated BPCAs such as mellitic acid (B6CA) 
and benzene pentacarboxylic acid (B5CA) is indicative of a high degree of 
condensation (Dittmar, 2008; Schneider et al., 2011). The numbers in the notation 
indicate the number of substituted carboxylic acid groups per benzene ring. 

The radiocarbon signature of BPCAs has potential for elucidating the fate and source 
of BC in nature, as the concentration of 14C in a BC sample can be directly related to 
its age or mean residence time. For recent BC samples, 14C analysis allows source 
apportioning of the BC between fossil fuel derived charcoal that is depleted in 14C 
(F14C 0) and burned modern biomass that reflects atmospheric radiocarbon content 
(F14C ' 1). On the whole, there is an essential advantage in determining the 14C 
content of these specific biomarkers vs. dating of bulk BC samples (e.g. Ziolkowski 
and Druffel, 2009; Zimmerman, 2010; Yarnes et al., 2011). In particular, analyses of 
bulk samples frequently suffer from large uncertainty due to small sample size and 
challenges in physically separating pure BC from interfering OM. For example, OM in 
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soils and sediments is a complex mixture of compounds, which could range from 
recently produced compounds to very old material (Hedges et al., 2000). The same 
is true for buried archaeological samples. The matrix of pottery can contain organic 
carbon-bearing clay closely associated with the charred residue, or organic carbon 
can be taken up from the burial environment, causing further interference. 

Eglinton et al. (1996) introduced the concept of compound-specific radiocarbon 
analysis (CSRA) applied to certain solvent extractable lipids. The first application 
using the BPCA method to date BC on a molecular scale was by Ziolkowski and 
Druffel (2009a), who separated individual BPCAs using preparative GC, and 
achieved reliable results with reasonably low and constant blanks. Nevertheless, the 
method has several drawbacks. BPCAs must be treated to form GC-amenable 
derivatives, requiring the addition of external C to the BPCAs. The authors applied 
trimethylsilyl-diazomethane as derivatization agent. Even though it has been reported 
to be more efficient than other derivatization protocols (Ziolkowski and Druffel, 
2009b), it is known that losses can occur. This is also true for the most common 
derivatization technique, silylation with BSTFA (Schneider et al., 2011). Finally, a GC 
column has limited capacity, necessitating a large number of injections to collect 
sufficient material for dating. Many of the problems can be circumvented by 
separating the BPCAs using HPLC (Dittmar, 2008; Wiedemeier et al., 2013). 

In general, 14C analysis is sensitive to any contribution from extraneous carbon (Cex) 
added to the sample during the laboratory protocol. This is particularly true for ultra 
small scale samples containing < 30 #g C. Purification procedures for CSRA must 
therefore be designed to minimize and accurately quantify Cex addition (Pearson et 
al., 1998; Shah and Pearson, 2007; Ziolkowski and Druffel, 2009a; Birkholz et al., 
2013; Lang et al., 2013).  

In this study we present a new approach for molecular scale 14C analysis of fire-
derived compounds on the basis of the separation of BPCAs using liquid 
chromatography (Wiedemeier et al., 2013) combined with a recent method of wet 
oxidation suitable for combined 13C and 14C isotope analysis (Lang et al., 2012, 
2013). The method allows sample oxidation despite the presence of concentrated 
H3PO4, which is essential for achieving separation of the BPCAs with HPLC. The 
direct conversion of the BPCAs to CO2 within a gas tight vial allows the sample gas to 
be subsampled for ! 13C analysis prior to injection for accelerator mass spectrometry 
(AMS).  

We describe here the successful purification of individual B5CAs and B6CAs 
followed by ! 13C and F14C analysis. A detailed blank assessment was carried out 
using direct and indirect approaches to assess the amount and the isotopic signature 
of Cex. Two different types of charcoal were selected as standards. The first was an 
archaeological charcoal with a 14C age > 50000 BP (( 0.02 F 14C) and the second a 
modern charcoal (' 1 F 14C) prepared from a recently cut tree. Together they 
represented the end members of 14C analysis and allowed thereby a good evaluation 
of this new method for BC dating.  
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3.2 Experimental  

The data were produced from two successive series of experiments. Both included 
HPLC isolation followed by wet oxidation, GC-isotope ratio mass spectrometry (GC-
IRMS) and AMS measurements. All glassware was pre-heated to 450 ¡C for 5 h prior 
to use to remove organic contaminants. Ultra pure water was supplied from a MilliQ 
Advantage A10 system (Millipore, USA) and all chemicals were of the highest 
available grade and were tested for impurities before use. 

3.2.1. Process standards  

The archaeological charcoal sample (Ôfossil charÕ) was from in situ charred trees 
sampled from paroxysmal flow deposits in the Maninjau caldera in West-Central 
Sumatra (Alloway et al., 2004). Its precise dating using conventional AMS 
demonstrated that it lacked 14C and had an age of ca. 50 ka BP (Alloway et al., 2004; 
Ascough et al., 2009). The modern analog (Ômodern charÕ) was produced from 
chestnut wood (Castanea sativa) from a single tree cut in a forest in Southern 
Switzerland. The wood was charred at 450 ¡C for 5 h under a N2 atmosphere 
(Hammes et al., 2006).  

The samples were of almost pure charcoal, one was recovered in-situ and the other 
was produced in the laboratory under controlled conditions, allowing assuming that 
they were not significantly affected by interfering C-bearing material. Therefore the 
radiocarbon contents of the bulk samples were expected to be the same as that of 
the isolated BPCAs. Bulk subsamples were analyzed for 14C content as solid targets 
at the Laboratory of Ion Beam Physics of the ETH ZŸrich, Switzerland after being 
sequentially extracted with acid and base reagents to remove contaminants on the 
surfaces. The so-called acid-base-acid (ABA) treatment is a standard cleaning 
procedure prior to 14C analysis (Hajdas et al., 2004). The 14C content of the fossil 
char was found to be 0.003 ± 0.001 F14C (ETH-50456). The modern char was 
produced from unaltered dried wood that had a 14C content of 1.142 ± 0.004 F14C 
(ETH-50458) and its charred residue was almost identical at 1.149 ± 0.004 F14C 
(ETH-50457). These values were used as reference values.  

3.2.2. Sample extraction and purification  

Extraction and purification of BPCAs was carried out according to the protocol of 
Wiedemeier et al. (2013) with modifications to make it amenable for CSRA. In brief, 
15-25 mg of the dried and milled sample was directly digested in a quartz tube with 2 
ml HNO3 (65 wt.% or 14.4 mol/l) at 170 ¡C for 8 h. After cooling, the aqueous solution 
was filtered over pre-rinsed quartz fiber filters. The extract was subsequently eluted 
over a cation exchange resin and freeze dried to remove water and acid. The dried 
residue was re-dissolved in MeOH/water (1:1, v/v) and applied to a pre-conditioned 
C18 solid phase extraction cartridge to remove apolar components. Finally, the eluate 
was dried again using an Eppendorf concentrator system.  
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3.2.3. HPLC purification  

Individual BPCAs were isolated using an Agilent 1290 Infinity UPLC instrument 
(Santa Clara, USA). Separation was achieved with an Agilent Poroshell 120-SB C18 
column (4.6 % 100 mm, 2.7 µm pore size) using a gradient of diluted ortho H3PO4 
buffered to pH 1.2 with NaH2PO4 (mobile phase A) and pure MeCN (mobile phase 
B). Compounds were detected with an Agilent 1290 Infinity diode array detector at 
216 and 240 nm.  

Extracted samples (Ôtotal digestÕ) were diluted in ultra pure water to achieve a 
concentration of B5CA and B6CA of ca. 200 ± 50 ng C/ #l for HPLC injection. A small 
(1 #l) initial injection was made to quantify the peaks and assign retention times. 
Larger (5 #l) injections (10-30 in total) were then made for fraction collection. The 
mobile phase was collected during the time windows corresponding to the elution of 
the B5CA and B6CA compounds into pre-combusted glass vials with a time-
programmed analytical fraction collector (Agilent 1260 AS-FC). The collected 
fractions were transferred to screw cap vials with borosilicate pipettes and dried 
under a stream of N2 to remove all mobile phases with the exception of non-volatile 
H3PO4. Before drying, a small aliquot was re-injected on HPLC to assess the 
recovery and purity of the isolated compounds. Quantification was carried out with an 
external standard series that contained a mixture of commercially available BPCAs 
(Wiedemeier et al., 2013).  

3.2.4. Wet oxidation  

The compound-specific isotopic signature (! 13C, F14C) of isolated BPCAs was 
determined with the methods described by Lang et al. (2012, 2013). Specifically, 
isolated and acidified samples were transferred to 12 ml gas tight vials, diluted with 
Milli-Q water to a total volume of 4 ml, and spiked with 0.75 ml supersaturated 
oxidizing solution (100 ml H2O + 2.0 g K2S2O8 + 200 #l 85 % H3PO4). Vials were 
sealed using a standard cap with a butyl rubber septum and flushed with high purity 
He (grade 5.0, 99.999 %) for 8 min at 125 ml/min to remove atmospheric CO2 from 
the headspace. The output gas stream passed through a water trap to prevent 
backflow of atmospheric CO2. Then, the vials were heated to 100 ¡C for 60 min to 
oxidize the BPCAs to CO2. Samples were allowed to cool to room temperature 
overnight. Modern sucrose [Sigma Aldrich, P/N S7903, lot 090M02112V, F14C 1.053 
± 0.03 (ETH-47293)] and 14C-free phthalic acid [Sigma Aldrich, P/N 80010, lot 
1431342V, F14C ( 0.0025 (ETH -42443)] were used to assess the addition of external 
carbonaceous material during oxidation and transfer. Both were oxidized and 
analyzed for ! 13C and F14C.       

3.2.5. Stable carbo n isotope analysis ( " 13C) 

The stable carbon isotopic composition of the headspace CO2 was measured with 
two approaches. For initial tests, we analyzed the C content of various blank samples 
to determine background values, while the isotopic composition was of secondary 
interest. These samples were analyzed on a GasBench II on-line gas preparation 
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and introduction system (Thermo Fisher Scientific, Bremen, Germany) coupled to a 
ConFlo IV interface and a Delta V Plus mass spectrometer (both Thermo Fisher 
Scientific) allowing the accurate detection of C content and 13C of samples as small 
as 5 #g C. As ! 13C analysis with the GasBench uses the majority of the CO2, 
samples were also analyzed with a second method designed to preserve the majority 
of the CO2 for 14C analysis. In this approach, 100 #l of headspace gas was removed 
from the vials with a GasTight syringe (Hamilton). The gas was injected into a gas 
chromatograph (Agilent 6890) with a split/splitless inlet that was directly connected to 
a Delta V Plus via a ConFlo IV interface (both Thermo Fisher Scientific, Bremen, 
German). CO2 was separated from interfering gases with a CP Poraplot Q column 
(27.5 m % 0.32 µm; 10 µm; Varian) maintained at 100 ¡C and a He flow rate of 2.0 
ml/min.  

The raw ! 13C values of each series of samples were corrected for fractionation 
effects between headspace and dissolved CO2, as well for blank values and 
instrumental drift using standards of known composition (Lang et al., 2012). The 
amount of C was calculated by comparison with a dilution series of phthalic acid. 

3.2.6. Radiocarbon analysis (F 14C) 

Radiocarbon analysis was carried out at the Laboratory for Ion Beam Physics of ETH 
ZŸrich, Switzerland using the MICADAS (mini carbon dating system) equipped with a 
gas ion source (Ruff et al., 2007; Synal et al., 2007) that allows direct introduction of 
CO2 from the headspace into the gas ion source. Detailed descriptions about the 
instrumentation can be found elsewhere (Lang et al., 2013; Wacker et al., 2013). In 
brief, sample CO2 was removed from the vials by flushing with He and diverting the 
output over a magnesium perchlorate water trap to a trap containing X13 zeolite 
molecular sieve, which adsorbs CO2 at room temperature. After trapping, a valve was 
toggled to connect the trap to a gas tight syringe, and the CO2 was released by 
heating the zeolite to 450 ¡C. The amount of CO2 in the syringe was detected 
pneumatically to allow dilution of the sample gas with He to 5 %, v/v CO2 in He. This 
gas mixture was then pushed continuously out of the syringe into the ion source. 
Oxalic acid I (OX-1) gas was used as a modern standard (Stuiver and Polach, 1977) 
for normalization and fossil CO2 gas served as a blank. 

The raw data output was processed with the BATS software (Wacker et al., 2010) so 
that the results are reported as fraction modern (F14C; Reimer et al., 2004) being 
corrected for instrumental background, standard normalization and evaluated for 
uncertainty. Further corrections for wet oxidation and purification of BPCAs are 
discussed below.  
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Figure  1: HPLC-DAD chromatogram from a 5 #l injection of a BPCA extract of the modern char for 
fraction collection (A), and HPLC-DAD chromatograms of aliquots of the purified B6CA and B5CA 
fractions detected at 216 and 240nm (B). Time windows for single peak collection of B6CA (B6) and 
B5CA (B5) are highlighted in the grey boxes.  
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Table  1: Isolation of B5CA and B6CA from two process standards with HPLC, recovered mass as 
analyzed with HPLC and GC-IRMS and corresponding ! 13C values.  

 HPLC  GC-IRMS Yarnes et al., 2011 
Sample  Injection  !g C a Recovery   !g C b " 13C (ä)  " 13C (ä) c 
Fossil char Digest    

 43.4 -23.8 ± 0.1  

 B6CA 20%5#l 22.3 76%  29.3 -25.5 ± 0.3  

 
B6CA 30%5#l 35.2 80%  39.7 -24.5 ± 0.1  

 Avg. B6CA      -25.0 ± 0.7  

 
B5CA 20%5#l 16.3 55%  17.2 -26.9 ± 0.3  

 
B5CA 25%5#l 20.4 55%  21.7 -26.4 ± 0.3  

 B5CA 30%5#l 21.8 49%  22.9 -26.8 ± 0.2  
 Avg. B5CA      -26.7 ± 0.4  

Modern char Digest    
 17.7 -26.9 ± 0.2 -27.4d 

 B6CA 20%5#l 19.9 74%  23.3 -27.9 ± 0.3  

 
B6CA 25%5#l 28.6 84%  32.5 -28.1 ± 0.1  

 
B6CA 25%5#l 25.9 76%  31.1 -27.1 ± 0.3  

 Avg. B6CA      -27.7 ± 0.5  -28.24 ± 0.36 

 
B5CA 20%5#l 19.7 50%  25.8 -28.4 ± 0.3  

 B5CA 25%5#l 30.6 62%  29.5 -27.7 ± 0.1  

 B5CA 25%5#l 25.3 52%  28.1 -29.0 ± 0.3  
 Avg. B5CA      -28.4 ± 0.6 -28.71 ± 0.36 

a Determined by comparing sample peak areas with those from a dilution series of BPCA standards 
with known concentration;   

b  determined on amount of CO2 generated during oxidation in the headspace of the vials, by 
comparing peak areas with those of a series of standards of known concentration;  

c  determined with ion chromatography IRMS;  
d  bulk sample analyzed with EA-IRMS. 

3.3 Results and Discussion  

3.3.1. Isolation of individual BPCAs with HPLC  

The first goal in method development was the definition of appropriate 
chromatographic conditions for providing sufficient amounts of the pure target 
compounds. BPCA concentrations in the total digests where determined following 
Wiedemeier et al. (2013). In both samples B6CA and B5CA represented ca. 80 % of 
the total quantified BPCA-C. For CSRA these two compounds provided the best 
conditions to successfully isolate and date them. As a second step we injected as 
much as 1 #g C from each of the two target compounds and were still able to define 
robust retention times of the baseline separated peaks. Even though the column was 
slightly overloaded, no tailing of the target peaks to other fractions was observed 
(Fig. 1A) by re-injection of the eluent that was collected just before and after 
collection of the sample peak. The time window for fraction collection was set as 
narrow as possible to minimize the amount of potential co-eluting extraneous 
compounds and, especially, column bleed. Next to the quantified BPCAs a suite of 
other peaks are present (Fig 1A). These are other by-products of the digestion and 
are most likely nitrated BPCAs (Ziolkowski and Druffel, 2009b). We isolated B5CA 
and B6CA fractions from both process standards, the fossil and modern char, in 3 
replicates, respectively. As a preliminary assessment of Cex, aliquots of the collected 
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fractions were re-injected; this did not show any UV-detectable contaminants (Fig. 
1B). Fractions were typically collected and combined from 20 to 30 repeated 
injections. Sample recovery varied between 50 and 84 % (Table 1). Losses might 
have occurred during fraction collection or during transfer and concentration of the 
individual fractions. We did not detect significant amounts of the target compounds in 
fractions collected subsequently after the time window for B6CA or B5CA, which 
suggests that no significant tailing occurred after passing the detector and before the 
fraction collector. As we considered it more important to avoid the collection of other 
peaks eluting shortly after the target compounds, we did not try to optimize the 
recovery widening the collection window, as soon as recovery exceeded 50 %. 
Isotopic fractionation effects over the chromatographic peak were not expected for 
the 14C content (Zencak et al., 2007). This can be explained by the fact that F14C 
values are corrected for isotopic fractionation, which is expected to occur during AMS 
analysis. It is also possible that losses occurred during the transfer and concentration 
of the collected sample volumes. Up to 15 ml of that aqueous solution had to be 
reduced to a final volume of 2 ml, resulting in a high concentration of H3PO4 as only 
water and MeCN were volatilized under nitrogen flow.  

3.3.2. Wet oxidation and " 13C values  

The wet oxidation method was originally designed to oxidize organic acids (Lang et 
al. 2012; 2013) but proved to be also suitable for BPCAs. The oxidation efficiency 
was tested by oxidizing a known amount of a benzene pentacarboxylic acid 
standard, with recovery always > 90 %. Furthermore, no isotopic fractionation was 
observed when the ! 13C values of the oxidized standard material were compared 
with the reference values obtained with total combustion of the bulk sample powder 
using elemental analyzer (EA)-IRMS. Attempts to further optimize the oxidation 
parameters by varying temperature and reaction time did not result in improvement 
of recovery. Wet oxidation of a mellitic acid standard gave consistent results 
compared to the B5CA standard.     

The final ! 13C values of each isolated B5CA or B6CA sample, as well of the entire 
digestion extracts are listed in Table 1. The reported values are corrected for 
fractionation effects between the liquid and gas phase and for process and 
instrumental background of the wet oxidation procedure itself as described by Lang 
et al. (2012). In brief, the process blank was determined using oxidized ultra pure 
water with similar volumes to the samples. The peak area of these blanks averaged 
0.55 ± 0.09 V&s (n = 3), which corresponds to a value near the limit of detection of "  
0.2 #g C. As these peaks were too small for reliable ! 13C values, the isotopic 
composition of the process blank was estimated indirectly by comparing the values 
for the oxidized phthalic acid standard samples with the known reference value. The 
! 13C of the blanks is very sensitive, therefore it was individually calculated for each 
prepared series. The blanks were calculated to be -14.1 ± 1.1 ä for the first and -9.1 
± 1.1 ä for the second series. At first sight, there is a significant difference betw een 
the two blanks. It should be taken into account, however, that small differences 
detected with such small signals could lead to large differences in the ! 13C values for 
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the blanks. The isotopic shift of ca. 5 ä for the blank results probably resulted f rom 
slightly changes in the quality of the chemicals in use, for instance the oxidizing 
reagent or the ultra pure water. This assumption is supported by the fact that the 
! 13C values for the fire-derived compounds from the fossil and modern char showed 
no significant difference after being corrected for the blank value for the wet oxidation 
procedure (Table 1). The BPCAs had slightly lower ! 13C values than the total digests 
(Fig. 2), while B5CA was more negative than B6CA. These small differences may be 
the result of inhomogeneity of the parent material. Another explanation might be an 
incomplete collection of the chromatographic peak, as ! 13C values are much more 
sensitive to fractionation effects than F14C values (Zencak et al., 2007). The overall 
reproducibility (1) ) was ( 0.7 ä. Even if this is slightly higher than the reported 
precision for the chemical oxidation method (( 0.4 ä,  Lang et al., 2012), the values 
are still satisfyingly accurate. With this technique, only a very small part of the 
isolated samples was used for stable isotope analysis in order to assure large 
enough samples for the AMS analysis. More accurate results could potentially be 
achieved by isolating a separate sample dedicated only to ! 13C using a GasBench 
device.    

For the modern charcoal, we compared the isotopic composition of total digests and 
compound-specific ! 13C values with data from Yarnes et al. (2011), who successfully 
performed continuous flow 13C analysis after separation of BPCAs using a laborious 
2 h ion exchange chromatography method. The values of Yarnes et al. (2011) are 
shown in Fig. 2 for direct comparison with our results. Their results for B5CA and 
B6CA from the modern char were within the error of our results. Furthermore, we 
obtained values for the BPCA extract of the modern char comparable to their value 
obtained using EA-IRMS analysis with the bulk sample. Compared with our distinct 
results the reported values by Yarnes et al. (2011) were systematically shifted by a 
value as small as -0.5 ä, which is still in t he range of the precision of both studies. 
This comparison demonstrates that our method for analyzing the ! 13C values of 
BPCAs is of high quality and can be performed on a very small aliquot of a sample 
whose main part is needed for CSRA.   
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Figure  2: ! 13C values of individual 
B5CA and B6CA and of the whole 
BPCA digest of the fossil (left) and 
modern char (right) measured in this 
study, and as published by Yarnes et al. 
(2011) for the modern char. 

 

 

3.3.3.  Assessment of extraneous carbon  

As mentioned above, radiocarbon analysis is more sensitive to the addition of 
extraneous C than ! 13C analysis (e.g. Shah and Pearson, 2007; Ziolkowski and 
Druffel, 2009a). It is therefore mandatory to minimize and precisely determine the 
contribution from Cex to carry out an appropriate blank correction and obtain reliable 
radiocarbon values. Generally speaking, a measured F14C value is composed of a 
contribution from both the compound of interest and from Cex. This can be expressed 
with the following mass balance equation:  

 FT !CT = FS !CS + Fex !Cex  

Where F is the F14C value and C the amount of carbon in #g. The subscript T refers 
to total as measured, S to sample and ex to extraneous. In order to solve the 
equation for FS, the amount and radiocarbon content of Cex need to be determined 
beforehand, given that  

 CS = CT ! Cex  

There are several possible sources of contaminating C added to the sample. 
Considering the entire laboratory protocol, it might be taken up during the extraction 
and cleaning procedure (Cchemistry), the HPLC isolation (CHPLC), the wet oxidation 
procedure (Cox) and finally during the AMS analysis itself (CAMS). Accordingly Cex can 
be expressed as a sum of the following components:  

 
Cex = Cchemistry +CHPLC +Cox +CAMS  

The most straightforward way to trace back to Cex is to start at the end of the 
laboratory protocol, going back to the first steps.  
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CAMS: The AMS instrumental background is routinely determined during each 
measurement campaign. As mentioned above, reported values are normalized using 
the results of small scale Ox-I standards and are corrected for small scale AMS 
blanks using the BATS software (Wacker et al., 2010). Because of this, CAMS is not 
discussed further here. Accordingly, the subscript T (F14CT, CT) indicates in the 
following that the raw values had already been corrected with the BATS software.  

Cox: The contribution of Cex added during wet oxidation was calculated indirectly 
using of two standards of known radiocarbon content (14C-free phthalic acid and 
modern sucrose). With this method it is possible to assess separately two 
contaminant fractions. A detailed description of the method is given by Lang et al. 
(2013). As we adopted the approach for the assessment of Cchemistry and CHPLC further 
information will be given in the following section. 

For the samples measured during the first campaign, we determined a small 
influence from a modern Cox source, corresponding to 0.13 ± 0.04 #g C (n = 5), 
whereas the contribution from radiocarbon-dead Cox corresponded to 0.85 ± 0.44 #g 
C (n = 5). In combination, this resulted in a total blank of 0.97 ± 0.44 #g C with a F14C 
value of 0.13 ± 0.07. For the second measurement campaign, we were able to 
reduce the amount of Cox via 0.07 ± 0.03 #g C modern Cox and 0.45 ± 0.43 #g C of 
radiocarbon-dead material, i.e. a total of 0.52 ± 0.44 #g Cox with 0.14 ± 0.13 F14C. 
Evaluation of the first data set pointed to some sources of Cox that could easily be 
reduced, especially for the reagent used for the wet oxidation. The reagent was 
recrystallized 2x in water before use during the second campaign. This resulted in a 
reduction of radiocarbon-dead Cox of ca. 0.5 #g C per sample while the average F14C 
of Cox remained comparable with the Fox determined for the first campaign. The 
correction for Cox was applied to all samples before determining Cchemistry and CHPLC. 
The corrected values will be indicated as CTÕ and F14CTÕ in the following.   

Cchemistry and C HPLC: Initially we directly collected and analyzed Cchemistry and CHPLC.  
Blank samples were run through the entire laboratory protocol except for radiocarbon 
dating. Another set of blanks was produced performing only the HPLC step, omitting 
the extraction procedure. Because the total amount of extraneous C was very low the 
number of injections and the duration of the fraction collection window were 
increased vs. regular sample fraction collection. The amount of C and its ! 13C values 
were determined by analyzing all material with the GasBench device (Table 2), which 
gives better accuracy than the GC option described above. For one sample, it was 
not possible to obtain a reliable ! 13C value, as the sample size was too small. The 
average blank that passed both extraction and HPLC contained 0.23 ± 0.12 #g 
Cchemistry+HPLC ml-1 (n = 2), whereas CHPLC showed an average of 0.22 ± 0.04 #g ml-1 (n 
= 5). This showed that the chemical extraction process (Cchemistry) did not significantly 
contribute to the amount of the sum of Cex and could be assumed to be zero. Most 
likely, if any Cchemistry were present, it would again be removed during the HPLC 
purification step to a level below the detection limit. The isotopic signatures of the 
CHPLC replicates showed comparable values, within a relatively larger error due to the 
small sample sizes. The ! 13C of CHPLC averaged -29.5 ± 1.3 ä (Table 2), implying 
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that the source of Cex remained constant and that no unexpected and uncontrolled 
addition of Cex occurred. Separate analysis of the aqueous eluent before usage 
showed that this was most probably the main source of CHPLC, as it already contained 
0.3 ± 0.1 #g C ml-1. Future efforts to reduce CHPLC should therefore focus on the 
mobile phase in the HPLC step. 

 

 
Figure 3: Mass of HPLC blank vs. volume of collected eluent. 

Table  2: Direct assessment of CHPLC (n.a.: not analyzed). 

 HPLC GC-IRMS 

Sample  Collected ml  !g C a !g ml -1 " 13C (ä)  

Cchem.+HPLC 
b 

 
20  0.23 ± 0.12 n.a. 

CHPLC 

 
40 9.7 0.24 -28.6 ± 0.1 

CHPLC 

 
40 8.7 0.22 -28.5 ± 0.1 

CHPLC 

 
8 2.2 0.28 n.a. 

CHPLC 

 
30 5.2 0.17 -29.8 ± 0.1 

CHPLC 

 
30 5.8 0.19 -31.4 ± 0.1 

Avgerage CHPLC  
0.22 ± 0.04 -29.5 ± 1.3 

a  Determined on amount of CO2 generated during oxidation in the headspace of the vials, by 
comparing peak areas with those of a series of standards of known concentration;  

b   n = 2.  

 

A strong relationship (R2 0.91) existed between the collected volumes of CHPLC and 
their C content (Fig. 3). The intercept of near zero suggests that any constant 
background was absent, while the slope (0.22 #g C ml-1) of the linear regression 
represented the amount of CHPLC eluting per ml eluent. Therefore, multiplying this 
value by the volume collected for a specific sample should give a preliminary 
estimate of CHPLC for an individual sample, enabling calculation of FHPLC for each 
sample. However, we discovered that this estimate was not accurate enough: 
calculated values of CHPLC for individual samples ranged between 0.9 and 2.1 #g C, 
resulting in reasonable estimates for FHPLC for some samples (Supplementary 
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material), but also in non-natural values of FHPLC > 2 for others. Interestingly, the 
averaged values for FHPLC for each process standard were at the same level of a 
blank with a modern radiocarbon value (F14C " 1 ).  

It is also possible to determine the blank contribution (CHPLC) and its radiocarbon 
signature (FHPLC) indirectly. For this approach a Cex needs to be assumed as a 
constant amount of carbon being added to each sample during sample preparation. It 
is based on the theoretical assumption that the Fex would be composed of two pools 
characterized by opposite 14C content (i.e. modern and 14C-free). The combination of 
the results from two standards with that with opposite 14C content then allows a 
mathematical solution for both unknowns, here CHPLC and FHPLC. It is a common 
approach to determine a theoretical contribution from modern Cex (F

14C = 1) by use 
of a radiocarbon-dead (F14C = 0) process standard and vice versa (Shah and 
Pearson, 2007; Ziolkowski and Druffel, 2009a; Lang et al., 2013). For this, Eq. 1 was 
re-arranged and modified:  

  
CHPLC =

FT ' !CT ' " FS !CS

FHPLC " FS

 

Accordingly, a CHPLC value for each replicate of fossil char was calculated assuming 
FHPLC = 1 and similarly for the modern char, assuming FHPLC = 0 (Table 3). To solve 
the equation the reference values from the bulk powder were used as FS. The 
average modern CHPLC based on the individual B5CAs and B6CAs from the fossil 
charcoal, was 1.4 ± 0.5 #g C (n = 5; Table 3). In contrast, the BPCAs isolated from 
the modern char sample were hardly affected (Fig. 3), resulting in an average 
contribution of 14C-free CHPLC of 0.2 ± 0.4 #g C.  

While the subdivision of the amount of blank C into two pools is a convenient 
mathematical concept, in nature it is more likely that there is a single C pool with a 
distinct 14C signature displaying a mean value of all various compounds. In order to 
determine more realistic values Cex and Fex can be combined by addition of the two 
theoretical Cex values and by calculating the weighted average of the two Fex values: 

 
Fex =

Fmodern !Cmodern + Fdead !Cdead

Cmodern +Cdead

 

While the subscript ex can be substituted with the subscript describing the respective 
part of the sample preparation. Here, it resulted in CHPLC = 1.6 ± 0.7 #g C with an 
average radiocarbon content FHPLC of 0.90 ± 0.50 F14C. This amount was satisfyingly 
low for samples with > 15 #g C. Consequently, a fossil source for CHPLC can be 
excluded; nevertheless it is hardly possible to directly identify the origin of CHPLC. A 
significant change of FHPLC during later measurements is though a clear indication for 
additional contribution of CHPLC, in general.      

Fig. 3 illustrates the size-dependent relationship of the radiocarbon content of the 
samples not corrected for CHPLC vs. the theoretically modeled FHPLC deduced from the 
mixture of a CS with varying sample size and the constant CHPLC. Note that the given 
data set does not show a significant dependence between the amounts of repeated 



3. Method development 

 52 

injections (i.e. the amount of collected mobile phase) and CHPLC. However, the 
opposite was concluded after direct analysis of CHPLC (Fig. 3). This apparent 
contradiction can be attributed to the fact that the process samples were only 
collected over 20 to 30 injections, with a total of 4-12 ml (but mostly 6-8 ml), as 
opposed to the volume range of 8 up to 40 ml collected for the CHPLC tests. In short, 
this volume range was too small for detection of a significant size dependence of 
CHPLC. The correct radiocarbon content (FS) values from the individual samples are 
listed in Table 3. There was no evidence for a significant difference in the F14C 
values between the B5CAs and B6CAs. Hence, replicate analysis of B5CAs and 
B6CAs from the same process standard were taken as equal. The 5 replicates of the 
modern charcoal sample give a mean F14C value of 1.142, with a standard deviation 
of 0.025, i.e. a precision of 2.2 %. This value mirrors both the F14C of the digest 
(ETH-49860.1.1) and the reference analysis of the bulk material (ETH-50458). The 
individual samples exhibited values with a slightly greater uncertainty that in turn 
depended on the sample size and lower counting statistics. The largest sample 
containing 27 #g C had a precision of 2.9 % and the smallest (16 #g C) a precision of 
4.5 %. Likewise, the FS for the largest sample (ETH-49868.1.1) was also the one 
closest to the reference value. The same was true for the fossil charcoal standard 
being depleted in 14C, even if no size dependent increase in precision is given for 
these duplicate values. The average FS from 5 individual measurements was 0.001 ± 
0.032. Samples with < 15 #g C were not analyzed, as demonstrated by Birkholz et al. 
(2013) that samples designated for CSRA and < 10 #g C are usually affected by Cex 
to such an extent that no reliable results can be obtained. However, the data here 
demonstrate that sample amounts of 25 to 35 #g C are suitable for high precision 
analysis. Additional replicate analyses are still recommended as possible outliers can 
be easily identified. In summary, the given uncertainty in an individual measurement 
is satisfactory for C turnover studies or C source apportion. For precise dating 
purposes a higher precision is usually required. Indeed, there is room for further 
minimization of Cex, especially during the HPLC isolation procedure. Comparing the 
background level of organic C in the ultra-pure water used  (i.e. in the aqueous HPLC 
solvent) with published references indicates that the system used for this study could 
be improved with better maintenance. Lang et al. (2012) reported that not more than 
0.04 #g C ml-1 were detected in the aquatic mobile phase. In contrast, a 
concentration of up to 0.3 #g C ml-1 was measured for the eluents used here.   
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Figure  4: Radiocarbon values for B5CA and B6CA isolated from the modern (left) and fossil char (right). 
The given error is composed of corrections for instrumental AMS background and the blank for wet 
oxidation. The solid grey line represents an idealized line for the mixture of the real F14C value of 
sample and the determined mean external contamination. 

Table  3: Amount and radiocarbon content of isolated process standards B5CA and B6CA, calculated 
amount of external C (Cex) added to the related sample and residual F14C values after correction for the 
blank (FS). 

  Calculated Corrected values  

Sample  FTÕ (F
14C)a CTÕ (!g C)  Cex (!g C)  FS (F14C)b Lab code  

Fossil char Bulkc    0.003 ± 0.001 ETH-50456 

 Digest    0.010 ± 0.002 ETH-49849 

 B6CA 0.094 ± 0.004 23.1 ± 0.5 2.1 ± 0.1 0.036 ± 0.025 ETH-50461 

 B6CA 0.040 ± 0.003 29.0 ± 0.5 1.1 ± 0.1 -0.009 ± 0.019 ETH-49854 

 B5CA 0.079 ± 0.006 13.0 ± 0.5 1.0 ± 0.1 -0.033 ± 0.045 ETH-50459 

 B5CA 0.068 ± 0.005 16.0 ± 0.5 1.0 ± 0.1 -0.022 ± 0.036 ETH-50460 

 B5CA 0.127 ± 0.007 14.5 ± 0.5 1.8 ± 0.1 0.034 ± 0.040 ETH-49859 

Modern extraneous C (F14C = 1) addition: 1.4 ± 0.5 (average Cex)  

Modern char Bulkc    1.142 ± 0.004 ETH-50458 

 Digest    1.143 ± 0.020 ETH-49860 

 B6CA 1.151 ± 0.025 16.2 ± 0.5 -0.1 ± 0.5 1.162 ± 0.074 ETH-50462 

 B6CA 1.093 ± 0.021 18.5 ± 0.5 0.8 ± 0.5 1.102 ± 0.056 ETH-49864 

 B6CA 1.124 ± 0.020 20.9 ± 0.5 0.3 ± 0.5 1.132 ± 0.056 ETH-50463 

 B5CA 1.145 ± 0.019 27.6 ± 0.5 -0.1 ± 0.6 1.152 ± 0.034 ETH-49868 

 B5CA 1.150 ± 0.024 16.8 ± 0.5 -0.1 ± 0.5 1.161 ± 0.071 ETH-50465 
14C-dead extraneous C (F14C = 1) addition: 0.2 ± 0.4 (average Cex)  

a  Subscript TÕ indicates that values were corrected for instrumental background using the BATS 
program (Wacker, 2010) and for the wet oxidation procedure (Lang et al., 2013);  

b  subscript S indicated that values were corrected for mean modern or radiocarbon dead extraneous 
carbon addition occurring during the entire laboratory protocol. Please note that the fractions of ÔbulkÕ 
and ÔextractÕ required less corrections than those isolated by HPLC. 

c 14C values from bulk sample material were corrected for instrumental background using BATS 
software.  
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3.4 Conclusions  

We present a method to purify individual BPCAs as compound-specific biomarkers 
for BC, followed by the determination of ! 13C and F14C. The combination of two 
measurements on the same sample reduces the efforts specified by an isolation 
protocol for the particular analysis. Furthermore, knowing both the ! 13C and F14C 
values for a sample helps interpret the results with respect to the impact of 
contamination that might be difficult to detect, especially when they have a different 
! 13C value from the sample of interest. Another benefit is the possibility of monitoring 
the development of the general Cex background in an easy and cost effective way. C 
content and its ! 13C value should give enough information and help to avoid 
expensive radiocarbon analysis of contaminated samples. Finally the wet oxidation 
method avoids the problems encountered in the combustion of H3PO4-rich sample 
residues. 

A constant addition of extraneous C to the isolated samples was identified. 
Nevertheless, a size dependent component Cex cannot be excluded. This is 
especially true for much larger samples (> 50 #g C) that need to be isolated with a 
greater extent of injections (e.g. 100-150 injections to yield ca. 100 #g BPCA-C). 
Contamination of 1.6 ± 0.2 #g C, with F14C 0.90 ± 0.14, was calculated. We have 
shown that the precision of individual measurements of samples with > 15 #g C is 
adequate for studies aimed at determining C turnover or source apportioning in soils 
and sediments. In addition, our data show that there is potential for also applying the 
method for dating purposes. Samples isolated in replicates each containing > 25 #g 
C should give values precise enough for an age determination of, for example, 
combustion residues on pottery or other samples with very fine charcoal that cannot 
be analyzed directly or BC that is mixed with other OM. Based on the experience 
from study, we recommend that process standards and blanks are determined 
regularly, as it is possible that C concentration in chemicals and/or solvent changes 
through time.       

The represented method can also be applied to other marker compounds (e.g. B4CA 
or B3CA), although it might require minor tuning of the HPLC method to obtain a 
clean chromatographic separation of the target compounds. Additional improvements 
could include the use of a HPLC column with more capacity to reduce the number of 
injections required for isolation of sufficient material. This might lead to less Cex, 
although the flow rate would need to be increased. 
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Appendix  1 

A. Correction for wet oxidation procedure  

Table A 1: Amount and radiocarbon content of isolated process standards of the wet oxidation  - phthalic 
acid and sucrose with corresponding calculated amount of external C (Cex) added to standard and 
residual F14C value after correction for the blank (FS). 

Standard  
BATS output  Calculated Corrected values 

Lab code  FT (F14C)a CT (!g C)   Cex (!g C)  FS (F14C) 

1st campaign      

Phthalic acidb  0.0140 ± 0.002 12.4 ± 0.5 0.14 ± 0.03 0.004 ± 0.004 ETH-49846.11.1 

 0.0165 ± 0.003 13.4 ± 0.5 0.19 ± 0.04 0.007 ± 0.004 ETH-49846.12.1 

 0.0078 ± 0.002 15.3 ± 0.5 0.08 ± 0.03 -0.001 ± 0.003 ETH-49846.17.1 

 0.0083 ± 0.002 17.8 ± 0.5 0.10 ± 0.04 0.001 ± 0.003 ETH-49846.7.1 

 0.0084 ± 0.002 21.0 ± 0.5 0.12 ± 0.03 0.002 ± 0.003 ETH-49846.13.1 
Average addition of Cex with F14C = 1: 0.13 ± 0.04 

  
Sucrosec 1.018 ± 0.012 17.4 ± 0.5 0.58 ± 0.88 1.070 ± 0.050 ETH-49845.2.1 

 1.004 ± 0.011 21.5 ± 0.5 1.01 ± 0.95 1.045 ± 0.040 ETH-49845.1.1 

 1.012 ± 0.012 21.7 ± 0.5 0.85 ± 0.96 1.053 ± 0.040 ETH-49845.3.1 

 1.004 ± 0.012 23.4 ± 0.5 1.09 ± 1.00 1.042 ± 0.037 ETH-49845.4.1 

 1.026 ± 0.012 27.3 ± 0.5 0.70 ± 1.09 1.059 ± 0.033 ETH-49845.12.1 
Average addition of Cex with F14C = 0: 0.85 ± 0.44 

  
2nd campaign      
Phthalic acid 0.0243 ± 0.007 3.7 ± 0.5 0.08 ± 0.03 0.005 ± 0.012 ETH-49846.23.1 

 
0.0049 ± 0.003 9.1 ± 0.5 0.02 ± 0.03 -0.003 ± 0.005 ETH-49846.31.1 

 
0.0080 ± 0.003 11.5 ± 0.5 0.06 ± 0.04 0.002 ± 0.004 ETH-49846.25.1 

 
0.0086 ± 0.003 13.8 ± 0.5 0.08 ± 0.04 0.003 ± 0.004 ETH-49846.26.1 

 
0.0080 ± 0.003 20.0 ± 0.5 0.11 ± 0.07 0.004 ± 0.004 ETH-49846.30.1 

Average addition of Cex with F14C = 1: 0.07 ± 0.03   
Sucrose 1.0016 ± 0.012 11.6 ± 0.5 0.57 ± 0.78 1.042 ± 0.066 ETH-49845.17.1 

 
1.0161 ± 0.013 12.4 ± 0.5 0.43 ± 0.79 1.054 ± 0.063 ETH-49845.18.1 

 
1.0359 ± 0.011 17.9 ± 0.5 0.29 ± 0.89 1.062 ± 0.044 ETH-49845.22.1 

 
1.0315 ± 0.010 24.0 ± 0.5 0.49 ± 1.00 1.051 ± 0.033 ETH-49845.20.1 

Average addition of Cex with F14C = 0: 0.45 ± 0.43   
 a  Subscript T indicates that values have been corrected for instrumental background using the 

program BATS (Wacker, 2010) and for the wet oxidation procedure (Lang et al., 2013), if required;  
b  the radiocarbon content of 1.053 ± 0.03 F14C was determined on the powdered phthalic acid 

standard by conventional AMS methods;  
c  the radiocarbon content of ( 0.0025 F 14C was determined on the powdered sucrose standard by 

conventional AMS methods. 
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Figure  A1: Radiocarbon values of phthalic acid (above) and sucrose (below) after wet oxidation 
procedure of both campaigns (I left, and II right). The error bars derive only from corrections of 
instrumental AMS background and counting statistics. The solid gray line represents an idealized line of 
the mixture of the F14C value of the process standard and the mean external contamination of modern 
(F14C = 1, phthalic acid) or radiocarbon dead (F14C = 0, sucrose) carbon. 
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B. Direct assessment of Cchemistry /CHPLC 

Table B 1: Amount and radiocarbon content of isolated process standards B5CA and B6CA, volume of 
collected eluent of each sample and calculated amount of external C (Cex) and its radiocarbon content 
(Fex), assuming that a Cex of 0.22 ± 0.04 µg/ml elutes with the mobile phase. 

  Collected Calculated  
Sample  FT (F14C)a CT (!g C)  Vel (ml)  Cex (!g C)  Fex (F

14C) Lab code  

Fossil char B6CA 0.094 ± 0.004 23.1 ± 0.2 4 0.9 2.4 ETH-50461.1.1 

 
B6CA 0.040 ± 0.003 29.0 ± 0.3 9 2.0 0.5 ETH-49854.1.1 

 
B5CA 0.079 ± 0.006 13.0 ± 0.2 4 0.9 1.1 ETH-50459.1.1 

 
B5CA 0.068 ± 0.005 16.0 ± 0.2 5 1.1 0.9 ETH-50460.1.1 

 
B5CA 0.127 ± 0.007 14.5 ± 0.3 12 2.6 0.7 ETH-49859.1.1 

  Avg. Fex 1.1  

Modern char B6CA 1.151 ± 0.025 16.2 ± 0.2 6 1.3 1.2 ETH-50462.1.1 

 
B6CA 1.093 ± 0.021 18.5 ± 0.2 8 1.8 1.6 ETH-49864.1.1 

 
B6CA 1.124 ± 0.020 20.9 ± 0.2 8 1.8 0.8 ETH-50463.1.1 

 
B5CA 1.183 ± 0.023 22.0 ± 0.3 5 1.1 0.2 ETH-50464.1.1 

 
B5CA 1.145 ± 0.019 27.6 ± 0.3 5 1.1 1.1 ETH-49868.1.1 

 
B5CA 1.150 ± 0.024 16.8 ± 0.2 6 1.3 1.2 ETH-50465.1.1 

 Avg. Fex 1.0  
a  Subscript T indicates that values have been corrected for instrumental background using the 

program BATS (Wacker, 2010) and for the wet oxidation procedure (Lang et al., 2013).  
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Appendix 2  

Characterization, quantification and compound -specific 
isotopic analysis of pyrogenic carbon using benzene 
polycarboxylic acids (BPCA) * 

 

 

Abstract  

Fire-derived, pyrogenic carbon (PyC), sometimes called black carbon (BC), is the 
carbonaceous solid residue of biomass and fossil fuel combustion, such as char and 
soot. PyC is ubiquitous in the environment due to its long persistence, and its 
abundance might even increase with the projected increase in global wildfire activity 
and the continued burning of fossil fuel. PyC is also increasingly produced from the 
industrial pyrolysis of organic wastes, which yields charred soil amendments 
(biochar). Moreover, the emergence of nanotechnology may also result in the release 
of PyC-like compounds to the environment. It is thus a high priority to reliably detect, 
characterize and quantify these charred materials in order to investigate their 
environmental properties and to understand their role in the carbon cycle. 

Here, we present the benzene polycarboxylic acid (BPCA) method, which allows the 
simultaneous assessment of PyCÕs characteristics, quantity and isotopic composition 
(13C and 14C) on a molecular level. The method is applicable to a very wide range of 
environmental sample materials and detects PyC over a broad range of the 
combustion continuum, i.e. it is sensitive to slightly charred biomass as well as high 
temperature chars and soot. The BPCA protocol presented here is simple to employ, 
highly reproducible, as well as easily extendable and modifiable to specific 
requirements. It thus provides a versatile tool for the investigation of PyC in various 
disciplines, ranging from archeology and environmental forensics to biochar and 
carbon cycling research.  

 

 

 

* this manuscript is closely associated with the previous publication (Chapter 3) and has been 
accepted for publication in The Journal of Visualized Experiments (JoVE). It is authored by 
D.B. Wiedemeier, S.Q. Lang, M. Gierga, S. Abiven, S.M. Bernasconi, G.L. FrŸh-Green, I. 
Hajdas, U.M. Hanke, M.D. Hilf, C.P. McIntyre, M.P.W. Schneider, R.H. Smittenberg, L. 
Wacker, G.L.B. Wiesenberg, M.W.I. Schmidt  
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Introduction  

In a complete combustion process, biomass or fossil fuel is converted into CO2, H2O 
and inorganic residues (ash). However, under local or temporal oxygen limitations, 
combustion becomes incomplete and pyrolysis takes place, producing a solid organic 
residue known as char1. These charred residues are also referred to as pyrogenic 
organic matter (PyOM) and mainly consist of pyrogenic carbon (PyC) or, 
synonymously, black carbon (BC)2-4. Charring processes are omnipresent and can 
be part of both natural and anthropogenic combustion5-6. Wildfire is an important 
natural process, intrinsic to most ecosystems, which produces a significant quantity 
of PyC each year4,7-10. Similarly, the burning of fossil fuel for energy production in 
industry and transport presents an important anthropogenic source of PyC11-13. Both 
sources contribute to the ubiquity of PyC in the environment: PyC is present in the 
air, in the form of aerosols13-14, in water as particulate or dissolved organic matter15-17, 
as well as in ice cores18-19, soils20-21, and sediments22-24 in sizes varying from m to nm 
(e.g. large charred tree trunk after a forest fire or nano-scale soot particles that 
escape a diesel engine exhaust). The ubiquity of PyC in the environment is not only 
due to large production rates but also to its long persistence and relative stability 
against degradation25-26. Although exact turnover times have not yet been 
established and may depend upon specific environmental conditions27-28, it seems 
clear that PyC is less readily decomposed into CO2 than most other forms of organic 
carbon29-30. This observation has an important implication for the global C cycle: as 
charred materials store PyC for a relatively long time, they sequester C in organic 
forms that would otherwise be rapidly respired as CO2, thus reducing atmospheric 
greenhouse gas concentrations over time31-32. 

Besides the climate mitigating aspect, chars have further environmentally relevant 
properties. Their high porosity, large surface area and negative surface charge can 
immobilize hazardous compounds33 and improve soil fertility34-35. The recognition of 
chars as a potentially beneficial soil amendment led to the emerging field of so-called 
biochar technology36. Biochar will likely be produced on large scales in the coming 
years and thus significantly increase PyC abundance in soils37. Moreover, the 
occurrence of wildfires and the burning of fossil fuels are also projected to remain 
high over the course of the 21th century, continuously contributing large quantities of 
PyC to the environment11,38-39. Another increasingly important source of PyC is likely 
to be nanotechnology that also uses PyC-like compounds40-41. It is thus crucial to 
detect, characterize and quantify these pyrogenic materials accurately in order to 
investigate their properties and understand their role in the environment.  

Here, we present the use of a state-of-the-art compound-specific approach to 
analyze PyC in various samples: the most recent generation of the benzene 
polycarboxylic acid (BPCA) method42. This method is broadly applicable within PyC 
research as it directly targets the ÒbackboneÓ of PyC: its polycyclic condensed 
structures that form during the thermal treatment43-45 and that are therefore inherent 
to all the various forms of PyC5,46. However, these structures are not directly 
assessable by chromatographic means, due to their size and heterogeneity. In order 
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to chromatographically analyze such pyrogenic compounds, PyC is first digested with 
nitric acid under high temperature and pressure, which breaks the large polycyclic 
structures down into its building blocks, the individual BPCAs (cf. Figure 1). The 
BPCAs are then, after a few purification steps, amenable to chromatographic 
analysis20,42. PyC is thus isolated and analyzed on a molecular level and can be used 
to quantify PyC abundance in environmental compartments20,42. The BPCA method 
additionally characterizes the investigated PyC when relative yields of B3-, B4-, B5- 
and B6CA are compared (cf. Figure 1): The respective proportion of differently 
carboxylated BPCAs is linked to the size of the original polycyclic structures and is 
therefore indicative of PyCÕs quality and pyrolysis temperature44,47-48. Moreover, the 
presented method allows for the determination of the C isotopic composition (13C and 
14C) of PyC because the individual BPCAs, deriving directly from pure PyC 
structures, can be isotopically analyzed after isolation (cf. Figure 1, steps 5 and 6)49. 
Compound-specific isotopic analysis of PyC is of great interest50 as it can be used 
e.g. to distinguish between the precursor biomass of chars in tropical regions51-52, to 
derive the age of charred materials53-54 or to trace PyC in C cycling studies with an 
isotopic label26,55-56. Further information about PyC as well as the BPCA methodÕs 
history, development and applications in particular can be found in Wiedemeier 
201457, from where part of the above paragraphs and part of the discussion were 
compiled. 

 

 

 

!
Figure 1: The BPCA analysis procedure. In the protocol step 2, the PyC polycyclic aromatic condensed 
structures are digested, producing the different BPCAs, which are then further cleaned (steps 3 and 4) 
and chromatographically analyzed and separated (step 5). After wet oxidation (step 6), the purified 
BPCAs are amenable to compound-specific isotopic analysis (13C and 14C) on isotope-ratio mass 
spectrometers. 
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Protocol  

1)  General precautions and preparations  

1.1)  Use only clean, decalcified (10% HCl bath) and combusted glassware (500 ¡C 
for 5 hours), thoroughly cleaned tools and ultrapure, high performance liquid 
chromatography (HPLC) grade water and solvents for the entire procedure.  

1.2) Freeze dry and homogenize samples with a carbon-free ball mill58 and 
determine their total organic carbon (TOC) content by elemental analysis59-60. 

Note: Purity requirements for chemicals and laboratory equipment are especially high 
for compound-specific 14C analysis of BPCAs. Include blank assessments49 and 
swipe tests61 to monitor potential sources of sample contamination. 

2)  HNO3 digestion  

2.1) Weigh freeze-dried and homogenized samples (cf. 1.2.) into quartz digestion 
tubes and cover against dust with aluminum foil.  

 For PyC quantification and characterization purposes, use samples containing 
> 1 mg TOC42. Thus, in the case of soils and sediments, use ca. 200 Ð 400 mg 
and in the case of organic-rich samples, such as pure charcoals, use ca. 10 Ð 
20 mg per digestion tube. 

 For subsequent compound-specific isotopic analysis of PyC (13C and 14C), 
make sure the sample contains enough BPCA-C to meet the detection limits of 
the particular isotope-ratio mass spectrometer that will be used after step 6. If 
there is no a priori information about a sampleÕs PyC quantity available (e.g. 
from previous measurements), first quantify its PyC content (steps 1-5) and 
prepare more sample later if the BPCA-C yields are too low for isotopic 
analysis.  

Note: Include blank and reference samples with known PyC and 13C and 14C content 
(e.g. from the Òblack carbon reference materialsÓ, cf. results section). This will allow 
to check the reproducibility of the PyC quantification and enable blank correction 
calculations of the compound-specific isotopic measurements after analysis.  

2.2) Add 2 ml of 65% HNO3 into the digestion tubes, use a vortex mixer to assist 
thorough wetting of the sample and then insert the digestion tubes into the 
pressure chamber. Close the pressure chambers according to the manual62 
and put them into a pre-heated oven at 170 ¡C for 8 h.  

CAUTION: After digestion, let the chambers cool down inside the oven and only 
open them under the fume hood after they reached room temperature because 
harmful gases may escape. 

2.3) Filter the samples with water into volumetric flasks using disposable glass fiber 
filters (< 0.7 microns), for instance in glass syringes, and adjust volume to 25 
ml. The dilution is needed to stop further digestion. 
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Note: The 25 ml solutions containing the BPCAs can be stored in the refrigerator for 
up to 2 months before further processing. Digestion can in principle also be 
performed using other instrumentation, for example with a pressurized microwave 
system16. In that case, tests should be run with reference materials to check BPCA 
recoveries and method reproducibility (cf. representative results section). 

3)  Removal of cations  

3.1) For each sample, prepare two glass columns (400 mm height, 15 mm 
diameter) with 11 g of cation exchange resin per column. Condition the resin 
inside the columns by consecutively rinsing it with: 2 column volumes of water, 
1 column volume of 2 M NaOH, 2 column volumes of water for neutralizing pH, 
1 column volume of 2 M HCl, and eventually 2 column volumes of water.  

3.2) Check the conductivity of the water, which is rinsed through the resin after its 
conditioning. The resin is considered as properly conditioned when the 
conductivity is below 2 #S cm-1. 

3.3) Put one half of the sample (i.e. 12.5 ml, cf. step 2.3) on each column, rinse 
sequentially 5 times with 10 ml water and freeze dry the aqueous solution 
afterwards. The sample is stable after the freeze-drying and can be stored up 
to a week before further processing if it is kept dry in a dark and cool place. 

Note: Use liquid nitrogen to freeze the samples (Ôsnap freezingÕ) as it avoids the 
freezing out of HNO3, which can result in a puddle of strong non-freezing acid 
solution. Make sure the freeze drier is acid proof to a good degree and test for 
potential contamination by vacuum pump fumes if compound-specific 14C analysis of 
BPCAs is intended. 

4)  Removal of apolar compounds  

 4.1) Condition the C18 solid phase extraction cartridges according to the 
manufacturerÕs instruction manual, i.e. consecutively rinse them with 2.5 ml of 
methanol, 2.5 ml of water and eventually with 2.5 ml of methanol/water (1:1 
v/v). 

4.2) Redissolve the freeze-dried residue in 3 ml methanol/water (1:1 v/v). Elute 
each half of it (1.5 ml) over a separate C18 solid phase extraction cartridge into 
2.5 ml test tubes. Rinse the cartridges with another 1 ml of methanol/water (1:1 
v/v). 

4.3) Dry the test tubes with the sample solution, for instance using a vacuum 
concentrator, heated to 45 ¡C and with a vacuum of ca. 50 mbar. Other means 
of evaporation can also be used, for instance a blow-down system with N2 gas 
as in step 6. 

4.4) Redissolve the residue in the test tube with 1 ml water. Support dissolution with 
vortex mixer and transfer to 1.5 ml auto sampler vials.  

Note: Samples can be stored in the refrigerator for up to 3 months at this stage42.  
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5)  Chromatography  

5.1) Prepare solvent A by mixing 20 ml of 85% orthophosphoric acid with 980 ml of 
water and filter the solution through a disposable glass fiber filter using 
vacuum. Do not expose solvent A to sunlight and use it within 24 hours in order 
to avoid algal growth. Use pure HPLC grade acetonitrile as solvent B. 

5.2) Prepare standard solutions of commercially available BPCAs (hemimellitic, 
trimellitic, pyromellitic, pentacarboxylic and mellitic acid) to produce an external 
standard concentration series (e.g.: 6 vials containing 5, 20, 60, 100, 150 and 
250 #g of each BPCA mixed together in 1 ml water, respectively). 

5.3) Conduct the chromatography using the settings in Table 1 and Table 2 and 
quantify the BPCA contents by comparing the respective BPCA peak areas to 
the measurements of the external standard series63.  

5.4) Express findings of PyC quantity in BPCA-C/dry weight of the sample [g/kg] or 
BPCA-C/TOC [%]. Moreover, the qualitative characteristics of the PyC in the 
samples can be described using proportions of individual BPCAs, e.g. the 
proportion of B6CA (B6CA/BPCA [%]) indicates the degree of aromatic 
condensation of the PyC44. 

Table 1 : Chromatography settings.  

Mobile phase A: 20 ml ortho phosphoric acid (85%) in 980 ml ultrapure water 

Mobile phase B: acetonitrile  

Column: C18 reversed phase (cf. material list for details) 

Column temperature: 15 ¡C 

Flow rate: 0.4 ml min-1 

Identification: retention time, uv absorption at 216 nm 

Quantification: external standards of BPCAs 

Pressure:  ca. 120 bar 

Table 2: Mixing gradient of mobile phases. 

Time Mobile  phase B  

[min]  [vol %]  

0 0.5 

5.0 0.5 

25.9 30.0 

26.0 95.0 

28.0 95.0 

28.1 0.5 

30.0 0.5 
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6) Wet Oxidation of purified BPCAs for subsequent 13C and 14C analysis  

6.1)  Following step 5.3, collect the individual BPCAs in sufficient quantity (e.g. > 30 
#g BPCA-C for current accelerator mass spectrometers49,64) using a fraction 
collector connected to the HPLC49 and then remove the solvents by blowing 
down the fractions with a gentle N2 stream while heating them to 70 ¡C. Only 
tiny amounts of liquid phosphoric acid, including the BPCAs, will remain in the 
vial. 

6.2) Prepare the oxidizing reagent by dissolving 2 g of Na2S2O8 in 50 ml of water, 
freshly prepared within 24 h of use. 

Note: Recrystallize the sodium persulfate twice to improve its purity by fully 
dissolving several grams in hot water and then collecting the solid after the water has 
cooled65-66. 

6.3) Redissolve the blown down residue (step 6.1) with 4 ml water and transfer 
sample to 12 ml gas-tight borosilicate vial. Add 1 mL of oxidizing reagent and 
close with standard cap containing a butyl rubber septum. 

6.4) Purge the gas-tight vial including the aqueous solution with He for 8 minutes to 
remove CO2 from the vial and the solution66.  

6.5) Oxidize samples in the gas-tight vials by heating them at 100 ¡C for 60 
minutes.  

6.6) Directly analyze the CO2 from the oxidation on isotope-ratio mass 
spectrometers for 13C content65-66 and on accelerated mass spectrometers for 
14C content67-68. 

Note: Oxidized samples can be stored for at least one week66 before 13C and/or 14C 
analysis. 
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Figure 2: Chromatograms for BPCA separation. Shown are the black carbon reference materials 
ÒchernozemÓ (a) and Ògrass charÓ (b). Baseline separation is achieved for all the BPCA target 
compounds (B6CA; B5CA; 1,2,4,5-. 1,2,3,5-, 1,2,3,4-B4CA; 1,2,4-, 1,2,3-B3CA)42. Information on the 
black carbon reference materials is available from the University of Zurich 
(http://www.geo.uzh.ch/en/units/physische-geographie-boden-biogeographie/services/black-carbon-
reference-materials). This figure was modified from Wiedemeier et al. 201342 and is reprinted with 
permission from Elsevier. http://www.sciencedirect.com/science/article/pii/S0021967313009072  
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Representative results  

We recommend to test the method set-up by measuring a suite of well-described 
PyC materials (Òblack carbon reference materialsÓ) that have extensively been used 
for various method developments and comparisons in the literature44,48,69-77. 
Information on the reference materials is available from the University of Zurich 
(http://www.geo.uzh.ch/en/units/physische-geographie-boden-
biogeographie/services/black-carbon-reference-materials).  

The described procedure allows baseline separation of all BPCA target compounds 
by HPLC. The chromatograms of the reference materials ÔchernozemÕ (silty soil with 
a significant PyC content) and grass char (made from Oryza Sativa) are shown in 
Figure 2. By adjusting the chromatography parameters in Tables 1 and 2 (e.g. 
chromatography temperature, pH of solvent A, or flow rate, etc.), the separation can 
be further modified for specific needs42,63.  

Quantitative analysis of the reference materialsÕ chromatograms with external 
standards (step 5.3.) should yield the PyC values depicted in Figure 3. Please note 
that slight changes in the procedure (e.g. the omission of step 3 or 4 in specific 
cases), can lead to higher PyC values. Generally, recoveries should be checked with 
pure BPCA standards:spiked reference materials can help to detect disproportionate 
losses in steps 3 and 4 and yield information about the chromatography performance 
in step 5 42,63.  

Table 3 shows the 13C and 14C values that are obtained when purified BPCAs of 
reference materials are analyzed for their carbon isotopic content after step 6. For 
reliable results, it is imperative to collect sufficient amounts of BPCA-C (e.g. > 30 #g 
BPCA-C for current accelerator mass spectrometers, cf. Figure 4) and to take all 
possible measures to minimize contamination of the sample by extraneous C49.  

Besides checking the method set-up with reference materials as described above, it 
is highly advisable to prepare and measure samples in replicates, both for PyC 
quantification (step 5) and subsequent compound-specific 13C and 14C analyses of 
BPCAs (step 6).  

Table 3: Carbon isotopic values (! 13C and F14C) of reference char materials and compound-specific 
isotopic analysis of the corresponding BPCAs.  

 " 13C [ä vs. VPDB]   F14C [%]  

Sample  bulk char  BPCAs   bulk char  BPCAs  

chestnut char -27.4 ± 0.4a -27.7 ± 0.8  1.142 ± 0.004b 1.130 ± 0.013 

maize char -12.9 ± 0.4a -13.0 ± 0.4  0.003 ± 0.001b 0.014 ± 0.001 

BPCA measurements were conducted according to this protocol. The values represent B6CA and B5CA 
that were collected simultaneously in step 5. However, isotopic analysis of individual BPCAs can be 
achieved analogously when BPCAs are collected separately. Bulk char data is from Yarnes et al. 
(2011)73 for the chestnut char (a) and from Gierga et al. (2014)49 for the fossil and modern char (b). 
Errors for the ! 13C measurements are standard errors from triplicates while errors for the F14C 
measurements are derived from error propagation64. 
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!
Figure 3: Replicated PyC measurements of different black carbon reference materials. Error bars for 
laboratory replicates are smaller than symbol size and the coefficient of variation averaged 5% (min: 
1%, max: 10%).This figure was modified from Wiedemeier et al. 201342 and is reprinted with permission 
from Elsevier. http://www.sciencedirect.com/science/article/pii/S0021967313009072 

 

!
Figure 4: Radiocarbon (14C) values for B5CA and B6CA isolated from a modern and a fossil char. The 
given error is composed of corrections for instrumental accelerator mass spectrometer background and 
of the blank for wet oxidation. The solid gray line represents an idealized line for the mixture of the real 
F14C value of the respective sample and the determined mean external contamination. This figure was 
modified from Gierga et al. 201449 and is reprinted with permission from Elsevier. 
http://www.sciencedirect.com/science/article/pii/S0146638014000436 
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Discussion  

The BPCA method has several important advantages when compared to other 
available PyC methods78-79: i) it detects PyC over a broad range of the combustion 
continuum, i.e. it is sensitive to slightly charred biomass as well as high temperature 
chars and soot42,70, ii) it can simultaneously characterize16,44,80-81, quantify20,42 and 
isotopically analyze PyC49-50,66,73,82-83, iii) it is applicable to a very wide range of 
environmental sample materials42,70, and iv) its methodology has been intensely 
reviewed and could be put in a consistent framework with the assessments of other 
PyC methods44,47,70,84-85. For all these reasons, the BPCA approach is arguably the 
most versatile PyC method available to date, whose underlying assumptions are well 
constrained and have been continuously tested against other methods. 

The above protocol consolidates the strengths of previous BPCA methods into a 
single procedure, is highly reproducible, simple to employ and can easily be 
extended and modified to specific requirements. For example, when chromatography 
is conducted with a pH gradient instead of an organic solvent, on-line isotope-ratio 
monitoring of BPCAs is possible42, obviating the need for the wet oxidation step. 
Similarly, the removal of cations and/or apolar compounds (steps 3 and 4) may be 
skipped when it is known that particular samples do not contain any such compounds 
(e.g. in some cases of laboratory-produced chars).  

Like every PyC method, the BPCA procedure has some limitations, too. In this 
regard, it is important to note that the BPCA approach inherently underestimates total 
PyC quantity in the samples: the method destroys large parts of the PyC polycyclic 
structures in order to extract their BPCA building blocks, thus not quantitatively 
recovering all PyC in the form of BPCAs20,86. Conversion factors had been proposed 
in the past to translate BPCA yields into total PyC contents. However, finding one 
correct conversion factor is practically impossible because of the heterogeneous 
degree of aromatic condensation in most chars41,48,80,86. In many cases, PyC 
quantities of samples are compared relative to each other42,81,87-88. We then suggest 
not to use any conversion factors and to simply report BPCA data Òas measuredÓ48. 
In particular cases, when BPCA yields are taken to estimate absolute PyC 
quantities24,89-90, the originally published conversion factor20 of 2.27 seems 
appropriate as it converts the BPCA yields into conservative estimates of PyC 
contents86. 

Another difficulty with PyC methods is that they are potentially sensitive to interfering, 
non-PyC materials and/or that PyC is produced during the analysis itself, leading to 
an overestimation of the actual PyC content in samples70. The BPCA approach is 
very robust against such interfering materials70, does not produce any PyC by 
itself16,70,86 and is conservative in nature (cf. above paragraph). Even graphite, a 
chemically very similar material to PyC but of petrogenic origin, does not interfere 
with BPCA measurements91. So far, the only known non-PyC interferences for the 
BPCA method are some condensed, aromatic pigments of fungi92, which should be 
quantitatively negligible for the vast majority of studies86. The BPCA method with its 
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simultaneous qualitative, quantitative and 13C and 14C isotopic information is thus an 
excellent tool for the investigation of PyC in various disciplines. 
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Abstract  

The character and impact of climate change since the Last Glacial Maximum in the 
eastern Mediterranean region remain poorly understood. Here, two new diatom 
records from the Ioannina basin in northwest Greece are presented alongside a pre-
existing record and used to infer past changes in lake level, a proxy for the balance 
between precipitation and evaporation. Comparison of the three records indicates 
that lake-level fluctuations are the dominant driver of diatom assemblage 
composition change, whereas productivity variations have a secondary role. The 
reconstruction indicates low lake levels during the Last Glacial Maximum. Lateglacial 
lake deepening was underway by 15.0 cal kyr BP, implying that the climate was 
becoming wetter. During the Younger Dryas stadial a lake-level decline is recorded, 
indicating arid climatic conditions. Lake Ioannina deepened rapidly in the early 
Holocene, but long-term lake-level decline commenced around 7.0 cal kyr BP. The 
pattern of lake-level change is broadly consistent with an existing lake-level 
reconstruction at Lake Xinias, central Greece. However, the timing of the apparent 
change is different, with delayed Early Holocene deepening at Xinias. This offset is 
attributed to uncertainties in the age models, and the position of Xinias in the rain 
shadow of the Pindus Mountains.  
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4.1 Introduction  

The eastern Mediterranean is a key region for palaeoclimatological research, 
demonstrating considerable sensitivity to climate change due to its location between 
the North Atlantic pressure systems, the monsoons of East Africa and India, and the 
continental climate of Europe (Lionello et al. 2006). Yet despite substantial Late 
Pleistocene and Holocene palaeoclimatic investigation, a fully coherent narrative has 
yet to emerge (Tzedakis 2007). In particular, the extent to which abrupt widespread 
climatic perturbations such as the Younger Dryas (12,850Ð11,700 kyr BP; Lowe et al. 
2008) affected the region has been a longstanding source of confusion (Willis 1994; 
Kotthoff et al. 2008). This confusion is largely due to the difficulty of obtaining 
adequate chronological control in limestone areas which dominate the region 
(Lawson et al. 2004), while the occurrence of condensed sedimentary records and 
hiatuses during this stadial (Magny et al. 2006) are also problematic. 

Reconstructions of past lake-level change are being used increasingly to provide 
new palaeoclimatic perspectives. Lake levels reflect the hydrological regime in 
closed basins, and synchronous changes across a region over time are indicative of 
climate change (Digerfeldt et al. 2000; Magny et al. 2007).  

Diatom analysis is a useful technique for reconstructing lake-level changes (Wolin 
and Stone 2010). In freshwater lakes, variability in the ratio of planktonic to benthic 
diatom taxa can be interpreted as a simple response to varying basin morphology as 
lake-levels fluctuate. However, interpretation can be affected by additional ecological 
factors such as productivity changes (Wilson et al. 2008).   

Here we present two diatom records from Lake Ioannina in northwest Greece. Our 
primary aim is to determine the nature of lake-level change since the Last Glacial 
Maximum (LGM), 26.5Ð19.0 kyr BP (Clark et al 2009). This will provide fresh insights 
into eastern Mediterranean palaeoclimatology for this period. Ioannina is a globally 
significant site with a palaeoenvironmental record spanning 0.5 Ma (Tzedakis, 1994). 
Comparison is made to previous diatom work at Ioannina by Wilson et al. (2008), 
which revealed the first plausible evidence for the Younger Dryas. However, 
inferences from single cores have often proven misleading (Digerfeldt et al. 2000), 
and only a multi-core perspective can legitimize these events. Multiple cores will 
allow determination of whether productivity or lake levels are the dominant influence 
on the diatom record. They also enable stratigraphic variations across a lake basin to 
be tracked as well as increased confidence in interpretations through replication 
(Digerfeldt et al. 2000; Magny et al. 2007). Our secondary aim is thus to examine the 
replicability of the diatom record.  C/N ratio and stable carbon isotope records are 
also presented to enable a multi-proxy perspective, which is an essential requirement 
of lake-level reconstructions because single proxies are open to different 
interpretations (Digerfeldt et al., 2000). Cutting-edge compound-specific radiocarbon 
dating techniques are employed in an attempt to address the chronological difficulties 
that have hindered palaeoenvironmental work at this site, and in the wider region.  
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4.2 Study site  

Lake Ioannina occupies part of the Ioannina tectonic basin (39û40ÕN, 20û53ÕE, 473 m 
above sea level), northwest Greece. On its longest axis (NNWÐSSE) the basin is 35 
km long and 3 to 10 km wide (Figure 1). The basin is a Late Pliocene to early 
Pleistocene polje (Clews 1989), with bedrock dominated by Mesozoic and early 
Cenozoic limestones, with flysch in the south (King et al. 1994). Slow tectonic 
subsidence has resulted in a large thickness of sediment accumulating to present 
day (Clews 1989).  The land rises steeply away from the lake to Mitsikeli Mountain 
(1810 m) to the northeast, marking the western frontier of the Pindus mountain 
range. To the west, the land slopes gently towards the Tomarochoria Mountains.  

The present lake (11x5 km, 22 km2) occupies the southern of two main sub-basins 
and is the last vestige of a larger water body. Mean water depth is 4.3 m and 
maximum depth is 7.5 m (Kagalou et al. 2008). A drainage canal constructed in 1944 
carries water out of the basin to the west (Higgs et al. 1967). The northern sub-basin, 
Lapsista, was drained for conversion to agricultural land in 1959. Previously this 
contained a shallow lake of 1Ð3 m depth (Romero et al. 2002). Agricultural effluents 
and urban pollution have caused hypereutrophic conditions today (Kagalou et al. 
2008).  

No major fluvial inflows enter the lake, although there are ephemeral streams. The 
lake is the base of a karstic aquifer beneath Mitsikeli Mountain, and water enters 
through springs on the northern, southern and eastern margins of the modern lake. 
There are no natural surface outflows, although it has been suggested that the lake 
may have a number of blocked sinkholes which periodically link the lake to a karstic 
drainage system (Higgs et al. 1967). The isotopic composition of the lakewater is 
enriched by evaporative concentration, and so the lake is considered effectively 
hydrologically closed (Frogley 1997). However, a degree of subterranean outflow is 
probably in operation to maintain its freshwater status (Wilson et al. 2008).  

Ioannina has a sub-Mediterranean climate with hot dry summers and wet winters. 
Frosts and snowfall are frequent in harsh winters due to the elevation. Mean 
precipitation is 1100Ð1200 mm (Romero et al. 2002) and is driven by orographic 
uplift of warm, moist air from the Adriatic and Ionian Seas. Mean temperatures for 
January and July are 4.7¼C and 24.8¼C respectively, and mean annual temperature 
is 14.25¼C (Hellenic National Meteorological Service 2012). 
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Figure  1: Topographic map of the Ioannina basin showing the location of the sediment cores, and 
(inset) location of Ioannina within Greece 

4.3 Materials and methods  

4.3.1. Core recovery  

Core I-284 (39û45ÕN, 20û51ÕE; Figure 1) was mechanically recovered from the 
southern margin of the modern Lake Ioannina by the Greek Institute of Geology and 
Mineral Exploration (IGME) in 1989. Diatom analysis of the Last Glacial-Interglacial 
transition (6.03 m of the 319 m sequence) was performed by Wilson et al. (2008), 
and an additional eight samples are presented here. The age model for I-284 is 
described by Lawson et al. (2004). It consists of 19 AMS radiocarbon dates spanning 
ca. 40 kyr, derived from molluscs, macroscopic and microscopic charcoal. Wilson et 
al. (2008) suggest that the chronology for the Last Glacial-Interglacial transition 
should be treated with caution, as it suffers from error of up to ca. 2 kyr due to the 
problematic nature of radiocarbon dating in hard-water areas with few plant 
macrofossils. 

Core I-08 (39û39.035ÕN, 20û54.899ÕE) was recovered using a truck-mounted drill, 
which maintained the vertical integrity of the samples, from a position close to I-284 
in 2008. Data from the uppermost 21 m (ca. 0Ð34.5 kyr) of this 37.18 m core are 
presented. Coarse sand dominates between 21.00 and 19.71 m, with the remainder 
of the sequence consisting mainly of clay and silt.  
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Core I-07-05 (39û45.961ÕN, 20û44.055ÕE) is 6.46 m in length (ca. 0Ð29.7 kyr) and was 
obtained manually from the northern sub-basin in 2007, using a Livingstone corer 
and gouge auger. If cores from both sub-basins (ca. 20 km apart) show similar lake-
level trends then observed changes are more likely to be climatically-driven than a 
result of local tectonic movements, which are known to have affected the region 
(Clews, 1989). The sequence is mainly composed of silt and clay, with herbaceous 
peat between 3.90 and 3.30 m.  

4.3.2. Diatom analysis  

Sediment samples of ca. 0.1 g dry weight were extracted for diatom analysis. 
Average sampling resolution at I-08 was 28 cm (ca. 465 yrs), but was increased 
throughout the Lateglacial and early Holocene. Samples above 11.44 m and below 
19.34 m were devoid of diatoms. I-07-05 was devoid of diatoms above 3.04 m, but 
had a sampling resolution of 15 cm for the remainder of the core (ca. 950 yrs, 
although this varies according to sediment accumulation rate).  

Standard techniques were adopted for sample preparation (Battarbee 1986). Hot 
30% H2O2 treatment was used to oxidise organic matter, and a few drops of HCl 
were added to remove carbonates, metal salts and oxides. Known numbers of 
divinylbenzene microspheres were added to each sample to allow determination of 
absolute diatom concentrations. Naphrax¨ was used to mount the final slides. 
Diatoms were identified under oil immersion at x1000 magnification, using a Leica 
DM 2000 binocular microscope under phase contrast. Identification was based on 
Krammer and Lange-Bertalot (1986; 1988; 1991a; 1991b), and adopted the most 
recent system of nomenclature. Two methods were used to estimate variations in 
diatom dissolution: (i) the F-index (Ryves et al. 2001), which records the proportion of 
pristine valves to all classifiable valves; and (ii) the proportion of complete planktonic 
diatom valves to dissolved valves (Wilson et al. 2008).  

Ordination analysis was used to explore variability in the southern sub-basin 
sequences, I-08 and I-284 (Birks and Gordon, 1985). Principal components analysis 
(PCA) was adopted because the gradient length of the first component axis was low 
(<2 SD), indicating that community variation was within a narrow range. In such 
cases, an ordination method that assumes a linear relationship between the 
ordination axis and species response (PCA) is more appropriate than non-linear 
methods, such as correspondence analysis (ter Braak and Prentice, 1988). Statistical 
analyses were performed using Minitab¨ 15 Statistical Software.  

4.3.3. C/N ratio and stable carbon isotope analysis  

C/N ratio analysis can be used to ascertain the provenance of bulk sedimentary 
organic matter. Lower plants such as lacustrine algae are rich in proteins and nucleic 
acids in comparison to higher plants, and so are richer in nitrogen (Talbot and 
Johannessen 1992). On the other hand, higher plants are rich in cellulose and lignin, 
and contain relatively fewer proteins. As a result, algae tend to have C/N ratios of 
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<10, mixed source organic material has a ratio of 10Ð20, and values >20 suggest 
that terrestrial organic matter dominates (Meyers 1994). 

The carbon isotope signature (! 13Corg) of lacustrine organic material usually reflects 
productivity (Meyers and Teranes 2001), hydrology and gaseous exchange with the 
atmosphere (Diefendorf et al. 2007). Frogley (1997) demonstrated that Ioannina is an 
evaporatively enriched basin, and when lake volume falls in such basins the ! 13C of 
the dissolved inorganic carbon (bicarbonate ion) rises due to vapour exchange and 
increased evaporation (preferential exchange of 12C), in turn impacting on the ! 13Corg 
signature of algae utilising the dissolved carbon. Conversely, when lake levels are 
rising there is less evaporation and/or increased precipitation, both of which reduce 
the ! 13C of the dissolved inorganic carbon, and subsequently the ! 13Corg (Leng et al. 
2005). The relationship between ! 13Corg and productivity results from discrimination 
by aquatic vegetation against 13C during carbon uptake. In closed systems, 
discrimination against 13C decreases as productivity increases and CO2 availability 
decreases (Goericke et al. 1994).  

Sediment samples of 1 cm3 were extracted for C/N and ! 13Corg analysis. 7% HCl was 
used to remove inorganic carbon in the form of calcite. The residue was washed with 
deionised water, dried overnight at 50¼C and ground to a powder. Stable isotopes 
were measured at the NERC Isotope Geosciences Laboratory, and final samples 
contained 1Ð2 mg C. C/N and ! 13C were measured simultaneously through 
combustion in a Costech Elemental Analyser (EA) on-line to a VG TripleTrap and 
Optima dual-inlet mass spectrometer, with ! 13Corg values calculated to the VPDB 
scale using within-run laboratory standards (cellulose, Sigma Chemical prod. no. C-
6413) calibrated against NBS-18, NBS-19, and NBS-22. C/N ratios were calibrated 
through an acetanilide standard. For I-08, replicate analyses of the standards 
indicate analytical precisions of 2.1 (1)) for C/N and 0.1 0ä (1))  for ! 13Corg. C/N 
measurement was unsuccessful for several samples due to insufficient nitrogen for 
reliable calculation. For I-07-05, replicate analyses of the standards indicate an 
analytical precision of 0.19 (1)) for C/N and 0.06ä (1)) for ! 13Corg. 

4.3.4. Radiocarbon dating  

As terrestrial macrofossils and macrocharcoal were largely absent from the 
sediment, dating of core I-08 was achieved using a combination of radiocarbon dates 
of microcharcoal concentrates and compound-specific radiocarbon analysis (CSRA).  

Three radiocarbon dates for I-08 were obtained from microcharcoal, following 
Lawson et al. (2004). This involved treatment of bulk sediment with 7% HCl to 
dissolve carbonates, 10% NaOH to remove humic acids, HF to dissolve silicates, 
30% H2O2 to remove organic material, and density separation to isolate the 
microcharcoal using LST Fastfloat at 1.69 g cm-3. Each microcharcoal sample 
required 40 g of sediment to obtain sufficient material for dating, and so each date 
spans 3 cm of the core. Dating was undertaken at the NERC Radiocarbon Facility at 
East Kilbride, where samples were combusted to CO2 in sealed quartz tubes, 
reduced to graphite and analysed on the SUERC 250keV Accelerator Mass 
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Spectrometer (AMS). Process standards and background materials involving all 
handling stages (including microcharcoal separation) were used to establish that no 
contaminants were added. Results have codes prefixed SUERC.  

Four levels from I-08 were dated using radiocarbon analysis of long-chain, odd-
numbered n-alkanes, following the approach of Eglinton et al. (1996). These 
compounds originate from epicuticular waxes of terrestrial higher plants, and 
therefore contain only photosynthetically-fixed atmospheric CO2. As such, local lake 
reservoir effects cannot have influenced their radiocarbon ages (Uchikawa et al. 
2008). In brief, the method required total lipid extraction of freeze-dried sediment 
samples (30Ð40 g dry weight) using an Accelerated Solvent Extraction (ASE) System 
200 (Dionex, Sunnyvale, California, USA). Subsequently, fractions containing 
saturated n-alkanes were separated from the total lipid extracts by performing 
siliceous column chromatography. Firstly, a neutral fraction (containing n-alkanes) 
was separated from acid and polar fractions. The neutral fraction was further split 
into polar and apolar fractions. Finally, saturated and unsaturated compounds of the 
apolar neutral fraction were separated. Quantification of the various n-alkanes was 
performed on aliquots of the extracts using a Hewlett Packard (HP) 6890 Series Gas 
Chromatograph system equipped with an on-column injector and interfaced to a HP 
5973 Mass Selective Detector. Automated preparative capillary gas chromatography 
was used to separate and recover the individual n-alkanes for AMS using an HP 
6890 GC system equipped with a flame ionization detector and a preparative fraction 
collector from Gerstel GmbH (MŸlheim an der Ruhr, Germany). For three levels a 
series of odd-numbered n-alkanes (C23 to C31) needed to be combined in order to 
ensure sufficient material for radiocarbon analysis. For one level (13.95Ð13.97 m) the 
n-alkanes were measured as four individual samples (C23, C25, C27 and C29/31).  

The n-alkanes were transferred to pre-combusted quartz tubes, vacuum-sealed 
together with CuO, and combusted for 6 hours at 900¼C to convert the organic 
fractions to CO2. Radiocarbon dating was performed with a miniaturised radiocarbon 
dating system (MICADAS), coupled with a gas ion source (Synal et al., 2007; Ruff et 
al. 2007) at ETH ZŸrich. These dates have codes prefixed ETH. 
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Table 1 : Measured radiocarbon ages from I-08, and modeled, calibrated control points used in the age 
model. Asterisks indicate dating levels excluded from the age model (see text). 

Laboratory 
Code Depth (m)  Material  

Conventional age   
(14C yr BP)  

Control points:  
modelled and calibrated   
(cal yr BP)  

SUERC-26417 11.19-11.21 Microcharcoal 8,739 ± 40 * 

ETH-39789 12.20-12.22 C23-31-alkanes 3,260 ± 181 3,477 ± 237 

ETH-39790 13.95-13.97 C23-alkane 5,973 ± 118  * 

ETH-39791 13.95-13.97 C25-alkane 6,141 ± 91 7,038 ± 120 

ETH-39792 13.95-13.97 C27-alkane 6,279 ± 138 * 

ETH-39793 13.95-13.97 C29/31-alkane 6,249 ± 169 * 

SUERC-26418 14.67-14.69 Microcharcoal 7,091 ± 38 7,915 ± 40 

ETH-39794 15.08-15.10 C23-31-alkanes 11,387 ± 194 13,249 ± 208 

ETH-39795 17.08-17.10 C23-31-alkanes 19,888 ± 355 23,752 ± 468 

SUERC-26419 18.60-18.62 Microcharcoal 23,028 ±168 27,852 ± 333 

 

4.4 Results  

4.4.1. Chronology  

The I-08 radiocarbon dates are presented in Table 1. The microcharcoal sample from 
11.19Ð11.21 m had low carbon content and is significantly older than expected on 
the basis of the stratigraphic sequence. As such it is not included in the age model. 
The four individual n-alkane dates obtained from 13.95Ð13.97 m show good 
coherence, but the n-C25-alkane was selected for the age model as it has the lowest 
analytical error and is closest to the mean age for this depth (6.16 14C kyr BP). The 
majority of n-alkanes at Ioannina are thought to be deposited through aeolian means, 
although the possibility of pre-aged biomarkers and microcharcoal from terrestrial soil 
reservoirs biasing the dates cannot be completely excluded. However, the close 
relationship between lakes and their surrounding catchments, with continuous cycling 
of vegetation, should lessen the degree of pre-ageing of n-alkanes in comparison to 
marine environments where offsets can be substantial (Uckikawa et al. 2008).  

The age model for I-08 was produced by application of Bayesian modelling to the 
selected radiocarbon dated levels. The calibrated, modelled dates are presented in 
Table 1. Dates were calibrated using the IntCal09 curve (Reimer et al. 2009) and 
modelled using OxCal v4.1.5 (Ramsey 2001). The P_Sequence model was adopted 
at the 2) confidence level, using a k-value (increment size) of one depositional event 
per cm per year. The highest probability density (HPD) distributions (range of 
possible dates) indicated good agreement between the model and observations 
(Agreement Index=98.1%). The I-08 age model (Figure 2a) was produced by linear 
interpolation between the weighted mean (µ) of the HPD distributions, and indicates 
that the diatom record extends from 29.8 to 3.3 cal kyr BP.  
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The chronology and biostratigraphy, together, highlight a likely disturbance in the 
sediment record. A planktonic diatom peak at the onset of zone I-08-D2 (16.04Ð
15.96 m, see below) is dated to 18.7Ð17.6 cal kyr BP. This corresponds with a 
doubling of arboreal pollen abundance to over 60% (Jones 2010), which suggests a 
major but short-lived climatic amelioration. This result contradicts all other pollen 
records from Greece, which indicate that this period was fully glacial with low tree 
abundance (Tzedakis 1999; Digerfeldt et al. 2000). High abundance of Pistacia 
(5.3%) in the pollen samples is characteristic of the early Holocene and not the LGM 
(Rossignol-Strick 1999). It is suspected that reworking of littoral sediment or 
sediment slumping during coring has caused contamination. Despite this, the age 
model is considered to be reasonably strong given the absence of conventional 
dating materials.  

The age model for I-07-05 is based on palynostratigraphic correlation to I-08 (Figure 
2b). Three pollen marker horizons were assigned for I-08 and I-07-05 at 15.29 cal kyr 
BP, 9.97 cal kr BP and 5.57 cal kyr BP (Jones 2010). The age model was 
constructed by linear interpolation between these age control points. Extrapolation 
gives an approximate basal age for I-07-05 of 29.7 cal kyr BP, and an age for the 
uppermost diatom sample of 8.1 cal kyr BP. 
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Figure 2 : A. I-08 age model, based on six radiocarbon control points with 2) confidence intervals. B. I -
07-05 age model based on pollen marker horizons (marked A, B, C) dated against the I-08 chronology. 
Marker A: 5.57 cal kyr BP Ð Peak of the first major Holocene deforestation, driven mainly by deciduous 
Quercus decline. Marker B: 9.97 cal kyr BP Ð Significant expansion in Corylus, Ostrya and Pistacia from 
this point; major decline in Artemisia. Marker C: 15.29 cal kyr BP Ð Onset of arboreal pollen rise 
following steppic vegetation of the Lateglacial. 

  



4. Ioannina Ð Palaeolimnological evolution 

 92 

4.4.2. Core I -08 Ð Diatom record  

161 diatom taxa were identified in the upper 19.34 m of I-08, and the most abundant 
are shown in Figure 3. Seven biostratigraphic zones were determined using CONISS 
on square-root transformed data.   

Eurytopic Fragilarioid taxa are dominant across much of the record. These species 
are found in a wide range of environments, including oligotrophic (Haworth 1975) and 
eutrophic lakes (Bennion et al. 2001). These are facultative planktonic 
(tychoplanktonic) taxa which generally inhabit benthic environments, but are often 
transported into the water column by resuspension (Battarbee et al. 2001; Sayer 
2001). The planktonic diatom Cyclotella ocellata Pantocsek is also abundant across 
parts of the record, and also exhibits broad ecological preferences (Cremer and 
Wagner 2003). 

The F-index of dissolution is heavily influenced by Fragilarioid abundance. These 
taxa seem resistant to dissolution, and this may be partly responsible for their known 
ability to thrive in unstable aquatic environments (Schmidt et al. 2004). Here, the F-
index is dominated by life form variation rather than true changes in assemblage 
dissolution. A more useful indicator of dissolution in this case is the proportion of 
planktonic valves that remain complete as opposed to showing signs of dissolution. 
The percentage of complete valves is generally below 40%, suggesting substantial 
dissolution. However, inter-zone differences are not significant (Kruskall-Wallis: 
H=8.42, P=0.209), and thus do not bias interpretation. Due to the low counts of 
planktonic taxa in the lowermost zone, I-08-D1 (mean 2.4%), Figure 3 shows an 
average value based on combined dissolution from all levels within this zone. Diatom 
assemblage variability is described and interpreted on a zone-by-zone basis below.     

I-08-D1: 19.34Ð16.08 m (ca. 29.8Ð18.4 cal kyr BP)  

Mean diatom concentration is greatest within this zone (3.3 x 106 g-1), with peaks at 
18.54 m (9.81 x 106 g-1) and 16.44 m (8.23 x 106 g-1). These peaks are probably 
responses to increased productivity or reduced sediment accumulation rate (SAR). 
Facultative planktonic Fragilarioid taxa dominate, generally making up >90% of the 
assemblage, and peaking at 98% (18.70 m). Fragilarioid taxa are associated with 
environmental stress and physical disturbance, and have been linked with littoral 
zone expansion with planktonic taxa being restricted by turbidity during phases of 
catchment erosion (Barker et al. 1994).  

Planktonic diatoms are scarce (mean 2.7%), as expected in a shallow, turbid 
environment. However, there is an increase at the top of the zone to 9.1% (16.20 m). 
This is driven by C. ocellata, a species complex incorporating significant 
morphological variability (Hegewald and Hind‡kov‡ 1997); this may point to 
increased productivity or deepening lake-levels. Benthic taxa are few with only 
epipelic Diploneis elliptica (KŸtzing) Cleve exceeding 3% (18.06 m). This scarcity 
might be a response to low light conditions on the lake floor if the lake was turbid, 
potentially with wind and wave action promoting sediment resuspension. 
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I-08-D2: 16.08Ð15.10 m (ca. 18.4Ð13.3 cal kyr BP)  

Diatom concentration falls to a mean of 1.87 x 106 g-1. The assemblage remains 
largely unchanged with Staurosirella pinnata (Ehrenberg) D.M. Williams and Round 
(55.3%) and Staurosira construens var. venter (Ehrenberg) P.B. Hamilton (21.0%) 
dominating. The environment would have remained shallow and disturbed. However, 
there are two major excursions. Firstly, there is a peak in planktonic taxa at the onset 
of the zone (40.9% at 15.96 m). This coincides with the suspected sediment 
reworking or slumping described above. As such, this peak is not thought to 
accurately represent the palaeoenvironment and will not be discussed further.    

The second excursion is the large peak in benthic taxa at 15.24 m (39.4%). This 
includes Epithemia adnata (KŸtzing) Rabenhorst, D. elliptica and Sellaphora bacillum 
(Ehrenberg) D.G. Mann. The latter two are eutrophic indicators which imply rising 
productivity (Wilson et al. 2008), probably in response to soil development in the 
catchment and the effects of climatic change on limnological parameters such as 
growing season length. The decline in Fragilarioid taxa points to less turbid waters. 
The coincident rise in planktonic taxa to 7.6% is suggestive of lake deepening, but 
not to such a degree as to exclude light from the lake floor. Deeper water would have 
reduced disturbance of bottom sediments by wind and wave action, allowing for 
clearer water. Fragilarioid taxa regain dominance between 15.20 and 15.12 m 
(>90%), indicating a return to a disturbed and shallow environment. 

I-08-D3: 15.10Ð14.98 m (ca. 13.3Ð11.8 cal kyr BP)  

Diatom concentration falls to a mean of 0.89 x 106 g-1, and remains relatively stable 
for the subsequent three zones. This is unlikely to be related to productivity as 
several eutrophic indicators are prominent in the diatom record (Stephanodiscus 
parvus Stoermer and HŠkansson, D. elliptica, S. bacillum), and could instead result 
from increased SAR. The assemblage is characterized by increased abundance of 
benthic species (mean 40.8%), mainly at the expense of facultative planktonic taxa 
(mean 49.5%), and the lake water may have become less turbid.  
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I-08-D4: 14.98Ð14.78 m (ca. 11.8Ð9.2 cal kyr BP)  

Planktonic diatoms increase dramatically to 68.2% at 14.92 m, before declining 
slightly towards the top of the zone. The dominant planktonic taxa are C. ocellata 
(mean 45.4%), Aulacoseira granulata (Ehrenberg) Simonsen (mean 7.3%) and 
Cyclotella ocellata morphotype 2 (5.3%). The latter is a large centric diatom (30Ð50 
µm diameter). It was previously known as Cyclotella aff. fottii at Ioannina (Wilson et 
al. 2008) as it is morphologically similar to Cyclotella fottii Jurilj, a true open-water 
endemic of Lake Ohrid which is now combined with Cyclotella hustedtii Jurilj (Levkov 
et al. 2007). C. ocellata morphotype 2 is within the range of morphological variability 
seen for C. ocellata, and different size classes of this taxon may relate to different 
environmental conditions. For example, based on statistical analysis of alpine lakes it 
has been shown that a tripunctate morphotype of C. ocellata has lower maximum 
depth and higher total phosphorus optima than morphotypes with more than three 
punctae (Wunsam et al.1995). Following Wilson et al. (2008), C.  ocellata 
morphotype 2 is interpreted as a true open-water form based on its life-habit 
characteristics, suggesting deeper lake levels. The general decline in facultative 
planktonic and benthic taxa also suggests deepening. The lake remained relatively 
productive with A. granulata and D. elliptica implying eutrophy. 

As well as implied deepening, the diatom record may also indicate climatic warming. 
Since the 19th century, many Arctic, alpine and temperate lakes have shown 
increased abundances of small Cyclotella taxa, coincident with declining 
Fragilarioids, in response to warming. This rise in planktonic taxa may be induced 
through reduced period of ice-cover, longer diatom growth season, greater nutrient 
cycling and decreased mixing intensity (RŸhland et al. 2008).  

I-08-D5: 14.78Ð14.58 m (ca. 9.2Ð7.8 cal kyr BP)  

Diatom concentration remains low (mean 0.72 x 106 g-1). Planktonic diatoms decline 
to 19.0% at 14.64 m, indicating a shallower and cooler period with Fragilarioid taxa 
expanding (mean 48.2%). Benthic abundance is reduced (mean 24.4%). Silica 
depletion under high productivity is unlikely to have driven the decrease in planktonic 
taxa given the low diatom concentration and the decline in productivity indicators 
(A. granulata, D. elliptica, S. bacillum).  

I-08-D6: 14.58Ð13.00 m (ca. 7.8Ð5.1 cal kyr BP)  

Diatom concentration is still low (mean 0.69 x 106 g-1) with minor peaks at 14.28 m 
(2.14 x 106 g-1) and 13.40 m (1.48 x 106 g-1). The first half of the zone shows an 
increased proportion of planktonic taxa, peaking at 73.8% (14.28 m). C. ocellata is 
the dominant taxon early in the zone, and C. ocellata morphotype 2 reaches its 
maximum abundance at 14.36 m (22.7%). Together these imply that the lake may 
have been at its deepest for the record. The decline in facultative planktonic taxa 
early in the zone signifies clearer waters, allowing the re-emergence of several 
benthic taxa (Cocconeis placentula var. lineata Ehrenberg, E. adnata, D. elliptica and 
S. bacillum). 
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Above 14.28 m, planktonic taxa decline until the upper zone boundary (25.0% at 
13.08 m). Benthic taxa generally increase in importance towards the top of the zone, 
and this is interpreted as reflecting lake shallowing. Eutrophic indicators (D. elliptica, 
S. bacillum) suggest that the lake was productive. There are two abrupt reductions in 
planktonic percentages amid the longer-term decline at 13.88 m (25.4%) and 
13.72 m (20.6%). Facultative planktonic taxa increase during these events implying 
short-lived littoral zone expansion. 

I-08-D7: 13.00Ð11.44 m (ca. 5.1Ð3.3 cal kyr BP)  

Diatom concentration is slightly higher than preceding zones, with a peak of 7.1 x 
106 g-1 at 12.44 m. This increase in concentrations may be productivity-driven, 
although no eutrophic indicators flourished at this point. An alternative, but 
speculative possibility is that a geomorphological or tectonic event caused a 
substantial reworking of littoral, benthic diatoms towards the I-08 site. Diatom 
concentration declines towards the top of the record, with a minimum of 0.02 x 106 g-1 

at 11.44 m. Diatoms are poorly preserved for the remainder of the sequence, and 
lake levels probably receded beyond the threshold at which diatom preservation 
could be maintained. Diatoms become fragmented in very shallow and turbulent 
waters, enhancing dissolution (Flower 1993). An inference of generally shallow lake 
levels across this zone is supported by increased facultative planktonic taxa (mean 
57.0%), while the sizeable benthic community (mean 18.7%) implies low turbidity. 
Amongst the planktonic taxa, C. ocellata remains important (mean 18.1%), while C. 
ocellata morphotype 2 is much reduced in abundance as would be expected if lake-
levels declined.  

I-08 Ð C/N and " 13Corg  record  

Sampling resolution for C/N and ! 13Corg (Figure 3) was 8 cm between 12.52 and 
17.08 m, and 18 cm for the remainder of the record. C/N values usually range 
between 8 and 11 (mean 10.4), typical of aquatic organic material (Leng et al. 2005). 
The only exception is a peak C/N ratio of 14.2 at 16.36 m, at which point vascular 
vegetation must have contributed to the bulk sediment. The C/N results therefore 
suggest that the ! 13Corg record spanning zones I-08-D2 to I-08-D7 is dominated by 
processes in the aquatic realm. The vascular vegetation inputs to the lake in zone I-
08-D1 support diatom evidence for low lake levels as it implies closer proximity of the 
core site to the shoreline.  

! 13Corg values range from -22.6ä to -27.1ä (mean -25.3ä; SD=0.79). Negative 
shifts in ! 13Corg coincide with peaks in planktonic taxa (Figure 3), and there is a 
significant correlation between the two records (SpearmanÕs Rank: correlation 
coefficient Ð0.722, P<0.001). This is unlikely to be related to productivity, as a 
relative abundance of planktonic taxa is more usually associated with high 
productivity (Ampel et al. 2008), which would be reflected in higher ! 13Corg values. 
Instead, the most obvious mechanism is changing lake levels, whereby during 
periods of high lake level, reduced evaporation and/or higher precipitation reduce the 
! 13C of the dissolved inorganic carbon, and reduce ! 13Corg (Leng et al. 2005). With 
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this is mind, the isotope record implies high lake levels at the onset of zone I-08-D2, 
across I-08-D4, and in the first half of I-08-D6.  

4.4.3. Core I -07-05 Ð Diatom record  

135 diatom taxa were identified in the northern sub-basin core I-07-05, and the most 
dominant are shown in Figure 4. Three diatom assemblage zones were determined 
using CONISS. The F-index of dissolution is more useful for this core than for I-08 
because bias is not introduced by variability of different life forms. Indeed, there are 
fluctuations in the F-index despite facultative planktonic taxa dominating the entire 
record. Due to the scarcity of planktonic taxa, assessment of planktonic diatom 
preservation as an indicator of dissolution was not used.  

Preservation is good across most of the record (high F-index, mean 0.73), but 
deteriorates across zone I-07-D2 (mean 0.51). There are peaks in diatom 
concentration at 5.76 m (8.5 x 106 g-1) and 4.00 m (14.8 x 106 g-1). There are no 
notable changes in the diatom assemblage across these concentration peaks to 
suggest a markedly more productive environment. 

Fragilarioid dominance across the record (peaking at 98.9% at 5.92 m) implies 
physical disturbance and continuously low lake levels. Planktonic taxa peak at 4.8 m 
(5.3%) in I-07-D2, with A. granulata (2.8%) being most abundant. The scarcity of 
open-water taxa such as C. ocellata morphotype 2 indicates that lake levels were 
never as high in this sub-basin as in the southern sub-basin. The main assemblage 
shifts in I-07-05 are two peaks of benthic taxa to over 20%. The lower peak at 4.96 m 
(zone I-07-D2) includes aerophilic taxa, Hantzschia amphioxys (Ehrenberg) Grunow 
(4.6%) and Nitzschia amphibia Grunow (2.7%), whose presence indicates 
particularly shallow or ephemeral conditions.  

The lake deepened or became more turbid early in I-07-D3 as aerophilic taxa 
declined and Fragilarioids expanded once again. Benthic taxa peaked for the second 
time at 3.68 m (23.7%), implying another shallowing. Facultative planktonic taxa 
increased for the final time towards the top of the zone, before diatom concentration 
becae insufficient for samples to be analysed above 3.04 m. 

I-07-05 Ð C/N and " 13Corg record  

Sampling resolution for C/N and ! 13Corg was 4 cm. C/N values range from 9.9 to 16.3 
(mean 11.0), indicating that while some of the samples were composed of aquatic 
organic material, many samples may contain some terrestrial organic matter as well. 
! 13Corg variation is of the order of 4ä (mean -26.1ä).  

The influence of lake productivity on the ! 13Corg record appears weak as diatom-
inferred higher productivity, indicated by greater abundance of eutrophic indicators 
such as S. parvus (Haussman et al. 2002), does not correspond with increased 
! 13Corg. As the elevated C/N ratios indicate that the organic carbon may be from a 
mixed source (both terrestrial and aquatic) the ! 13Corg signal is difficult to interpret.   
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4.5 Discussion  

The stratigraphic changes in the proportions of planktonic and facultative planktonic 
diatoms in core I-08 correspond well with those described by Wilson et al. (2008) in I-
284, and key taxa from this record are shown in Figure 5. As with I-08, Fragilarioid 
and Cyclotella taxa dominate, with abundant D. elliptica and S. bacillum amongst the 
benthic flora. High proportions of epiphytic C. placentula at the top of the record 
(zone DAZ 3) indicate expansion of the macrophyte zone.  

Principal Components Analysis (PCA) of cores I-284 and I-08 reveals a degree of 
visual overlap between samples from each core when plotted against the first two 
PCA axes (Figure 6a). However, there is a significant statistical difference between 
PCA Axis 1 samples scores from I-08 and I-284 (Figure 6b). This difference is 
attributable to the more littoral location of I-08 than I-284, resulting in a greater 
abundance of facultative planktonic diatom taxa throughout the I-08 sequence. 
These taxa have significantly lower PCA Axis 1 scores than the other life forms 
(Figure 6c), thereby causing I-08 samples to generally be more negative in the 
ordination space. It is therefore apparent that the main gradient in the dataset is the 
proportion of facultative planktonic taxa compared to the combination of planktonic 
and benthic taxa. The driver of the gradient represented by PCA Axis 2 is unclear. 

Summary diatom data for all cores are presented against calendar age in Figure 7. 
Wilson et al. (2008) considered the changing proportions of planktonic and facultative 
planktonic taxa to be due to a combination of productivity and lake-level changes, 
and concluded that the predominant influence was indeterminable due to the 
abundance of eurytopic taxa. However, the multi-core approach used here points 
strongly to lake-level change being the dominant driver.  

Temporarily leaving aside palaeoclimatic interpretations, the evidence for lake-level 
influence on the diatom assemblages is manifold. Firstly, despite the northern core (I-
07-05) spanning largely the same time period as the two southern cores (I-08, I-284), 
there are no major increases in planktonic taxa at the former. A reasonably 
consistent diatom response would be expected at both sub-basins if assemblage 
composition was driven by productivity, given their close proximity. Instead, 
persistent dominance by benthic and facultative planktonic taxa at I-07-05 suggests 
that lake-level fluctuations were never of sufficient magnitude in this shallower sub-
basin to enable significant planktonic diatom growth. Secondly, I-08 and I-284 would 
record similar percentages of planktonic taxa if they were responding directly to 
productivity. However, the planktonic diatom peaks at I-08 never reach the values of 
I-284, presumably because I-08 is more littoral and lower lake levels remain 
beneficial for benthic and facultative planktonic forms. Thirdly, while potential errors 
in the age models must be borne in mind, planktonic taxa were well established at I-
284 by ca. 13 cal kyr BP, whereas equivalent percentages were not recorded until 
over a millennium later at I-08. This is because the more profundal I-284 core would 
have deepened sufficiently to support planktonic dominance prior to the more littoral 
I-08.  
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Figure 6:  A. PCA ordination biplot 
for I-08 and I-284, showing sample 
scores on the first two PCA axes. 
To avoid bias from rare taxa, only 
species with >3% abundance in 
any sample were used, and data 
were square-root transformed 
prior to analysis. The first two axes 
accounted for 31.0% and 14.4% of 
the variation in the dataset 
respectively. B. Box plots showing 
the range of Axis 1 sample scores 
for cores I-08 and I-284. There is a 
significant difference between 
scores for each core (Mann-
Whitney: W=3869.0; P<0.001). C. 
Box plots showing the range of 
Axis 1 species scores by life form. 
There is a significant difference 
between life forms (ANOVA: 
S=0.1338, R-Sq(adj)=55.23%, 
P<0.001).  
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Despite this strong evidence for the influence of lake-level change on the diatom 
record, it should not be assumed that this relationship holds beyond the time period 
examined. The diatom community is subject to many variables whose significance 
may alter over time.  

Having established that the diatom record presented here is largely a reflection of 
past lake levels, it is possible to make some palaeoclimatic inferences. Regional 
patterns of climatic change can be inferred by comparing the new records from 
Ioannina with an independent lake level reconstruction from Xinias, central Greece 
(Digerfeldt et al. 2000; 2007). Diatom and pollen data from other sites in the region 
also adds useful information. 

4.5.1. Glacial (I -08: 19.34Ð15.45 m; 29.8Ð15.1 cal kyr BP)  

All Ioannina cores indicate a shallow, turbid environment during the last glacial with 
facultative planktonic taxa dominating (Figure 7). This is consistent with pollen 
evidence across the region for steppe vegetation indicative of aridity (Lawson et al. 
2004). I-07-05 indicates a particularly shallow period centered on 18.0 cal kyr BP 
with the presence of aerophilous benthic diatoms. Evidence for regional glacial aridity 
is supported by the Xinias lake-level record (Figure 7); Xinias was a shallow fen 
covered with macrophytes during this period, with a hiatus across the LGM. Previous 
interpretations of high LGM lake levels at Ioannina, based on a radiocarbon dated 
raised beach deposit at Kastritsa Cave in the south of the basin (Higgs and Vita-Finzi 
1966), but subsequently disputed on dating grounds (Galanidou and Tzedakis 2001), 
now appear untenable. The raised beach deposits are probably much older than 
LGM in age.  

 

 

 
Figure  7: Summary diatom data presented by calendar age for I-08, I-284 and I-07-05, alongside a lake 
level curve from Xinias. Lake Xinias section A is adopted from Digerfeldt et al. (2000) and B from 
Digerfeldt et al. (2007).  
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4.5.2. Lateglacial (I -08; 15.45Ð14.97 m; 15.1Ð11.7 cal kyr BP)  

At core I-08, slight lake deepening and reduced turbidity are indicated by declining 
proportions of facultative planktonic taxa from 14.5 to 14.0 cal kyr BP, probably 
reflecting increased precipitation during the early Lateglacial Interstadial. This was 
short-lived, with a return to a shallow, turbid environment dominated by Fragilarioids 
by 13.8 cal kyr BP; the increased ! 13Corg could result from evaporative concentration. 
This Lateglacial contraction and subsequent recovery of facultative planktonic taxa 
accords well with the diatom record at I-284. Here, rising planktonic diatom 
proportions in zone DAZ 1b also suggest initially deepening lake-levels during the 
Lateglacial Interstadial, with the percentages of planktonic taxa higher than in I-08 
due to the latterÕs more littoral location. The decline of planktonic diatoms in DAZ 1c 
was interpreted as a return to glacial aridity (Wilson et al. 2008). These events are 
apparently not synchronous in timing or duration between the cores (estimated at 
13.8Ð13.4 cal kyr BP at I-08; 12.7Ð11.6 cal kyr BP at I-284), but this is unsurprising 
given the limited number of dates at I-08, and the problems associated with dating in 
this limestone catchment. We follow Wilson et al. (2008) in suggesting that the event 
should be considered as the local reflection of the Younger Dryas stadial. The 
deposition of marl sediment during this period at I-08 (Figure 3) supports lake 
shallowing, with high biological contributions to sedimentary calcite in littoral areas, 
along with inorganic carbonate precipitation on macroalgae and submersed 
macrophytes (Hodell et al. 2007).   

Gradual Lateglacial lake deepening in the northern sub-basin (I-07-05) is suggested 
by declining benthic diatom proportions. A shallowing corresponding approximately 
to the Younger Dryas/early Holocene is indicated at 12.0Ð9.9 cal kyr BP, as 
evidenced by rising proportions of benthic taxa. Despite the chronological limitations, 
all three Ioannina cores provide independent evidence for the impact of an arid event 
which parsimony suggests should be attributed to the Younger Dryas.  

In contrast to Ioannina, a diatom record from Lake Ohrid on the Albania/Macedonia 
border shows limited response to Lateglacial climate change, but may in part be a 
result of poor preservation (Reed et al. 2010). The Lake Xinias lake-level record, on 
the other hand, is similar to that at Ioannina, with a deeper Lateglacial lake following 
the sedimentary hiatus of the LGM. Subsequently there was a return to shallower 
lake levels prior to the Holocene. The broad coincidence with the Younger Dryas 
stadial suggests that climatic conditions were arid across Greece. The longstanding 
view of palynologists that the Younger Dryas was only weakly expressed in Greece 
(Willis et al. 1994), recently challenged by Kotthoff et al. (2008), now seems 
untenable on the basis of the Ioannina and Xinias lake level records.  

4.5.3. Early to Mid -Holocene (I -08; 14.97Ð11.44 m; 11.7Ð3.3 cal kyr BP)  

A substantial rise in the proportion of planktonic diatoms at both southern cores 
indicates lake deepening at the onset of the Holocene (peaking 11.0Ð10.0 cal kyr 
BP), and hence a wetter, potentially warmer, climate. Declining proportions of benthic 
taxa following the purported Younger Dryas event in core I-07-05 also point to 
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deeper early Holocene lake levels. Deepening at Xinias was apparently delayed, 
peaking ca. 8 cal kyr BP. This delay may have resulted from a slower rate of 
deepening compared to Ioannina, and/or from different local climate conditions, 
perhaps due to XiniasÕ position in the rain-shadow of the Pindus Mountains. 
However, without more accurate chronological control at both sites this cannot be 
resolved. Delayed onset of full interglacial conditions is also reported at Lakes Ohrid 
and Prespa, a probable result of continued ice cover and cold winters in the early 
Holocene (Wagner et al. 2010).  

A major early Holocene shallowing event at I-08 (zone I-08-D5) is thought to 
correspond to an abrupt event at I-284 (DAZ 2b), dated to ca. 10.1Ð9.8 cal kyr BP. 
Wilson et al. (2008) proposed that this was either a representation of an abrupt 
climatic fluctuation, such as the 8.2 cal kyr BP event (despite the dating), or a 
response to a tectonic/geomorphological sedimentological event. The discrepancy in 
the duration of the events between cores is probably related to differential 
sedimentation at a littoral versus profundal location, and potential error in the 
chronologies. The apparent absence of this event in the northern sub-basin is 
possibly due to the lower-resolution analysis, so the driver of the southern-basin 
shallowing remains debatable. Further multi-core, multi-proxy analysis at Ioannina 
may allow resolution of this issue. At Xinias, a temporary increase in minerogenic 
matter in profundal sediment between 9 and 8 cal kyr BP could be interpreted as a 
similar, minor lake shallowing (Digerfeldt et al. 2007), but equally could result from 
lower productivity or increased soil erosion inputs to the lake. Variability in the diatom 
record of Eski Acigšl crater lake in central Turkey was recorded ca. 11.0-10.5 ka, and 
may also be indicative of abrupt climatic change in the early Holocene (Roberts et al. 
2001). 

Following the early Holocene shallowing, lake-levels increased again, with maximum 
abundance of C. ocellata morphotype 2 recorded at 7.5 cal kyr BP in core I-08, along 
with low ! 13Corg values. Productivity was high with several eutrophic diatom taxa 
present. This general scenario is replicated in I-284, with abundant planktonic 
diatoms in DAZ 2c/2d. As with the abrupt episode discussed above, difference in 
duration of this high lake level phase is likely to be an artifact of chronological error 
and variable SAR between the locations. The littoral I-08 core is likely to have a 
somewhat different diatom community due to reduced depth, disturbance by wind 
and wave action, and periodic inundation by sediment in-wash from the surrounding 
slopes. Despite these differences in the depositional environments there is good 
general agreement between the Ioannina cores and also with Xinias, which 
experienced maximum lake levels between 8.0 and 5.5 cal kyr BP (Digerfeldt et al. 
2007). 

Long-term sustained lake-level decline was well underway at Ioannina by 7.0 cal kyr 
BP, with both southern cores recording increased proportions of facultative 
planktonic and benthic diatoms, signifying expansion of the macrophyte zone. The 
diatom record at I-07-05 does not extend above ca. 8.0 cal kyr BP. This earlier 
termination is probably due to natural lake infilling in this permanently shallow basin. 
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A mid-Holocene transition to lower lake levels was recorded at Xinias from ~5.5 cal 
kyr BP. Similarly, stable isotope records from Lakes Ohrid and Prespa indicate 
progressive aridification from ~6.0 cal kyr BP (Leng et al. 2010). Lake-level decline 
continued largely unabated at I-08 until termination of the diatom record 3.3 cal kyr 
BP, when levels must have dropped below those of the full glacial. The later 
termination at I-284 (1.2Ð1.5 cal kyr BP) is unsurprising given its more profundal 
location.  

4.6 Conclusions  

This investigation has met our primary aim by determining the nature of Late 
Pleistocene and Holocene lake level history at Ioannina. Overall, the new diatom-
inferred lake-level records from Ioannina indicate aridity during the LGM, followed by 
a wetter Lateglacial Interstadial. A return to aridity is attributed to the Younger Dryas 
stadial. Maximum lake-levels in the early Holocene indicate a wet climate, before 
long-term shallowing, and hence aridity, from ca. 7.0 cal kyr BP, which resulted in 
complete infilling of parts of the basin. Reasonable correspondence to reconstructed 
lake-level changes at Xinias, central Greece, demonstrates regional significance.  

We have shown that within-lake replication of diatom records can be beneficial for 
palaeolimnological reconstruction. The comparison of three diatom records from 
Ioannina firmly indicates that past lake levels have driven changes in the diatom 
community. 

Despite efforts to generate new and more reliable age models, chronological 
limitations continue to hinder comparison of more abrupt changes at the intra- and 
inter-basin scale. Further dating attempts, for example using tephrostratigraphic 
techniques, may help resolve this.  
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Abstract  

Compound-specific radiocarbon (14C) analyses allow studying the fate of individual 
biomarkers in ecosystems. In lakes with small catchments, terrestrial biomarkers 
have the potential to be used for the dating of sediments that lack the traditionally 
targeted terrestrial macrofossils, if the specific organic compounds are deposited 
soon after production. On the other hand, if the biomarkers have been stored for a 
significant amount of time in the soils of the catchment before transport to the lake, 
their age can be used to reconstruct changes in average residence time of organic 
material on land through time. Here we present a study based on compound-specific 
14C analysis of the sedimentary record of lake Soppensee, Switzerland, targeting 
long-chain n-alkanes of exclusive terrigenous origin, and comparing them with 
sediment ages obtained by high-resolution macrofossil dating. Additionally, we 
measured 14C ages of bulk organic matter and carbonate samples to assess the hard 
water effect. Prior to at latest 3100 cal BP n-alkane ages had typically about the 
same age than the sediment or they were slightly higher, indicating that the vast 
majority of the terrestrial organic carbon transported to the lake only had a short 
residence time on land. In the samples younger than 3100 cal BP an increasing 
offset is observed, indicating liberation of old buried soil organic matter that must 
have accumulated over the previous millennia. We hypothesize that anthropogenic 
pressure, especially deforestation, changed the watershed ecosystem conditions 
dramatically from being a continuous carbon sink to a carbon source by means of 
soil erosion. Our results also indicate that as long as stable ecosystem conditions 
have prevailed, the distribution and isotopic composition of the n-alkanes can be 
used as environmental proxies in small catchments, confirming a few earlier studies. 
However, a certain but limited delay and a decadal-centennial smoothing of the 
signal needs to be taken into account.  
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5.1 Introduction  

Age models of quaternary lacustrine sedimentary records are predominantly 
established with radiocarbon (14C) dating. Reliable age models are of paramount 
importance for palaeorecords for the correlation of events and intervals in order to 
establish leads and lags in the response of different components of the climate 
system to external forcing. Terrestrial macrofossils are considered to be the most 
adequate material for 14C dating of lacustrine sediments (e.g. Tšrnqvist et al., 1992; 
Hajdas et al., 1995; Hou et al., 2010), as this type of organic material (OM) records 
the atmospheric carbon dioxide (CO2) and is generally rapidly transported and 
preserved in lake sediments. However, terrestrial macrofossils often cannot be found 
in sufficient amounts in the sediment. Dating of total organic carbon (TOC) in 
sediments is in many cases not an alternative, as this often results in significantly 
older ages than the age of sediment deposition (e.g. Benoit et al., 1979; Turney et 
al., 2000 and references therein), due to the heterogeneous nature of sedimentary 
TOC, consisting of a mixture of organic carbon (OC) from land and from 
autochthonous algal production. Terrigenous compounds can be significantly Ôpre-
agedÕ on land before transport and deposition (e.g. Smittenberg et al., 2004; Galy 
and Eglinton, 2011; Vonk et al., 2010) and thus result in too old ages. In addition, 
where old, 14C-free, calcareous bedrock is present in the catchment, the so-called 
Ôhard water effectÕ is observed  (e.g. Deevey et al., 1954; Shotton, 1972). Limestone 
dissolution reduces the radiocarbon content of the dissolved inorganic C pool, which 
is incorporated in photosynthetic aquatic plants and algae, also resulting in older 
ages of TOC. 

Developments in modern high-precision accelerator mass spectrometry (AMS) 
techniques allowed the introduction of compound-specific radiocarbon analysis 
(CSRA, Eglinton et al., 1996). Bulk sedimentary organic material is formed by a 
heterogeneous mixture, but the 14C content of molecules with a known source, i.e. 
biomarkers for terrestrial plants or for a particular algal group, can provide age, 
residence time and/or the source of a specific OM compartment. One of the main 
focuses of the CSRA studies published to date has been the investigation of 
residence times and transport mechanisms of organic material from the large 
reservoirs on land to the ocean (e.g. Drenzek et al., 2007; Pearson and Eglinton, 
2000; Smittenberg et al., 2006). Indeed, significantly pre-aged n-alkanes and n-fatty 
acids have been reported for some sediments, suggesting residence times between 
a few hundred to a few thousand years, depending on the investigated setting (e.g. 
Eglinton et al., 1997; Smittenberg et al., 2006; Mollenhauer et al., 2007; Galy and 
Eglinton, 2011). Other studies on marine sediments aimed to verify or directly utilize 
CSRA of aquatic biomarkers for chronological purposes (Uchida et al., 2000; 
Ohkouchi et al., 2003; Smittenberg et al., 2004). There are only few publications 
applying CSRA to sediment records of lakes with small catchments (e.g. Uchikawa et 
al., 2008; Hou et al., 2010; Jones et al., 2013). Uchikawa et al. (2008) argued that, in 
contrast to the large-scale systems, pre-aging of terrestrial biomarkers is insignificant 
in lakes with small catchments and successfully built an age-model for the Ordy 
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Pond, OÕahu, Hawaii, using the long-chain n-alkanes C27, C29, C31 and C33. Hou et al 
(2010) came to the same conclusion using lignin-derived phenols to establish 
chronologies for small lake sediments, and Jones et al (2013) used an n-alkane-
based chronology that matched well with pollen-based marker horizons present in 
the Greek lake Ioanina. Yet, this apparent potential of terrestrial-derived biomarkers 
for dating sediments of small watershed lakes remains poorly constrained, and could 
be ecosystem dependent and may vary through time.  

In this study we performed CSRA of long-chain n-alkanes, as well as conventional 
14C analyses on TOC and carbonates of the extremely well-dated sedimentary record 
of lake Soppensee (Hajdas and Michczynski, 2010), which allows the direct 
comparison of the age of various sediment components with an age-model based on 
an extensive dataset with more than 80 macrofossil 14C dates. This not only allowed 
evaluation of the dating potential of the long-chain n-alkanes, but the results could 
also be placed in a complete watershed ecosystem framework, with 
sedimentological, ecological and hydrological information available from earlier 
studies (e.g. Fischer, 1996; Lotter, 1999, 2001; Gruber et al., 2000; Tinner et al., 
2005).  

5.2 Methodology  

5.2.1. Study site and Sampling  

The investigated lacustrine sediments were recovered from lake Soppensee situated 
on the Central Swiss Plateau (8¡05ÕE, 47¡05Õ30ÕÕN) at 596 m a.s.l. (Fig. 1). It is a 
small eutrophic hard-water lake formed by dead ice that remained from the retreating 
Reuss glacier after the last glacial maximum (LGM) around 17-18 ka cal BP ago 
(Lotter, 1989). The lake has a maximum depth of 27 m and a surface area of 0.227 
km2. There are no major inlets and the lake is fed by groundwater and seasonal 
surface run-off from the small drainage basin with an area of 1.6 km2. One of the 
main characteristics of the sediments is a continuous, well-defined annual lamination 
during the first half of the Holocene (ca. 6-11 cal BP) and a less pronounced varved 
section during the Late Glacial (ca. 11-13 ka cal BP) (Hajdas et al., 1993; Hajdas and 
Michczynski, 2010).  

Samples were obtained from piston cores that were recovered in August 2008 from 
the deepest part of the lake (van Raden, 2012). The sediment cores (So08-01/2) had 
a composite length of ~ 6 m with organic-rich and partially varved sediments covering 
the latest Pleistocene and the entire Holocene. Five samples taken across the whole 
record were selected in order to date the bulk TOC of the sediment and will be 
labeled as ÔBulk_depthÕ below. Another set of eight samples dedicated for 14C 
analysis on individual long-chain n-alkanes (Alk_depth) were carefully chosen from 
either significant marker horizons or from layers containing macrofossils, allowing a 
direct comparison with a macrofossil 14C age that is the basis for the lake chronology. 
Finally, five samples for 14C analysis on carbonates (CaCO3_depth) were taken from 
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the section with highest CaCO3 concentrations between sediment depths from 436 to 
484 cm. Further information about the radiocarbon samples is provided in Table 1. 

 
Figure  1: Map of Switzerland illustrating the location of Soppensee (left) and a bathymetric map (right) 
after Lotter (1989) with the coring location in the deepest lake basin. 

5.2.2. Lithology  and bulk sediment parameter s 

A detailed description of lithological and sedimentological parameters can be found 
in earlier publications (Lotter, 1989; Fischer, 1996; Kind et al., 2012). Briefly, 
lithological parameters allowed the division of the sedimentary record into six units 
(Fig. 2). The oldest part (A; below 560 cm) is characterized by detrital, glacial 
deposits with low TOC content. Layers with sand and marls fade to silty clays of a 
light grey towards the boundary to the next unit (ca. 13.8 ka cal BP). From this point 
the record consists of lacustrine sediments with different appearances. Unit B (500-
560 cm) is dark brownish and organic-rich, consists mainly of carbonates, silty clays 
and has faint laminations. The following unit C (360-500 cm) is characterized by 
continuous laminations with annual varves of light colored calcite alternating with 
dark organic layers. The overall color changes gradually from dark grey at the onset 
of the Holocene, to light beige, and then back to a dark grey (6 ka cal BP). The 
varves begin to fade in unit D (170-360 cm) that is rich in organic material. The next 
unit E (35-170 cm), which covers most of the last 2000 years, contains homogenous, 
organic carbon rich sediments. The topmost part of the record (above 35cm, < 200 
years) is light brown with decreasing TOC and increasing clay contents.       

Carbon contents were determined on aliquots from all samples for bulk and alkane 
dating by coulometric titration using a CM 5012 CO2 analyzer. Total carbon (TC) was 
determined by combustion using a CM 5200 CO2 autosampler, whereas inorganic 
carbon (TIC) was analyzed with a CM 5130 acidification module (all three 
manufactured by UIC Inc., Joliet, USA). TOC contents were calculated as the 
difference between TC and TIC.  

In order to gain a better overview of the sedimentary OM content over the entire 
record, we additionally present previously unpublished data made available by M. 
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Sturm. These analyses were carried out using sediment material from another 
Soppensee core (So89-23) recovered in 1989 (e.g. Hajdas et al., 1993; Fischer, 
1996). TOC and total nitrogen (TN) contents, as well as accumulation rates were 
determined every 5 cm (between 0 to 3 m depth) or every 1 cm (from 3 to 6 m 
depth). The ratio of TOC over TN (C/N) was used as an indicator for OM sources. 
Avoiding an underestimation of C/N ratios TN values needed to be corrected for the 
presence of adsorbed ammonia in the clays of the sediment (Meyers, 1997; MŸller, 
1977). TN concentrations were corrected for residual N as follows: NÕ = TN Ð 0.054. 
Within the glacial deposits (deeper than 5.3 m) TOC and TN contents were relatively 
low, and correction for residual N lead to great uncertainties. Because of this, C/N 
ratios are not shown if TOC contents dropped below 1.5 wt.%. 

 

 

Figure  2: Comparison of the radiocarbon ages of different types of C-bearing material against the 
calibrated age model. Macrofossils (Hajdas and Michczynski 2010, van Raden, 2012) are displayed in 
light grey triangles; dates of bulk samples are given in grey squares. Black filled circles represent the 
ages of combined C27/C29- and C31-alkanes. If available, values of individual alkanes are given in light 
grey-filled triangles. Carbonate samples are shown as diamonds. If not shown, error bars are smaller 
than the symbols. The lithology of So08-01/2 with a depth scale is illustrated on the right. 
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5.2.3. Sediment chronology  

An age model for the sampled core So08-01/2 was developed by van Raden (2012). 
It is mainly based on the published age-depth model of the previously studied core 
So89-17 (Hajdas et al., 1993; Hajdas and Michczynski, 2010). The re-calibrated 
chronology for So89-17 was built using the P_Sequence deposition model of OxCal 
(Bronk Ramsey, 2008) applied to 14C ages of terrestrial macrofossils covering the 
time between 14.0 and 1.5 ka BP (Hajdas and Michczynski, 2010). The presence of 
many clear markers and laminations allowed a detailed correlation between the two 
cores and usage of the given age model. As it was difficult to accurately match the 
youngest, unlaminated section, four additional terrestrial plant remains were sampled 
from So08-01/2 and dated. The data were calibrated and modeled using IntCal09 
(Reimer et al., 2009) and the P_Sequence deposition model provided with the 
software OxCal (Bronk Ramsey, 2008).  

5.2.4. Isolation and preparation for 14C analysis  

Bulk sediment samples were treated with standard acid-base-acid treatment to 
remove carbonates and humic acid (Hajdas, 2008). The treated samples were 
weighed (Table 1) into tin capsules; combusted in an elemental analyzer coupled 
with an automated graphitization equipment (AGE) system (Wacker et al., 2010). 
Samples for carbonate dating were placed in 12 ml septum sealed vials and flushed 
with helium. Carbonates were dissolved in concentrated H3PO4 (85 %), vials then 
were flushed with helium to transport the CO2 to the AGE system (Wacker et al., 
2013). Measuring of 14C/12C ratios for all samples (Table 1) were carried out on a 
miniaturized radiocarbon dating system (MICADAS) (Synal et al., 2007) at the 
Laboratory of Ion Beam Physics, ETH ZŸrich. 

Individual n-alkanes were isolated from the sediment following the laboratory protocol 
described in Jones et al. (2013). In brief, homogenized and freeze-dried sediments 
(3.7 to 8.8 g) were subjected to accelerated solvent extraction with dichloromethane 
(DCM) and methanol (MeOH) (9:1, v/v) using an ASE 200 system (Dionex, 
Sunnyvale, USA). The resulting total lipid extracts were separated on KOH-
impregnated silica gel columns. First a neutral fraction was recovered with DCM-
ethyl ether (1:1, v/v), from which in turn an apolar fraction, containing the n-alkanes, 
was separated over a regular silica gel column, using hexane. Finally unsaturated 
hydrocarbons were removed using AgNO3-coated silica gel. Identification and 
quantification of n-alkanes in the sample extracts was performed on an HP 6890 
Series gas chromatography (GC) system equipped with a mass selective (MS) 
detector (HP 5973), and by comparison of mass spectra and peak areas of an 
external standard. Isolation of individual C27, C29 and C31 alkanes was achieved by 
repetitive injection on a preparative gas chromatography (pcGC) system. The pcGC 
consists of an HP 6890 GC fitted with a cooled injection system (Gerstel GmbH, 
MŸlheim an der Ruhr, Germany), a megabore fused silica column (DB-XLB, 30 m % 
0.53 mm i.d.), a flame ionization detector, and a preparative fraction collector (PFC, 
Gerstel). Individual alkanes accumulated in glass traps attached to the PFC. Quantity 
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and purity of the isolated fractions were determined on the GS/MS system. In order 
to obtain sufficient amounts of C for AMS analysis, most of the individual alkanes 
(C27, C29 or C31) from one sample had to be combined, except for Alk_59, Alk_468 
and Alk_502 (Table 1). The isolated samples were transferred to quartz tubes 
containing pre-combusted CuO, vacuum-sealed and converted to CO2 at 900 ¡C. 
Radiocarbon analyses were performed with the MICADAS equipped with a gas ion 
source (Ruff et al., 2007; Wacker et al., 2013). 

All 14C data are reported following the convention of Stuiver and Polach (1977). The 
measured 14C concentrations were corrected for instrumental background, standard 
normalization, and evaluation of uncertainties using the software Bats (Wacker et al., 
2010). The isolated n-alkanes were additionally corrected for a blank given by the 
laborious chemical extraction and purification process. This processing blank was 
determined analyzing two standards of known radiocarbon concentration, one 
modern and one 14C-dead. Detailed information about such a routine assessment 
can be found elsewhere (e.g. Gierga et al., 2014; Shah and Pearson, 2007; Santos 
et al., 2010; Lang et al., 2013). All reported conventional 14C ages are rounded 
following Stuiver and Pollach (1977). 
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Table 1: Radiocarbon ages from bulk TOC, long-chain n-alkanes and carbonates from cores So08-01/2 
and earlier lake water DI14C measurements. All 14C values haven been rounded following the convention 
by Stuiver and Pollach (1977).  

 
1 Reported values were corrected for instrumental background and counting statistics (Wacker et al., 2010). 

Alkane values were additionally corrected the chemical and chromatographical extraction processes 
where a total blank of 0.38 ± 0.10 #g C with 0.34 ± 0.11 F14C was determined.   

2 Sediment age is given from 14C ages of macrofossils of the corresponding depths (Hajdas and 
Michczynski 2010; van Raden, unpublished). If no macrofossil age was available, values were inferred by 
linear correlation with dates from macrofossils around to the sample depth, they are indicated with an 
asterisk *.   

3 Weighted mean average of the individual values. 
4 Average atmospheric 14C content of the sampling year 1993 AD (after Levin et al., 2008) 

 

 

 
  

COMPOUNDS SEDIMENT 

Sample label  Depth  Weight  TOC 14C age1 Age offset  Lab code  ka cal BP  cal BP  14C age2 

  
cm  g % BP !  (y) ETH- mean  2"  range  BP 

Alk_59 C27 59.0 5.9 6.9 7790 ± 420 7390 ± 430 43225 0.4 307-493 400 ± 40 

 
C29    3970 ± 250 3570 ± 260 43199 

     

 
mean3 

   6090 ± 2700 5690 ± 2700       
Bulk_83 

 
85.3 0.182 6.5 1740 ± 30 1010 ± 70 43528 0.6 560-586 730 ± 60* 

Alk_250 C27,29,31 250.2 3.7 15.3 4000 ± 90 1160 ± 100 43200 3.1 3034-3069 2840 ± 40 

Bulk_290 
 

290.2 0.171 7.9 3860 ± 35 230 ± 70 43529 4.0 3994-4094 3630 ± 60* 

Alk_339 C27,29,31 339.2 8.8 16.1 4990 ± 130 120 ± 160 43201 5.5 5464-5544 4870 ± 85* 

Alk_402 C27,29,31 402.0 7.1 n.d. 6470 ± 140 290 ± 160 43202 7.2 7163-7232 6180 ± 75* 

Alk_412 C27,29,31 412.2 7.2 9.9 7230 ± 250 590 ± 260 43203 7.6 7516-7619 6640 ± 55 

Bulk_416 
 

415.5 0.202 18.4 7380 ± 35 490 ± 85 43530 7.7 7619-7730 6890 ± 75* 

CaCO3_437 
 

437.1 
  8410 ± 35 1200 ± 100 45741 8.2 8140-8220 7210 ± 95 

CaCO3_446 
 

446.1 
  

8690 ± 35 1000 ± 130 45742 8.5 8444-8490 7690 ± 120* 

CaCO3_455 
 

455.1 
  8870 ± 35 1020 ± 140 45740 8.8 8755-8830 7850 ± 140* 

CaCO3_461 
 

460.9 
  9040 ± 35 920 ± 120 45739 9.0 8979-9075 8120 ± 120* 

Alk_468 C27 468.4 6.2 7.3 8700 ± 500 590 ± 510 43204 9.3 9234-9346 8110 ± 100 

 
C29,31    

8400 ± 340 290 ± 360 43205 
     

 
mean3 

   8530 ± 610 420 ± 590       
CaCO3_471 

 
471.1 

  9550 ± 35 1220 ± 180 45737 9.4 9354-9478 8330 ± 180* 

CaCO3_474 
 

473.6 
  9200 ± 35 610 ± 180 45736 9.6 9478-9664 8590 ± 180* 

Bulk_478 
 

477.9 0.073 18.3 8790 ± 40 50 ± 140 43531 9.8 9713-9920 8740 ± 130* 

CaCO3_483 
 

483.1 
  9750 ± 35 840 ± 110 45734 10.1 10039-10084 8910 ± 110* 

Alk_488 C27,29,31 487.9 5.6 8.3 9170 ± 370 150 ± 380 43206 10.2 10172-10321 9020 ± 65 

Alk_502 C27 501.8 3.9 13.3 9830 ± 440 230 ± 460 43207 10.9 10837-10912 9600 ± 100* 

 
C29    

10050 ± 530 450 ± 540 43208 
     

 
C31    10600 ± 600 1000 ± 610 43209 

     

 
mean3 

   10160 ± 920 560 ± 930       
Bulk_557 

 
556.8 0.037 15.3 12100 ± 45 550 ± 140 43532 13.4 

 
11550 ± 130* 

H2O 
    -5 ± 60 960 ± 85 12413 

  
-965 ± 554 

(lake water) 
    10 ± 55 980 ± 80 12414 

     

     
370 ± 65 1340 ± 85 12415 

     

     360 ± 60 1330 ± 85 12416 
     

 
mean3 

   180 ± 210 1150 ± 210       
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Figure  3: Age offsets from TOC, carbonates and alkanes relative to the age of deposition in comparison 
to the relative alkane concentration within the TOC pool, as well as per g sediment, TOC concentration 
and accumulation rates, C/N ratios and key points during ecosystem development after Lotter (2001) 
(left to right).  

 

 

 

 
Figure  4: Carbon chain length distribution of extracted n-alkanes series.  

0 250 500 8 10 12 140 25

0 50 0 20 40

C27,29,31 alkanes
(µg g-1 TOC)

C27,29,31 alkanes
(µg g-1 sediment)

TOC (%) C/NÔ

TOC acc.
(g m-2 y-1)

15

10

5

0

Ecosystem
development

H
ol

oc
en

e
Y

D
B

/A
de

gl
ac

ia
tio

n

oak forest

1st human
settlements

intense
forest
clearances

open woodland

mixed fir-
beech forest

1.5

4.5

7.0

9.5

ka
 c

al
 B

P

partial 
deforestation

classical 
succession

Age offset (ka)

ka
 c

al
 B

P

15

10

5

0

20

0 0.5 1 1.5 4 8

Alkanes
TOC
CaCO3

15 19 25 29 35
C number

0

0.1

0.2

0.3

0.4

R
el

at
iv

e 
ab

un
da

nc
e

C number C number 
17 21 23 3127 33 15 19 25 29 3517 21 23 3127 33 15 19 25 29 3517 21 23 3127 33

400 ± 40 BP
59.0 cm

6640 ± 55 BP
412.2 cm

11700 ± 130 BP
559.8 cm      close to Bulk_557

29

29
25

27

15



  5. Soppensee Ð Carbon cycling (CSRA) 

 121 

5.3 Results and Discussion  

5.3.1. Sources of sedimentary organic matter and hard water effect  

In order to identify processes that control the deposition of either pre-aged or recent 
compounds, we need to consider the origin of the OM in relation to the ecosystem 
development, including both the terrestrial and the aquatic system. According to 
Fischer (1996), sedimentary TOC concentrations displayed changing TOC 
accumulation rates between ca. 14.0 and 1.5 ka cal BP (Fig. 3). A general distinction 
between aquatic and terrestrial biomass can be given by the C/NÕ ratios of the 
sediment (Meyers and Ishiwatari, 1993), where ratios between 4 and 10 are typical 
for the presence of algae and C/N ratios higher than 20 for vascular plants (Meyers, 
1994). The detrital glacial deposits older than 14 ka cal BP were characterized by 
rather low C/NÕ ratios between 8 and 9, i.e. most of the OC was of autochthonous 
origin. After the transition to authigenic lacustrine deposits at 13.8 ka cal BP TOC 
and N concentrations slowly increased, and the same was true for C/NÕ ratios that 
reached values higher than 10. After that the C/NÕ ratios fluctuated between 10 and 
15 over the main part of the Holocene, implying that the sedimentary OM was 
consisting of both aquatic and terrestrial OM. Only during the last 200 years C/NÕ 
values dropped below 9, however from this section no samples were taken for the 
current study. Overall, sedimentary TO14C contents of the dominant part of the 
record were thus continuously characterized by considerable contributions of 
terrestrial OM, especially during the main part of the Holocene (ca. 11.5 to 1.5 ka cal 
BP). 

The long-chain n-alkanes (C27 to C31) are one component of that terrestrial OM. The 
entire n-alkane series extracted from Soppensee sediments showed the typical 
pattern for terrestrial OM with a strong odd-over-even predominance and peak 
concentrations for alkanes with C chain lengths of 27, 29 or 31 (e.g. Eglinton and 
Hamilton, 1967; Cranwell, 1973; Fig. 4). Algal or bacterial derived homologues (( 19 
C atoms) were partly present in the younger sediments, but only in minor abundance. 
The summed concentration of the investigated alkanes (C27, C29 and C31) followed 
the trend of the TOC curve (Fig. 3), thus supporting the evidence that the 
sedimentary TOC contained a significant amount of terrestrial OM.  

There is, however, also some contribution of aquatic-derived OM. The radiocarbon 
age of this OM is primarily determined by the local reservoir age, which can be 
estimated by the radiocarbon content of sedimentary carbonates. The individual 
carbonates display an age offset ranging between 610 ± 180 and 1220 ± 180 14C 
years (Table 1, Fig. 3) resulting in an average reservoir effect of 970 ± 370 14C years. 
In addition to the carbonates four lake water DI14C measurements, performed in 
1993 (Table 2) were also available (Hajdas, unpublished), which display an average 
age offset of 1150 ± 210 14C years compared to the atmospheric 14C content in 1993 
(Levin et al., 2008). This is in the range observed in the carbonates deposited 
between 8.1 and 10.1 ka cal BP (Fig. 3). Although we only have results from 
between 8.1 to 10.1 ka cal BP, and modern water samples, the consistency of the 
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offset suggests that the Ôhard water effectÕ in the Soppensee has probably been 
constant over the entire Holocene.   

Table 2: Radiocarbon ages from lake water DI14C measurements. All 14C values haven been rounded 
following the convention by Stuiver and Pollach (1977).  

Sample label  14C age (BP) Age offset  (y) Lab code  14C age (BP) 

H2O -5 ± 60 960 ± 85 ETH-12413 -965 ± 551 
(lake water) 10 ± 55 980 ± 80 ETH-12414 

 
370 ± 65 1340 ± 85 ETH-12415 

 
360 ± 60 1330 ± 85 ETH-12416 

mean:   180 ± 210 1150 ± 210 
 1 Average atmospheric 14C content of the sampling year 1993 AD (after Levin et al., 2008). 

 

5.3.2. Late Glacial  

Late Glacial samples are covering the B¿lling/Aller¿d (B/A) warm period and the cold 
Younger Dryas (YD). The comparison of the chronology of this core with other cores 
from Soppensee studied for pollen (Lotter, 1999) and for stable isotopes (Fischer, 
1996), as well as the identification of distinct markers in the cores allowed to 
determine absolute ages of the periods. According to this the transition from B/A to 
YD took place at ca. 12.5 cal BP. The development of the ecosystem on land 
initiated just after glacial retreat. The establishment of terrestrial pioneer vegetation 
during the B/A was illustrated in a twofold increase of pollen concentration (e.g. 
juniper, birch, willow) in the sediment (Lotter, 1999) within that warm phase. 
However, the landscape still provided limited retention capacity for plant detritus and 
other accumulating OM. This can explain the maximum in the TOC profile during the 
B/A (Fig. 3). During the following YD cold phase the ecosystem productivity likely 
decreased as it is reflected in lower TOC contents. During this period C/NÕ ratios had 
slowly risen from ca. 9 to 11, indicating that the sedimentary OM was composed of 
increasing amounts of terrestrial input. TOC deposited during the B/A (Bulk_557, 
Table 1), shows an age offset of 550 ± 140 years, meaning that an old component in 
the TOC must be present besides the, then recently produced, terrestrial OM. With 
the given reservoir effect of about 1 ka we can calculate that up to 40 % of the 
analyzed TOC could be of aquatic origin to obtain the measured offset. However, it is 
also possible that the local reservoir effect was greater during this time, which was 
characterized by relatively high accumulation rates in Soppensee (Fischer, 1996; van 
Raden, 2012). A relatively large amount of exposed, weathering-prone fine-grained 
detrital carbonate was probably exposed on land freed from the retreating glaciers. In 
addition, it is also possible that the detrital input also contained highly aged OM. This 
old OM could have been produced before being covered by ice, and was preserved 
under the ice until the deglaciation. A similar remobilization of very old OC is 
currently taking place in the Sub-Arctic region as reported by Vonk et al. (2012).  
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5.3.3. Early and mid Holocene  

During the early Holocene (ca. 11.5 to 9.0 ka cal BP) sediments were continuously 
laminated with light colored calcite-rich layers alternating with dark organic layers 
(Fischer, 1996). With increasing temperatures and possibly wetter conditions, 
ecosystem production increased compared to the YD (Lotter, 1999). Pollen analysis 
showed that deciduous shrubs and trees were replaced by open woodland of pines 
and birches (Lotter, 2001) that was present during the YD. The peak TOC 
concentration up to 20 % at the onset of the Holocene (ca. 10.9 ka cal BP) suggests 
that this open woodland vegetation had a limited capacity to retain the organic matter 
in the watershed, resulting in a high C transport to the lake. With an increasing 
vegetation coverage OM transport decreased, as is apparent from decreasing 
sedimentary TOC contents down to about 6 % within ca. 1 ka.  

The C27, C29 and C31 n-alkanes of Alk_502 were dated individually instead of a 
pooled fraction, in order to warrant that the pooling of these n-alkanes was justified. 
Unfortunately, the results carry fairly large uncertainties due to the very small sample 
size of the alkanes (< 10 µg C). Within these errors the values are, however, similar. 
The weighted average offset of the alkanes from Alk_502 is 560 ± 930 years (Table 
1, Fig. 3). Although some pre-aging on land thus likely existed, differences with 
sediment age are within error. The other alkane samples (Alk_488, Alk_468) and the 
bulk TOC sample (Bulk_478) were sampled from the section that is characterized by 
decreasing TOC contents. They showed low or no age offset within the given 
uncertainties (Table 1, Fig. 3). Here, the C27 n-alkanes of Alk_468 were, again, dated 
individually, while the C29 and C31 were pooled. Similar to Alk_502 the single samples 
were relatively small leading to relatively large uncertainties, so that no difference in 
age can be observed. Within this section differences with sediment age are within 
error, and thus they would fulfill all requirements for the establishment of a 
chronology. However, for a precise chronology a higher precision would be required. 
Thus we suggest aiming for sample sizes of at least 20 #g C in order to reduce the 
uncertainties.   

During the following period of the mid Holocene (ca. 8.5 to 6.0 ka cal BP) TOC 
accumulation rates as well as TOC contents increased. The samples Alk_412, 
Alk_402 and Bulk_416 cover a time range between 7.0 to 7.7 ka cal BP. These 
sediments were still continuously laminated. The samples showed a slightly 
increased age offset of 490 ± 85 years (Bulk_416), 590 ± 260 years (Alk_412) and 
290 ± 160 years (Alk_402). Interestingly, both TOC and n-alkanes show the same 
age offset, implying that a Ôhard water effectÕ on the TOC values can be neglected for 
these samples. This implies that some erosion of pre-aged OM, including n-alkanes, 
was a general feature of the early-mid Holocene, albeit to a limited extent. Assuming 
a contribution of long-chain n-alkanes produced during the very early stage of 
ecosystem development (ca. 11.5 ka cal BP), then 8 % (Alk_402) to 17 % (Alk_412) 
of eroded OC would need to be pre-aged to explain the observed age offsets. These 
are minimum estimates, as addition of younger organic matter would have a smaller 
effect on the age differential. However, all these values should be taken with care, as 
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the age offset is very small within the range of the uncertainties of both, the sediment 
and the compound age. 

At around 7 ka cal BP the mixed oak forest was replaced by shadow-tolerant fir-
beech woodland (Lotter, 2001). Within this period the varves began to fade in the 
sediment, changing towards homogenous dark organic-rich sediment at around 5.9 
ka cal BP. Alk_339 was sampled from this homogenous section (5.5 ka cal BP) and 
its age corresponded very well with the sediment age (130 ± 160 years offset). The 
dominance of fir-beech forest lasted in total more than 5 ka until 1.5 ka cal BP. 
Sedimentary TOC concentrations stayed high and fairly constant at 18-20 % over 
this period, whereas TOC accumulation rates were relatively low. This indicates very 
stable conditions of the terrestrial ecosystem where surface runoff likely eroded 
mainly recently produced terrestrial OM, with only smaller amounts of inorganic 
material. This agrees with a low age offset of TOC from 4.0 ka cal BP old deposits 
(Bulk_290; 230 ± 70 years offset).  

Based on the above, we suggest that terrestrial OM deposited between 11.5 and 4.0 
ka cal BP was composed of mainly freshly produced biomass, which was eroded 
only from the surface of the soils, probably with a limited contribution of pre-aged 
OC. As follows from the discussion below, part of the OM produced during this period 
must have been stored in the soil column where it was protected under the closed 
vegetation cover and escaping surface run-off, allowing the build-up of an 
increasingly aged OM pool protected from degradation. 

5.3.4. Late Holocene  

Even though the sediments themselves did not show any significant change 
compared to older parts, the age offsets of n-alkanes and TOC increased 
significantly at least over the last 3.1 ka (Fig. 3). Alkanes separated from 3.1 ka cal 
BP old sediments (Alk_250) were on average 1160 ± 100 years older than the 
sediment. The 14C content of a TOC sample taken from 600 cal BP old sediments 
(Bulk_83) expressed an average age offset of 1000 ± 65 years. Alkanes from 400 cal 
BP (Alk_59) showed an age offset of 7390 ± 430 years (C27) and of 3570 ± 260 years 
(C29), resulting in an average offset of 5690 years with a very high uncertainty of ± 
2700 years (Table 1). The large difference of more than 4 ka between the two n-
alkanes in this sample cannot readily be explained by differential preservation, the 
very small sample sizes of both samples (C27: 6.5 µg C and C29: 5.0 µg C) needed to 
be considered, as well. Even though a standard blank contribution has been 
determined for this procedure, that value still exhibits a scatter of some degree, 
which is in turn much more significant the smaller the sample size is. We do not 
assume, that both samples are highly affected by contamination, but we cannot 
clearly identify whether an offset of 7.8 ka or 3.6 ka is more realistic. Yet, both of 
them clearly show that the age offset is significantly enhanced. 
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5.3.5. Storage and erosion of soil organic matter  

In summary, sedimentary OM consisted during the most part of the Holocene of 
predominantly of recently produced terrestrial compounds, with small contributions of 
pre-aged terrestrial matter, and only a negligible contribution of aquatic-derived OM. 
During the last 3.1 ka, however, an increasing contribution of significantly pre-aged 
terrestrial OM to the sedimented OM was observed (Fig. 2). One possibility to explain 
this feature is that local events such as floods permanently and significantly changed 
the regime of particle transport to the lake. A possible test for this hypothesis would 
be to specifically analyze flood events, which could document the transport and 
erosion of older organic carbon pools. Another explanation for the increasing 
sedimentation of pre-aged OM is increased human activity in the lake catchment. 
Even though there is evidence of the first human presence at ca. 7 ka cal BP around 
the lake, a clear influence on the vegetation became only evident at the beginning of 
the Bronze Age after ca. 4.5 ka cal BP. Larger forest clearings took place enabling 
intensive land-use and settlements (Tinner et al., 2005). We interpret the high n-
alkane age offset as a documentation of increased soil erosion due to forest cutting 
and opening. We argue that aged OM that had been stored in soils and protected by 
a closed vegetation cover became prone to erosion. In order to produce an offset of 
about 1150 years (Alk_250), ca. 20 % of the alkanes needed to be as old as 11 ka 
BP (i.e. pre-aged for 7 ka at the time of deposition) assuming that the remaining 80 
% were at the time of sedimentation recently produced alkanes. This mixing model 
gives the minimum amount of aged n-alkanes necessary to explain the offset. The 
given offset can also be explained with the admixing of 57 % of 5000-year-old n-
alkanes or any other combination of age and contribution that results in the observed 
offset. 

Forest down cutting continued during the Iron Age, but the major anthropogenic 
deforestation inducing drastic changes in the ecosystem took place during the 
Medieval Age (Lotter, 1999). The very old n-alkane ages can be explained by a 
change from a forest ecosystem to todayÕs open landscape, leading to an even more 
increased sediment and TOC supply and accumulation. Indeed, during the last 1.5 
ka cal BP the deposition of sediments was strongly affected by steeply increasing 
sediment and TOC accumulation rates (Fischer, 1996) as a result of ongoing forest 
openings and intensification in agriculture. The missing vegetation cover and periodic 
ploughing must have remobilized old soil OM stored in the pedosphere. If we assume 
that the aged fraction of Alk_59 had an average age of 11 ka cal BP, a contribution of 
at least 49 % pre-aged alkanes (C29 alkanes) or up to 82 % (C27 alkanes) are 
necessary to explain the offsets. These considerably high offsets emphasize the 
drastic human impact on the ecosystem that is also shown by strong changes in 
TOC contents, accumulation rates and C/NÕ ratios (Fig. 3). Considering the entire C 
cycle in the catchment, this would imply that the build-up of refractory OM on land, 
which continued during the early and mid Holocene (11.5 to 3.1 ka cal BP) was 
dramatically interrupted by anthropogenic pressure and land use change, and that 
this already started a few thousand years ago. The deposition of increasingly aged 



5. Soppensee Ð Carbon cycling (CSRA) 

 126 

terrestrial OM since 3.1 ka cal BP shows remobilization of an old, refractory C pool in 
the small catchment of Soppensee, that prior to anthropogenic pressure simply 
remained on land and never made it into the sedimentary record. A similar ongoing 
build-up of a refractory C pool in the Holocene was reported in a previous study by 
Smittenberg et al. (2006), who observed increasing ages of terrestrial biomarkers 
with decreasing age of sedimentation. In their case this did show up in the 
sedimentary record, probably due to generally stronger fluvial erosion, which 
released some of the ageing C pool in the much larger catchment. A similar 
observation was made by van Vonk et al. (2012) who found a relation between the 
age of n-alkanes deposited off Arctic rivers and the extent of permafrost thawing in 
the hinterland, i.e. the release of an old C pool with dramatic environmental change. 
Summarizing, our data confirms the accumulation of a soil OC pool since the last 
deglaciation during the most part of the Holocene, where physical and/or chemical 
protection mechanisms must have prevented the decomposition or dislocation of part 
of the produced biomass. Due to human impact, an ongoing mobilisation of a pre-
aged fraction in the soil OC pool is taking place in the catchment of Soppensee, 
starting at the latest at 3100 year ago. However, the abrupt increase of the amount of 
pre-aged matter during the last millenia suggests that the aged fraction in soils is 
continously being depleted and most likely the inventory of the entire soil OC pool, as 
well. With the available data, it is not possible to determine whether the pre-aged OM 
is still being build-up on land or whether erosion rates are exeeding deposition, 
resulting in a net carbon depletion of of terrestrial OM. In order to investigate this, a 
study with higher resolution would be necessary. 

5.3.6. Implication for chronological applications of compou nd-specific 
radiocarbon dating in lake sediments  

For the main part of the Holocene and Late Glacial, long-chain n-alkanes appear to 
be reasonably suitable for chronological purposes. Despite changes in vegetation 
documented by the pollen record, illustrating an initial succession towards a forest 
ecosystem with a subsequent change from a dominance of oaks to a fir-beech wood, 
the n-alkanes do not show large changes in residence time. The continuous 
vegetation cover appears to have helped protect soil organic matter against erosion 
by water or wind, leaving surface runoff of relatively fresh litter and aeolian transport 
of leaves and leaf waxes to be the main modes of organic matter transport to the 
lake. We suggest that this situation would have continued until the present if no 
major disturbances through human activity had occurred. Theses mechanisms are 
especially valid for lakes with a small watershed and limited surface runoff like 
Soppensee, and confirms the findings of Uchikawa et al. (2008) and Jones et al. 
(2013). The latter authors successfully used CSRA on n-alkanes to refine a badly 
constrained chronology for sediments older than ca. 3.0 to 3.5 ka cal BP, a period in 
which the terrestrial ecosystem was not yet greatly affected by human activity.  

In this study no significant differences between the age of sedimentary TOC and n-
alkanes are observed, in the period of the late and mid Holocene. This is due to the 
dominant terrestrial origin of the sedimentary OM and to the relatively small Ôhard 
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water effectÕ of less than 1000 years in combination with high C/NÕ eqvalues. 
Nevertheless, in hard water lakes we do recommend using 14C analysis of terrestrial 
biomarkers for chronological purposes above bulk sediment dating. Obviously, in 
lakes without carbonates in the watershed, aquatic-derived biomarkers will only show 
a minor hard-water effect, and can again be considered superior to terrestrial 
biomarkers. Our study does clearly indicate that, if long-chain n-alkanes are to be 
used for dating purposes, the ecosystem should have remained relatively 
undisturbed. In any case, independent age markers should accompany and support 
any biomarker-based age model. Finally, we strongly recommend aiming for sample 
sizes large enough (more than 20 #g C) to ensure obtaining relatively precise ages. 

5.4  Conclusion  

We investigated the potential of CSRA for chronological purposes and 
simultaneously examined the implications of 14C contents of specific compounds for 
the reconstruction of C cycles and ecosystem development within small catchment 
areas. Our study shows that the 14C age of molecular markers from terrestrial plants 
can be used for dating purposes, except when human activities induced drastic 
changes in land use in the watershed leading to the reworking of old organic carbon 
from the soils. In absence of the disturbance, the absence of major fluvial inputs and 
a relative flat landscape leads to erosion and deposition of dominantly freshly 
produced terrestrial biomass in the lake, which is the main prerequisite for 
chronological applications. Therefore CSRA on terrestrial biomarkers can be used for 
chronological purposes if macrofossils are not or barely present and if the 
investigated record is not affected by profound changes in the ecosystem (especially 
human impact). These constraints can be additionally verified using other less cost-
intensive parameters such as accumulation rates, pollen data or possibly existing 
historical studies.  

Aside from the chronological aspect, we can conclude that CSRA on terrestrial 
biomarkers is a powerful tool to reconstruct the accumulation and evolution of the 
terrestrial C cycle through time. The anthropogenic impact in particular allowed us to 
conclude that a continuous accumulation of refractory OM took place in the 
catchment soils during the Holocene until human settlement. An increasing 
accumulation of increasingly aged OM in the lake indicates that this protected C pool 
on land decreased during the last 3.1 ka due to reduced capacities of storage and 
physical protection in the ecosystem.   
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Abstract  

The study of lipid biomarkers in the partially laminated and organic-rich sediments of 
lake Soppensee, Central Switzerland was conducted to reconstruct changes in the 
lake and in the catchment area since the last deglaciation. A large part of the 
identified markers were of terrestrial origin allowing to reconstruct changes in the 
terrestrial ecosystem since the last deglaciation. Increasing concentrations of long-
chain n-alkyl lipids displayed the increasing vegetation cover after glacial retreat. The 
occurrence of pentacyclic triterpenoids gives evidence that angiosperms did not 
appear before the onset of the Holocene. The stable isotopic composition of long-
chain n-alkanes and n-carboxylic acids, as well as the overall uniform composition of 
terrestrial biomarkers during the main part of the Holocene imply stable conditions of 
the terrestrial ecosystem. Only during the last 2000 years drastic changes on land 
took place indicated by a strong decrease of the concentrations of all biomarker 
groups, while total sediment accumulation rates increased. There is also molecular 
evidence that between ca. 11.5 and 2.0 ka cal BP permanent anoxic conditions 
prevailed at the lake bottom, the occurrence of the molecular marker 13! -
malabarica-14(27),17,21-triene even allowed to differentiate between permanent and 
temporary anoxia. The occurrence of unsaturated isoprenoids was related with 
euxinic conditions during the early Holocene, while decreasing stable isotopic carbon 
values of mid-chain n-alkanes reflect enhanced carbon recycling by methanotrophic 
bacteria during periods when no sulfur was available. The comparison of this lipid 
biomarker data set with other paleoenvironmental parameters highlights even 
biogeochemical studies alone provided a thorough paleolimnological assessment.  
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6.1 Introduction  

Lacustrine sediments provide important records for the reconstruction of past 
climates and environments, and a vast number of palaeoenvironmental, 
palaeoclimatological and palaeolimnological proxies exist that can be used for this 
purpose. Traditional methods consist of pollen, charcoal, macrofossil, and 
sedimentological analysis combined with basic chemical analysis like total inorganic 
and organic carbon, total nitrogen and C/N ratios (e.g. Last and Smol, 2002 and 
references therein). Furthermore, core scanning by X-ray fluorescence and bulk 
stable isotope analysis on carbonates or the organic matter (typically of carbon, 
oxygen and nitrogen) reveal much about the past environmental and climatic 
conditions, in relation with the limnological evolution of lakes (Boyle, 2001; Ito, 2001 
and references therein). Analysis of lipid biomarkers and their isotopic composition 
can give useful additional insights, especially with respect to the sources and 
diagenesis of organic matter, but can also provide direct paleoclimate proxy 
information (e.g. Casta–eda and Schouten, 2011). 

Lake Soppensee in Central Switzerland has been subject of several 
palaeoenvironmental studies (Fischer, 1996; Hajdas et al., 1993; Kind et al., 2012; 
Lotter, 1999, 2001; Tinner et al., 2005; ZŸllig, 1989), as it harbors a long undisturbed 
sedimentary sequence that allowed high-resolution radiocarbon dating using 
macrofossils (Hajdas and Michczynski, 2010). Previous studies on lake Soppensee 
have resulted in the reconstruction of the terrestrial and limnological ecosystem 
development on the basis of several proxies such as pollen (Lotter, 1999), diatoms 
(Lotter, 2001), pigments (ZŸllig, 1989) or stable isotopes (Fischer, 1996). Some other 
studies from the region draw attention to the extent of human impact since the 
Neolithic in the region (Nielsen, 2009; Tinner et al., 2005, 2007).  

The aim of this study was to further expand on this knowledge, by performing a 
detailed biomarker study including compound-specific carbon isotope (! 13C) analysis. 
Specifically, we aimed at reconstructing the different sources of organic matter to the 
lake, diagenesis of sedimentary organic matter, and past limnology. Furthermore the 
strength and weakness of certain compounds as biomarkers are evaluated by means 
of the broad and already published data set of Soppensee sediments.     

6.2 Material and methods  

6.2.1. Study site and sample collection  

Soppensee is a small (0.23 km2), eutrophic lake located on the central Swiss Plateau 
about 20 km northwest of Lucerne (8¡05ÕE, 47¡05Õ30ÕÕN) at 596 m a.s.l. (Fig. 1). The 
closed basin with a maximum depth of 27 m was formed by dead ice that remained 
from the retreating Reuss glacier after the last glacial maximum (LGM, Lotter, 1989). 
The lake is fed by groundwater and seasonal surface run-off from the drainage basin 
(1.6 km2), which is relatively flat and intensively cultivated. In 2008 two piston cores 
were recovered from the deepest part of Soppensee (van Raden, 2012) with 
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overlapping sequences, which were correlated later on. The composite (So08-01/2) 
had a total length of 6.7 m covering the latest Pleistocene and the entire Holocene. 
The collected sediment cores were stored at 4 ¡C in a cold room. 17 subsamples 
spanning the whole length of the core were chosen for this biomarker study (Table 
1).    

 

 
Figure  1: Map of Switzerland illustrating the location of Soppensee (left) and a bathymetric map (right) 
after Lotter (1989). 

 

6.2.2. Lithology and chronology  

The record can be roughly divided into two sections. The lower part consists of 
detrital, fluvioglacial deposits and the upper series is composed of lacustrine 
sediments with different appearances. The lacustrine sediments are characterized by 
a continuous, well-defined annual lamination during the first half of the Holocene (ca. 
6.0 to 11.5 cal BP) and a less pronounced varved section during the Late Glacial (ca. 
11.5 to 13.0 ka cal BP) (Hajdas et al., 1993; Lotter, 1989). Detailed lithological 
descriptions can be found in the previous chapter of this thesis and in other 
publications (Fischer, 1996; Kind et al., 2012; Lotter, 1989, van Raden, 2012). The 
chronology of this core was developed by van Raden (2012). It is based on the 
published age-depth model of the previously studied core So89-17 that was 
developed from radiocarbon ages of terrestrial macrofossils spanning a period from 
14.0 to 1.5 ka BP (Hajdas and Michczynski, 2010). The two cores were correlated by 
the use of tephra and other distinct marker layers enabling to apply the age model to 
So08-01/2. For the youngest section four additional terrestrial plant remains were 
sampled from So08-01/2 and dated. The radiocarbon ages were calibrated and 
modeled using IntCal09 (Reimer et al., 2009) and a P_Sequence deposition model 
provided with the software OxCal (Bronk Ramsey, 2008). The comparison of the 
chronology of this core with other cores from Soppensee studied for pollen (Lotter, 
1999) and for stable isotopes (Fischer, 1996), as well as the identification of distinct 
markers in the cores allowed to determine absolute ages of the periods. According to 
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this, the transition from B¿lling/Aller¿d (B/A) to Younger Dryas (YD) took place at ca. 
12.5 cal BP and onset of the Holocene was dated at ca. 11.5 ka cal BP. 

6.2.3. Previous studies  

Besides published data from cores taken in 1986 and 1989 (e.g. Fischer, 1996; 
Hajdas et al., 1993; Lotter, 1999, 2001), some previously unpublished data obtained 
from the core So89-23 was made available by M. Sturm. Specifically, total carbon 
(TC), organic carbon (TOC), and nitrogen (TN) contents, as well as their 
accumulation rates had been determined every 5 cm (for ca. 0-3 m depth) or every 1 
cm (for ca. 3-6 m depth). Similar parameters were measured from sediments of core 
So91-21 as a part of the dissertation of Fischer (1996). Correlation of these cores 
showed good agreement, thus allowing the combination of both datasets. 
Additionally, Fischer (1996) determined total sulfur contents (TS), as well as stable 
carbon isotope data of the TOC and carbonate fraction of the sediment.    

6.2.4. Bulk parameters  

Non-destructive and continuous XRF core scanning (Avaatech, Den Burg, 
Netherlands) was performed to obtain a high-resolution record of the elemental 
composition (van Raden, 2012). Briefly, analyses were carried out with a vertical step 
resolution of 1 mm, horizontal split opening was 12 mm. Exposure time was 20 s, 
applied current 2000 µA, and applied voltage 10 kV (for the elements Al, Si, S, K, Ca, 
Mn, Fe, Ti) and 30 kV (Br, Rb, Sr). The results were presented as relative intensities 
of each element down-core in counts per area. 

Aliquots of the freeze-dried and homogenized samples from this study were used to 
determine carbon contents. TC and total inorganic carbon (TIC) were determined 
using a CM 5012 CO2 analyzer. Total carbon (TC) was determined by combustion 
using a CM 5200 CO2 autosampler, whereas inorganic carbon (TIC) was analyzed 
with a CM 5130 acidification module (all three manufactured by UIC Inc., Joliet, 
USA). Total organic carbon (TOC) was calculated as the difference between TC and 
TIC.  

6.2.5. Biomarker analysis  

Sample Extraction  

Freeze-dried sediment samples (1.8 to 41.6 g dry wt.) were extracted with 
dichloromethane and methane (DCM-MeOH, 9:1, v/v) using an Automated Solvent 
Extraction System (ASE-200, Dionex Corp., Sunnyvale, USA) deployed over three 
static cycles at 100 ¡C at 1500 psi. Total lipid extracts (TLE) were subsequently dried 
under a stream of nitrogen using a TurboVap¨ LV Concentration Workstation  
(Caliper Lifesciences, Hopkinton, USA).  

Fractionation and analyses  

For biomarker analyses 10 to 20 % of the TLE were separated over a silica gel 
column (70-230 mesh, deactivated with 5 % (v/v) H2O) into three fractions according 
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to their polarity. First, apolar lipids were recovered with ca. three column volumes of 
hexane. The fraction of intermediate polarity eluted with hexane and DCM (1:1 v/v), 
and finally polar compounds were recovered eluting with DCM and MeOH (1:1 v/v). 
Prior to analysis with gas chromatography (GC), the polar fraction was esterified with 
10 % methanolic hydrochloric acid (60 min, 70 ¡C) and then silylated with 20 #l N,O-
bis-(trimethylsilyl) trifluoroacetamide (BSTFA) and 20 #l pyridine (20 min, 70 ¡C) to 
convert alcohols into their corresponding trimethylsilyl ethers. The apolar and 
intermediate fractions were directly re-dissolved in hexane prior to analysis by gas 
chromatography-mass spectrometry (GC-MS) using a HP 6890 Series GC system 
equipped with an on-column injector and interfaced to a HP 5973 Mass Selective 
Detector. Separation was achieved on a DB-5 capillary column (30 m, 0.25 mm ID, 
0.25 #m film thickness, Agilent). The GC oven was programmed at 60 to 130 ¡C at a 
rate of 20 ¡C min-1, then increased to a temperature of 320 ¡C at a rate of 6 ¡C min-1 
and held isothermal for 20 min. Lipids were identified by comparison of the mass 
spectra with those reported in literature, and abundance was determined by the use 
of four external standards (hexacosane, triacontane, methyl octacosanoate and 5-, 
cholestane). 

For compound-specific stable carbon isotope (! 13C) analyses further separation was 
required. Unsaturated hydrocarbons were removed from the apolar fraction using 
silica gel impregnated with 10 % silver nitrate. Methylated polar compounds were 
applied on silica gel columns, and methylated n-alkanoic acids (fatty acid methyl 
esters, FAMEs) were collected using hexane and DCM (1:1, v/v). Carbon isotopes 
were measured using a Thermo Scientific system equipped with a Trace GC Ultra, a 
GC IsoLink interface, a Conflo IV, and Delta V Plus isotope ratio monitoring mass 
spectrometer. The GC was equipped with a DB-5 fused silica column applying the 
same oven program as described above. Each sample was measured at least in 
duplicate, and ! 13C values are expressed in ä relative to VPDB. FAME values were 
corrected for the C added during derivatization. Error determination is based on 
analytical accuracy and precision of repeated measurements of a laboratory 
standard calibrated to a reference mixture of n-alkanes provided by Arndt 
Schimmelmann (mixture A4, Indiana University).  

Glycerol dialkyl glycerol tetraethers (GDGTs, Table 1) were analyzed on another 
aliquot (10 %) of the TLE dissolved in hexane with 1 % isopropanol (Hex-1 % IPA). 
After sonication (10 min) the sample solution was filtered through a 0.45 µm PTFE 
membrane filter using the same solvents. After solvent removal under a stream of 
nitrogen the samples were re-dissolved in 1 ml Hex-1% IPA. GDGTs were analyzed 
using high performance liquid chromatography mass chromatography (HPLC-MS) 
using full scan mode in the same way as described in Bechtel et al. (2010) and 
Birkholz et al. (2013). The HPLC system was equipped with a Surveyor LC pump 
plus coupled to a LCQ Fleet ion trap mass spectrometer (both Thermo Fisher 
Scientific, Waltham, USA) with APCI ionization in positive mode. 
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6.3 Results  

6.3.1. Bulk parameters  

TOC contents ranged between 1 and 20 wt.% (Table 1, Fig. 2). Overall, they agreed 
well with the more detailed records from So89-23 (Fig. 2) and So91-21 (Fischer, 
1996), except for three samples taken from sediment depths between 250 and 340 
cm. This is most likely due to spatial heterogeneities in the lake sediment, and similar 
variations also occur comparing So89-23 and So91-21 with each other. TOC 
accumulation rates varied between 0.7 and 36.0 g m-2 yr-1 (Fig. 2). TOC contents 
increased during the B/A warm phase leading to peak concentrations up to 18.9 
wt.%. During the YD cold period TOC contents decreased again to 6.3 wt.%, but 
immediately increased again at the onset of the Holocene peaking at 19.7 wt.% (10.9 
ka cal BP). However, TOC decreased again to 4.4 wt.% (8.4 ka cal BP), concurrently 
with increasing vegetation cover on land (Lotter, 1999). Between 8.4 and 6.0 ka cal 
BP, TOC contents continuously rose again to 18.5 wt.% at 6.0 ka cal BP, while 
accumulation rates unsteadily oscillated between values of 3.2 and 16.2 g m-2 a-1, 
reflecting that of the bulk sediment accumulation (BSA, Fig. 2). During the following 
3000 years the patterns of TOC content and accumulation rate increased parallel 
leading to peak concentrations of 21.1 wt.% TOC at ca. 2.1 ka cal BP. During the last 
2000 years TOC concentrations steadily declined to ca. 5 wt.%. In contrast, highest 
TOC accumulation rates (36.0 g m-2 a-1) were found at 1500 AD.  

The ratio of TOC over TN (C/N) can be used as an indicator for organic matter (OM) 
sources (Fig. 2). To avoid underestimation of C/N ratios, TN concentrations were 
corrected for the presence of adsorbed ammonia in the clays of the sediment 
(Meyers, 1997; MŸller, 1977) as follows: Norg = TN Ð 0.054. Within the glacial 
deposits (> 5.3 m) TOC and TN contents were relatively low, and correction for 
residual N lead to great uncertainties. Because of this uncertainty, C/N ratios are not 
shown for TOC contents smaller than 1.5 wt.%.  

According to the XRF data (So08-01/2), sulfur (S; Fig. 4) was present in significant 
amounts in the older part of the record after 13.8 ka BP, the onset of lacustrine 
sediments. S contents decreased after ca. 10.0 ka cal BP to reach low background 
levels after ca. 8.0 ka. The XRF sulfur data agree well with the analyses from core 
So91-21 (Fischer, 1996), except for a more distinct peak showing at ca. 9.0 ka cal 
BP. 
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6.3.2. Lipid biomarker composition  

The lipid biomarker composition is exemplarily illustrated in Fig. 3, showing the GC-
MS total ion chromatograms of the three biomarker fractions of a sample from 419 
cm depth (7.8 ka cal BP). This sample shows the full range of identified compounds 
listed Table 2, except for GDGTs. While the overall lipid composition did not change 
much throughout the entire record, their concentrations did. In all samples the 
dominant biomarkers were the homologue series of n-alkyl compounds. n-Carboxylic 
acids (24 to 85 % of all identified lipids) were the most dominant, followed by n-
alkanols (7 to 46 %), n-alkanes (2 to 16 %), as well a suite of aldehydes and ketones. 
The last two groups are not further discussed in the frame of this study. Other 
compound groups include hopanoids, triterpenoids, sterols and unsaturated C40 aryl 
isoprenoids. Below, some major features of the lipid composition through time are 
described. 

Homologues series of n-alkyl compounds  

The concentration of n-carboxylic acids, n-alkanols and n-alkanes are given as 
summation plots in Fig. 2. These straight-chain hydrocarbons are of ubiquitous 
nature, however their C chain length and C number distribution give evidence about 
source organisms. Long-chain n-alkanes (> C27), n-alkanols and n-carboxylic acids (> 
C26) are constituents of leaf epicuticular waxes of higher plants (Eglinton and 
Hamilton, 1967), whereas short-chain homologues ((  C19) are dominantly produced 
by aquatic organisms (e.g. Casta–eda and Schouten, 2011 and references therein; 
Cranwell, 1982; Stefanova and Disnar, 2000). Intermediate C chain-lengths (C21-C25 
n-alkanes; C20-C24 n-alkanols and n-alkanoic acids) are most abundant in submerged 
aquatic macrophytes (Ficken et al., 2000).        

Saturated n-alkanes were distributed in a unimodal pattern from C17 to C35 with a 
strong odd over even dominance. (Fig. 3) The C29-alkane was the most abundant 
one in Holocene sediments after 11.8 ka cal BP, while the C31 alkane was the most 
abundant in the fluvioglacial deposits (> 14 ka cal BP). C25 alkanes became the most 
abundant homologue during the B/A warm period (sample from 13.6 ka cal BP), and 
C27 dominated during the following YD (12.5 to 11.5 ka cal BP). Short-chain 
homologues were hardly detected. Carbon Preference Index (CPI; Bray and Evans, 
1961) values were relatively high (7.1 to 14.5), typical for terrestrial vegetation, and 
did not suggest any petroleum contamination. When normalized to TOC, total n-
alkanes showed maximum concentrations during the B/A (Fig.  2), were reduced to 
half during the following YD, but continued to decrease over the course of the 
Holocene.    

n-Alkanols also showed a unimodal pattern from C16 to C32 (Fig. 3) with a strong even 
over odd dominance and a C number maximum ranging between C24 and C30. Short-
chain compounds were only present in minor abundance. In contrast to the other n-
alkyl series, alkanols show higher concentrations during the YD cold period and 
remain on that relative high level until ca. 7.2 ka cal BP (Fig. 2). After temporarily 
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reduced concentrations a maximum peak was reached at ca. 3.1 ka cal BP, while the 
last 2000 years were characterized by the lowest concentrations.   

n-Carboxylic acids (or fatty acids, FA) are distributed from C12 to C32 with a strong 
even over odd predominance and a bimodal pattern with peaks at C16 and C28 or 
C24/26 (Fig. 3). Even though short-chain homologues are generally attributed to 
aquatic or microbial sources, C16 and C18 FAs are also known to be abundant in 
terrestrial biota (Gunstone, 1958), so that they should be only used as indicator of 
source material in very general terms. FA concentrations were higher during the B/A 
warm phase than during the deglaciation and the YD, while soon after the onset of 
the Holocene highest concentrations of the FA were detected (9.3 ka cal BP). FA 
concentrations subsequently decreased, similar to the n-alkanes. FAs were the 
dominant lipid group throughout the entire record studied.  

A suite of n-hydroxy carboxylic acids (hydroxy-FAs) with hydroxyl groups at the - 
and , position  were identified. These compounds derive predominantly from higher 
plants. They are either breakdown products from suberin or have been produced by 
microbial oxidation of saturated FAs (Killops and Killops, 2004). - -Hydroxy-FAs in 
the range of C14 to C28 made up the main part and were distributed in a bimodal 
pattern maximizing in between C22 and C26, and secondly in the range of C16 and C18. 
, -Hydroxy-FAs in the range of C16 to C25 were detected at a much lower 
concentration, with the most abundant homologues having a chain length of C22, C26 
or C16. n-Hydroxy-FAs appeared in significant amounts during the YD, and 
maximized after the onset of the Holocene (Fig. 2), leveling off to minimum 
concentrations at  ca. 5.7 ka cal BP Ð similar to the series of n-alkanols and n-
alkanoic acids.  

Hopanoids  

C32-.. -bishomohopanoic acid is the most abundant compound within the hopanoids, 
followed by C32-.. -hopanol and a series of other hopanoids such as diploptene and 
a range of other hopenes, norhopanes and homohopanes (Table 2, Fig. 2), all 
possessing the 17.,21.(H) -stereochemistry. Hopanoids are generally attributed to 
bacteria and cyanobacteria (Ourisson and Rohmer, 1992; Rohmer et al., 1984; 
Summons et al., 1999). In Soppensee sediments they are present throughout the 
studied sediments, with their abundance only reduced during the YD and during the 
last 2000 years (Fig. 2). Notable is the abundance of 13! -malabarica-14(27),17,21-
triene (malabaricatriene), a compound that has already been found and identified in 
recent sediments of lake Cadagno (Behrens et al., 1999) and the Cariaco Basin 
(Werne et al., 2000). 
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Figure  3: Exemplary ion chromatograms of the three separated lipid fractions of one 7.8 ka cal BP old 
sample. The symbols indicating the individual compounds are either explained in the figure or are 
related to Table 2. The number in italic letters above the symbols for n-alkanes (! ) and n-carboxylic 
acids (" ) stand for the carbon chain length of the respective compound.       
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Table  2: Overview of biomarkers identified in the Soppensee sediments with mass spectral data and 
references.  

 
Compound  M+ Diagnostic m/z  Reference  

Hopanoids  
h1 trisnorhopane 370 149 191 355 

 h2 malabaricatriene 410 69 191 213 Werne et al. (2000) 
h3 hop-17(21)-ene 410 367 145 231 191 Shiojima et al. (1992)* 
h4 hop-13(18)-ene 410 191 218 205  
h5 hop-22(29)-ene 410 191 189 177  
h6 17.21.(H) -norhopane 398 177 191 243 383   
h7 17.21.(H) -norhop-x-ene 396 175 191 381 

 
h8 17.21. -hopane 412 191 369 

 
h9 diploptene 410 191 189 218 299 Philp (1985) 
h10 17.21.(H) -homohopane 426 205 191 367  
h11 17.21.(H) -bishomohopane 440 191 219 175 396  

 h12 17.21.(H) -trishomohopane 454 233 191 369 215 
 h13 hopanol 500 191 189 299 395 367 149  

h14 C32-.. -hopanol 486 263 191 369 
 h15 C32-.. -bishomohopanoic acid 484 263 191 369 469 177 231 
 Steroids  

s1 5. -cholest-2-ene 370 316 215 355  
s2 C29-cholest-2-ene 398 344 215 383 

 s8 C31 diasterene (2db) 424 257 409 339 tentatively assigned 
s3 cholesterol  502 329 129 237 268 Hendersen et al. (1972) 
s4 stigmasterol 484 83 129 255 394 Hendersen et al. (1972) 
s5 camposterol   

 s6 sitosterol 486 129 357 396 381 Hendersen et al. (1972) 
s7 dinosterol 410 189 371 Boon et al. (1979) 
Triterpenoids  
L 10, -des-A-lupane 330 123 63 287 191 315 Philp (1985) 
m1 des-A-urs-(13)18-ene 328 313 109 205 189 218 Jacob et al. (2007) 
m2 des-A-mono-ene 328 313 177 189  
m3 des-A-mono-ene 328 191 81 313  
m4 des-A-mono-ene 328 217 313 108  
m5 des-A-lup-5(10)-ene 328 136 (95) 107 123 273 Trendel et al. (1989) 
d1 des-A-oleana-9(10),13(18)-diene 326 229 tentatively assigned 
d2 des-A-oleana-9(10),18(19)-diene 326 229 311 107 

 
d3 des-A-di-ene 326 311 241 229 149  
d4 des-A-oleana-5(10),13(18)-diene 326 204 189 95 109 311  
d5 des-A-di-ene 326 97 311 83 177 189  
d6 des-A-oleana-5(10)12-diene 326 108 95 311 Trendel et al. (1989) 
d7 des-A-di-ene 326 119 311 

 
a1 des-A-26,27-dinoroleane-5,7,9,11,13-pentaene 292 

 Trendel et al. (1989) 
a2 des-A-26,27-dinorusa-5,7,9,11,13-pentaene 292 207 292 193 178 Trendel et al. (1989) 
a3 des-A-26,27-dinorlupa-5,7,9,11,13-pentaene 292 207 193 249 178 Laflamme 1979 
a4 des-A-trinorusa-5,7,9,11,13-heptaene  274 259 274 Trendel et al. (1989) 
k1 des-A-oleana-5(10)-one 326 108  
t1 24,25-dinorleana-1,3,5(10)12-tetraene 376 158 145 197 376 Wolff et al. (1989) 
t2 24,25-dinorlupa-1,3,5(10)-triene 378 145 Wolff et al. (1989) 
t3 . amyrin (olean -12-en-3. -ol) 498 218 203 189 453 408 tentatively assigned  
t4 tetrahymanol 500 191 189 279 395 410 485 ten Haven et al. (1992) 
Unsaturated C 40 aryl isoprenoids  
I monounsaturated isomers 544 133 Hebting et al. (2006) 
II 13(14),x-diunsaturated isomers 542 133 258 284 Hebting et al. (2006) 
IIa probably 7(8),x-diunsaturated 542 133 173 Hebting et al. (2006) 
Further biomarker  
? unknown compund 408 393 187  

 *and references therein 
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Steroids  

Sterols are even present in the oldest samples of the record in the glacial deposits 
(Fig. 2), but only with a very low abundance. They appear in significant amounts 
during most of the Holocene, with maximum concentrations during the first part (9.2 
ka cal BP) and with a second maximum occurring at 3.1 ka cal BP (Fig. 2). 
Analogously to other biomarkers, they were hardly abundant in the sediment layers 
of the last 2000 years The C29 sterols stigmasterol (24-etyhlcholesta-5,22-dien-3. -ol) 
and sitosterol (24-etyhlcholest-5-en-3. -ol) are the most abundant steroids. These C29 
sterols, and the C28 campesterol (24-methylcholest-5-en-3. -ol), are widely reported 
to be major sterols of higher plants (Canuel et al., 1997; Volkman et al., 1986; 
Wannigama et al., 1981), but they have also been found in algae or cyanobacteria 
(Rontani and Volkman, 2005; Volkman et al., 1999). Cholesterol (C27; cholest-5-en-
3. -ol) has been used as an algal/phytoplankton marker (Volkman et al., 1998) even 
though other sources might be possible, as well. Dinosterol (C30; 4,,23 ,24-trimethyl-
5, -cholest-22E-en-3. -ol) is produced by dinoflagellates (Robinson et al., 1984, 
1987). It is the only C30 sterol and has been detected in 10.9 to 7.2 ka cal BP and in 
3.9 to 2.1 ka cal BP old sediments with concentrations between ca. 30 to 130 #g g-1 
TOC. 

5. -choles-2-ene and a C29-cholest-2-ene were identified in all samples, but only in 
low abundances (<10 #g g-1 TOC). Finally, a C31 diasterane with two double bonds 
was tentatively assigned (Table 2). This compound was only present in sediments of 
the Late Glacial and the onset of the Holocene, showing peak concentrations at 9.3 
and 13.6 ka cal BP. 

Other triterpenoids  

Pentacyclic triterpenoids appear from 10.2 ka onwards in the Soppensee sediments. 
Most of the detected compounds discussed in the following section were related to 
angiosperms, which is in agreement with the pollen profile of Soppensee (Lotter, 
2001). 

The pentacyclic triterpenoids identified in Soppensee sediments include the two 
alcohols tetrahymanol and . -amyrin (Fig. 2 and 3). Both occur in relatively low 
amounts in sediments from the Holocene, specifically between 10.2 and 2.1 ka cal 
BP. Tetrahymanol (gammaceran-3. -ol) can be of diverse origin. It has been reported 
to be produced by ciliates, protozoa, as well as phototrophic green or purple sulfur 
bacteria (Harvey and McManus, 1991; Kleemann et al., 1990). . -Amyrin (olean-12-
en-3. -ol) is specific for higher plants, especially angiosperms (Grimalt et al., 1991; 
Simoneit et al., 1986; Volkman et al., 1987). Other angiosperm-derived markers 
appear in the form of a suite of degradation products of pentacyclic triterpenoids. 
Transformation of the original lipids begins already during leaf senescence (Jacob et 
al., 2007 and references therein) and usually proceeds further in soils and 
sediments. Transformation takes place either by the loss of ring A followed by a 
progressive aromatization towards ring E, or by progressive aromatization from ring 
A to E (Corbet et al., 1980; Laflamme and Hites, 1979; Rullkštter et al., 1994; ten 
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Haven et al., 1992; Trendel et al., 1989; Wolff et al., 1989). We identified mainly ring 
A degraded triterpenes, assigned with the prefix des-A (Table 2, Fig. 2). Only one 
saturated derivative, des-A-lupane, was detected, but it had the highest abundance 
within this lipid group (Fig. 2). Several monounsaturated des-A triterpenes were 
detected: des-A-lup-5(10)-ene, des-A-urs-(13)18-ene and three other compounds 
with the characteristic molecular mass of 328 amu. Seven compounds with a 
molecular mass of 326 amu were interpreted as diunsaturated products with an 
oleane skeleton: des-A-oleana-9(10),13(18)-diene, des-A-oleana-9(10),18(19)-diene, 
des-A-oleana-5(10),13(18)-diene, des-A-oleana-5(10),13(18)-diene, and three other 
unassigned compounds with a similar mass spectrum. Four ring A degraded 
aromatic triterpenes (des-A-26,27-dinoroleane-5,7,9,11,13-pentaene, des-A-26,27-
dinorusa-5,7,9,11,13-pentaene, des-A-26,27-dinorlupa-5,7,9,11,13-pentaene, and 
des-A-trinorursa-5,7,9,11,13-heptaene) were detected, peaking between 7.8 and 9.3 
ka cal BP, while in earlier sediments they are of relatively low abundance. At this 
depth interval also two aromatic compounds that kept the A ring were observed, 
albeit with low abundance: 24,25-dinorleana-1,3,5(10)12-tetraene and 24,25-
dinorlupa-1,3,5(10)-triene (Table 2).   

Unidentified compounds  

There were two unidentified compounds in the polar biomarker fraction that were of 
relatively high abundance (Fig. 3). Their concentrations and respective mass spectra 
are given in Fig. 5. Compound A has a base peak at m/z 393, which likely is the [M-
15]+ fragment ion, with m/z 408 being the molecular ion. The concentration is highest 
in older sediments, mainly during the Late Glacial and early Holocene (> 6 ka cal 
BP), which can be due to a higher input, or to the result of early diagenesis. 
Compound B has a molecular ion at m/z 410, and the base peak is at m/z 367, and is 
present throughout the core in varying amounts until ca. 2 ka BP, when its 
concentration decreased.  
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Figure  4: Stratigraphic record of the sediment core with concentration profiles of sulfur (S) and iron 
(Fe). XRF counts depict a relative concentration of the elements; Stot is given as wt.% (data from 
Fischer, 1996). Concentrations (mg g-1 TOC) of mono- (black) and diunsaturated (white) isoprenoids, as 
well as malabaricatriene (grey) shown as boxplots; CBT-inferred pH values. All values are plotted 
versus the sediment age (ka cal BP) and related to the reconstructed trophic and mixing state of the 
water column, as well as the oxic conditions at the lake bottom. 
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Figure  5: Concentration profiles (mg g-1 TOC, left) of the two unidentified biomarker A (grey filled 
circles) and B (open circles) with sediment age (ka cal BP), and their respective mass spectra as 
trimethylsilylethers (right). 

Unsaturated aryl isoprenoids  

A group of unusual compounds were found in the intermediate fraction identified as 
being unsaturated aryl isoprenoids (Table 2, Fig. 4). Identification was based on 
mass spectra published by Hebting et al. (2006). Compounds labeled with I were 
isomers containing one unsaturation in the central isoprenoid chain. II represents 
13(14),x-diunsaturated isomers and IIa was tentatively assigned as 7(8),x-
diunsaturated isomers (Hebting et al., 2006). According to our knowledge, such 
partially unsaturated C40 carotenoids have so far only been reported by Hebting et al. 
(2006), in sediments of the euxinic lake Cadagno, Switzerland. The authors 
proposed a two-step process of sulfurization and reductive desulfurization taking 
place to produce such compounds by sulfur bacteria. In Soppensee sediments they 
are only abundant in 2.1 to 10.9 ka cal BP old sediments (Fig. 2). Diunsaturated 
compounds maximized at 10.2 ka cal BP, while monounsaturated isomers exhibit a 
two fold peak at 9.3 and at 10.9 ka cal BP.        

GDGTs 

Non-isoprenoidal GDGTs were detected in all sediment samples. Specifically 
branched GDGTs (brGDGTs) with four or five methyl groups attached to the 
tetraeder backbone were identified, as well as brGDGTs with one cyclopentane 
moiety and three or four methyl groups, respectively. Crenarcheol and other 
isoprenoid GDGTs were not present or below the detection limit of the method 
applied. brGDGTs are generally attributed to soil bacteria (Herfort et al., 2006; 
Hopmans et al., 2004; Sinninghe DamstŽ et al., 2000), however they also appear to 
be produced in aquatic systems (e.g. Tierney and Russell, 2009), while their exact 
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biological producer is still unknown (see Schouten et al., 2013 for a review). The 
distribution of these tetraether lipids has been proven to provide environmental 
information, as Weijers et al. (2007) observed that the relative extent of cyclopentane 
moieties (CBT) is exponentially negatively correlated with the soil pH. At Soppensee 
sediments brGDGTs without cyclopentane moieties were more abundant resulting in 
CBT values ranging between 0.40 and 0.79 (Table 1). Accordingly, CBT-inferred pH 
values vary between 6.7 and 7.7 or 6.3 and 7.1, using the CBT index of Weijers et al. 
(2007) or Peterse et al. (2012), respectively. The two indices result from different 
calibration sets and resulting values differed on average by 0.5 ± 0.1 pH units, which 
are still within the reported uncertainty of the proxy, being ca. ± 1 pH unit (Casta–eda 
and Schouten, 2011). By lack of a reference value from modern soils of the 
catchment area, we do not attempt to quantitatively reconstruct past soil pH. 
However, the observed patterns do give an indication of relative change through 
time. During the Late Glacial the values are relatively stable around 7.5 (or 7.0). At 
10.9 ka cal BP the pH values dropped ca. 0.5 pH units and remaining at this level 
until 1.9 ka cal BP. During the last 1.9 ka the reconstructed pH values increased 
again to ca. 7.3 (or 6.8).   

Compound specific isotope data  

The compound-specific ! 13C values of the long-chain n-alkanes (C27 to C31) showed 
little variation through time, ranging between -35.1 and -31.4 ä (Fig. 6). A similar 
range of ! 13C values had been detected for sedimentary TOC (Fig. 6, Fischer, 1996). 
The isotopic signature of these terrestrial plant markers is typical for C3 plants 
(Eglinton and Eglinton, 2008). The ! 13C dataset of mid-chain n-alkanes (C23 and C25), 
on the contrary, showed distinct variations. The ! 13C value of C23-alkanes oscillated 
between -42.2 and -28.9 ä. Periodic negative excursions to -41.7 ± 0.5 ä  (n = 5) 
were measured on sediments of the YD cold phase (11.8 ka cal BP), and during the 
second part of the Holocene on 3.9 ka old sediments and between 2.1 and 1.1 ka cal 
BP. The C25 alkane, on the other hand, showed relative few changes in ! 13C (-36.1 to 
-31.2 ä), except for the period between 1.9 and 1.1 ka cal BP, where also a 
pronounced negative excursion down to -46.2 ä occurred. The #13C values of short-
chain FAs (C16/18) range between -39.0 and -29.1 ä, varying in a somewhat different 
fashion as the mid-chain FAs (C20/22; -38.8 to -31.0 ä), and long -chain compounds 
C24-28 (-37.5 to -29.8 ä). The C 30 FA showed a distinct negative excursion of nearly 
10 ä within less than 200 year s between 5.7 and 5.5 ka cal BP. This shift can be 
also observed for the other long- and mid-chain FAs, but to a much lower extent (on 
average -3.1 ± 0.6 ä, n = 5). The short -chain homologues, being of a ubiquitous 
origin, exhibit a slight positive shift between 5.7 and 5.5 ka cal BP.  
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6.4 Discussion  

6.4.1. Terrestrial ecosystem development  

The C/N ratio of the OM of Soppensee sediment allows distinguishing between the 
two main sources of OM: the aquatic (allochthonous) and the terrestrial 
(autochthonous) system. A detailed discussion about these C/N values has already 
been given elsewhere (see Chapter 5). Overall, the ratio ranges between 8.0 and 
14.6 (Fig. 2). Even though C/N values suggest that a main part of sedimentary OM 
was still produced by aquatic organisms, only few biomarker of a distinct aquatic 
origin but a suite of terrestrial marker compounds have been identified in Soppensee 
sediments.  

In the glacial deposits, biomarker concentrations are generally low, except for long-
chain n-alkanes. Most of the biomass from this time was probably produced during 
previous warm phases and preserved under the ice cover (see Chapter 5; Vonk et 
al., 2010). The high inertness of long-chain n-alkanes against degradation was 
responsible for the selective preservation of these compounds. Pollen analyses 
showed that after the glacial retreat pioneer vegetation quickly established in the 
catchment area of the lake, developing toward pine-beech woodlands during the B/A 
warm phase (Lotter, 1999, 2001). Hence, increasing amounts of terrestrial debris 
were transported to the lake reflected in both increasing C/N ratios and enhanced 
concentrations of the n-alkyl lipids (n-alkanes, n-carboxylic acids and n-carboxylic 
alcohols; Fig. 2). The development of the terrestrial ecosystem was then interrupted 
due to the colder climate during the YD (ca. 12.5 to 11.5 ka cal BP). The productivity 
of both the aquatic and terrestrial system was reduced (Lotter, 1999; ZŸllig, 1989) 
and TOC concentrations minimized, as well (Fig. 2). Within the OM fraction terrestrial 
long-chain n-alkanes and n-carboxylic acids decreased. Surprisingly, the opposite 
was true for n-carboxylic alcohols showing a local maximum in 11.8 ka cal BP old 
sediments, for which we do not have a good explanation.  

With the onset of the Holocene (ca. 11.5 ka cal BP) the biomarker composition 
clearly changed. The appearance of pentacyclic triterpenoids and its derivatives are 
indicative for the upcoming of angiosperms (e.g. Chandler and Hooper, 1979; Das 
and Mahato, 1983; Pant and Rastogi, 1979). Mesophilic, deciduous tree species 
such as hazel, elm, and oak replaced the former pine woodlands (Lotter, 2001, 
1999). Triterpenoids are peaking in sediments from 7.6 ka cal BP and between 3.9 
and 3.1 ka cal BP.  However, there seems to be no direct correlation between the 
concentrations of the triterpenoids and other land-derived long-chain n-alkyl 
compounds. Lotter (1999) reported that highest pollen accumulation rates were 
detected for early Holocene (ca. 11.5 to 9.3 k cal BP) sediments, which could be 
reflected in maximum concentrations of n-carboxylic acids and n-alcohols, but not in 
the concentration of triterpenoids and n-alkanes. Despite this contradiction, all 
terrestrial biomarker are present in relative high concentrations during the main part 
of the Holocene. The pollen record of Soppensee sediments suggested an 
increasing human impact since ca. 6.3 ka cal BP through Neolithic agriculture, 
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(Lotter, 1999). However, there is no clear evidence from our terrestrial biomarker 
record. In contrast, the uppermost sediments (< 2 ka cal BP) are characterized by 
decreasing TOC contents (from ca. 21 wt.% down to less than 4 wt.%). Within the 
organic fraction itself the concentration of not only terrestrial compounds, but the 
concentration of all biomarker groups fall down to nearly zero within less than 200 
years (Fig. 2, Table 1). According to the pollen record, during this period major 
landscape changes took place (Lotter, 1999, 2001). We infer from this that forest 
cuttings caused the erosion regime on land to change dramatically, allowing OM that 
had been stored for millenniums to be transported to the lake, though diluted by a 
higher contribution of mineral material. Compound-specific radiocarbon analyses on 
long-chain n-alkanes of terrestrial origin showed that increasing contributions of pre-
aged n-alkanes had been transported to the lake (see Chapter 5). n-Alkanes isolated 
from 3.1 ka cal BP old sediments were on average 1000 years older, the same offset 
was observed dating TOC from 600 cal BP sediments. Long-chain alkanes that were 
deposited at 400 cal BP, finally, even were at least 3.6 ka years older (see Chapter 
5). This implies that the sedimentary biomarker composition from the last 3.1 ka was 
not representative any more for the vegetation on land. However, the principal 
composition of the identified terrestrial biomarker did not change over the entire 
Holocene. Most probably, a dilution effect takes place, because larger, and more 
complex organic molecules also contributed to sedimentary OM.   

The constant nature of #13C values of long-chain n-alkanes (C27,29,31; Fig. 6) suggest 
that there is no substantial change in the composition of the terrestrial vegetation 
through time. The values are typical for C3 plants (Castaneda et al. 2009).  The #13C 
values of long-chain n-alkanoic acids vary a bit more, especially those of the C30 FA 
(Fig. 6). However, they are still within the range that has been reported elsewhere for 
terrestrial C3 plants (Huang et al., 2006). 

The pH of the catchment soils has been reconstructed on the basis of the ratio of the 
brGDGTs detected in the sediment. It ranges between pH 6.7 and 7.7. The most 
evident change is the drop of 0.5 pH units between 11.8 and 10.8 ka cal BP and rise 
of the same magnitude between 2.1 and 1.9 ka cal BP. There is no evidence from 
terrestrial biomarkers, pollen, or from other studies that give evidence for the 
reliability of these values. In contrast, in the course of the soil development since the 
deglaciation we would assume to observe a continuous acidification of the topsoil 
(e.g. Blume et al., 2010). In other studies it has already been doubted that CBT ratios 
could be applied to reconstruct soil pH. The authors suggested that the results were 
biased by in-situ produced brGDGTs (Bechtel et al., 2010; Naeher et al., 2014; 
Sinninghe DamstŽ et al., 2009; Tierney and Russell, 2009), or that they would rather 
display the pH of lake than of the soils (Tierney and Russell, 2009).  

6.4.2. Limnological evolution of the lake Ð anoxia and C recycling  

The mixing status of the water column of the lake is an integral factor for the 
limnological evolution of the lake. The biomarker malabaricatriene (Fig. 4) traced the 
occurrence of permanent and temporarily anoxia in the water column. 
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Malabaricatriene has been reported before, and always in anoxic settings (Behrens 
et al., 1999; Wakeham, 1990; Werne et al., 2000). Maximum concentrations were 
detected during the Holocene (11.5 to 3.9 ka cal BP). The concentration of 
malabaricatriene is reduced between the B/A and YD, as well between 3.1 and 2.1 
ka cal BP and drops near zero in sediments younger than 2000 years. Carotenoid 
studies on Soppensee sediments (Lotter, 2001; ZŸllig, 1989) support the evidence 
for an anoxic environment. Additionally, the pigment data specify the occurrence of 
temporary anoxia (Fig. 4) during the B/A and YD, while permanent anoxia took place 
during a large part of the Holocene. Intensive forest cuttings during the Bronze and 
Iron Age (ca. 4.2 to 2.1 ka cal BP, Lotter, 2001; Tinner et al., 2005) likely led to the 
breakdown of the meromixis, as the lake was much more exposed to winds. 
Afterwards the lake remained more oxygenated. The concentration of 
malabaricatriene simultaneously decreased between 3.9 and 3.1 ka cal BP (Fig. 4) 
most likely indicating that anoxic conditions only temporarily occurred comparable to 
the B/A and YD. Malabaricatriene concentrations sink to near detection limit in 
sediments of the last 2000 years suggesting continuous oxic conditions on the lake 
bottom. Nevertheless, since all biomarker groups seemed to be considerably diluted 
by means of the addition of other kinds of organic material, it is also possible, that the 
signal for anoxia is hidden. For this time period there are no pigment data available, 
but it has been shown that at present, an anoxic layer is developed on the lake 
bottom during the summer (Fischer, 1996; Gruber et al., 2000).     

Significant amounts of the unusual, partially unsaturated C40 aryl isoprenoids were 
detected. These compounds have been first described by Hebting et al. (2006, 
2003), who found them in sediments of lake Cadagno, Switzerland. They suggested 
that they were formed during a two-step process of sulfurization and reductive 
desulfurization under euxinic conditions (i.e. anoxia under the presence of H2S). XRF 
analyses showed that S was indeed present at that time period (Fig. 4). The aryl 
isoprenoids were not detected in sediments older than ca. 11.5 ka cal BP and in 
those younger than 2000 years. S, on the contrary, seems to be present during these 
periods, as well, especially during the Late Glacial (Fig. 4). Moreover we just 
demonstrated that there have been periods of anoxia, too. Coincidentally, Fe counts 
were enhanced during the B/A, YD, and the last 2000 years (Fig. 4), and we 
therefore argue that S (including SO4

2- and H2S) was titrated away to form iron 
sulfides. As a consequence the sulfur redox cycle was greatly reduced during these 
times, allowing a greater role for methanogenic bacteria being active instead. Indeed, 
the ! 13C values of mid-chain n-alkanes have a very negative isotopic signature 
during the phases of low S (Fig. 6), indicating that methanogenic bacteria were likely 
active. We interpret the negative isotopic shift as an indication for carbon recycling 
with very negative ! 13C values (Teranes and Bernasconi, 2005; van Breugel et al., 
2005). Assuming that CBT-derived pH values mirrored the lake pH, the more acidic 
values can be directly attributed to the expected presence of H2S, which has a pKa of 
7.0, in the period between 11.5 and 2.0 ka cal BP. During periods of Fe presence and 
S absence, the CBT-pH indicates somewhat more alkaline values.  
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6.4.3. Early diagenesis of organic matter  

The biomarker record of this study includes several diagenetic products describing 
pathways of diagenesis in the sediments. The two-step process of sulfurization and 
subsequent reductive desulfurization resulting in the abundance of partially 
unsaturated isoprenoids has already been described above. Furthermore a suite of 
degradation products of pentacyclic triterpenoids was detected: The environmental 
conditions must have favored a degradation pathway via the loss of ring A. 
Derivatives that had undergone a different pathway of degradation were hardly 
present, except for two aromatic compounds 24,25-dinorleana-1,3,5(10)12-tetraene 
and 24,25-dinorlupa-1,3,5(10)-triene (Table 2) found in 9.3 to 7.6 ka cal BP old 
sediments with a low abundance. After Jacob et al. (2007) des-A-triterpenes are 
considered to be produced under anoxic conditions. According to the pollen record, 
there were no major swamps in the catchment (Lotter, 2001), so the OM on land 
should have been in a rather oxic environment. As degradation of these triterpenoids 
is known to initiate at a very early stage (Jacob et al., 2007), we infer that the 
residence time of the organic matter in the catchment had been relatively short 
before being eroded and sedimented. The concentration of des-A-lupane decreases 
relatively to the concentration of the unsaturated and aromatic des-A-triterpenoids 
with increasing sediment age. We interpret this as evidence for ongoing diagenesis 
in the sediments. However, there seems to be no direct linear relationship between 
the most abundant des-A-lupane and the other des-A-compounds. The aromatic 
derivatives were of significant concentration only in older parts of the sediment 
between 7.6 and 9.3 ka cal BP. Thus there must have been also other saturated 
precursor compounds than those of the lupane series. The lupane skeleton is, 
indeed, considered to be more stable than those of the ursane or oleane series 
(Jacob et al., 2007).  

6.5 Conclusion  

Lipid biomarker analysis of Soppensee sediments combined with bulk 
sedimentological measurements were used to reconstruct changes of the 
environmental conditions both in the water column and the surrounding catchment 
area through time.  

As the composition of terrestrial biomarkers in general did not change a lot during the 
Holocene, as well as their high abundance we infer that the terrestrial ecosystem 
was very stable during this period. However, during the last 2000 years, composition 
of sedimentary OM was strongly influenced by human activity in the catchment area, 
so that no more conclusions from an ecosystem development can be drawn studying 
lipid biomarkers in this section. Even though there is evidence for a high contribution 
of autochthonous OM in the sediment a main part of the identified biomarkers are 
attributed to terrestrial sources. During the warm phases in the Late Glacial the 
increasing abundance of long-chain n-alkyl lipids, and especially of long-chain n-
carboxylic acids nicely depicted increasing transport of organic debris to the lake as 
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an indicator for increasing vegetation cover on land. During the onset of the 
Holocene the advent of angiosperms is documented by the occurrence of pentacyclic 
triterpenoids.       

The relative newly described biomarker malabaricatriene confirmed previous 
reconstructions of anoxia based on pigment analysis. Moreover the description of the 
status at the lake bottom and/or at the sediment surface was further refined by 
relating the occurrence of unsaturated isoprenoids with euxinic conditions. Hebting et 
al. (2006) suggested that these compounds were the products of carotenoid 
reduction in anoxic, sulfur-rich sediments. Our data corroborates well with their 
hypothesis. We find evidence of an enhanced methane cycling during the periods 
when S was not bio-available caused by titration by Fe. Relatively negative C 
isotopic values of mid-chain n-alkanes suggest C recycling within the lake at these 
periods. Possibly, methanotrophic bacteria produce these mid-chain alkanes. 

There is no evidence that reconstructed pH values on the basis of CBT ratios display 
realistic pH values of catchment soils through time. We suggest that the abundance 
of brGDGTs was biased by in-situ production related to the pH of the lake or the 
surface sediments.  

The occurrence of des-A-triterpenoids not only confirmed the upcoming of 
Angiospermae at the beginning of the Holocene, but also showed that during the 
main part of the Holocene the conditions for early diagenesis in the sediment 
remained stable favoring the loss of ring A.  
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7.1 Conclusions  

This thesis provides new contributions to the application of molecular-level 
compound-specific radiocarbon analysis (CSRA) as an approach to better 
understand the cycling of terrestrial, and in particular soil organic carbon. The 
achievements of this thesis are built on (i) method development for small-scale 
compound-specific radiocarbon analysis (CSRA), (ii) applications of CSRA as a 
dating tool for lake sediments and (iii) the reconstruction of the build-up and evolution 
of soil organic carbon pools using CSRA and lipid biomarker studies. The most 
important findings relating to the main topics are listed below.  

Method development for compound -specific radiocarbon analysis  

¥ A new method was presented to isolate individual benzene polycarboxylic acids 
(BPCAs) with semi-preparative HPLC followed by wet oxidation. It combines 
! 13C and F14C analysis on the same sample, thus allows monitoring Cex 
contribution in a fast and cost efficient way and enables the expansion of 
isotopic black carbon studies to samples that have either been too small or 
affected by non-fire derived carbon.  

¥ Individual long-chain fatty acids were successfully separated by the use of semi-
preparative HPLC. This new development reduces sample preparation and effort 
to isolate individual compounds sufficient for radiocarbon dating in comparison to 
the traditional approach using preparative GC.  

¥ The uncertainty of small-scale CSRA derives mainly from sample processing 
blanks of the chemical purification procedure. Even though with the MICADAS 
with an ion source it is possible to measure the 14C content of samples as small 
as 3 #g C (Ruff et al., 2007; Synal et al., 2007) purified compounds should 
contain at least 10 #g C to obtain reliable results, because of the blank 
contribution (Cex). 

¥ Cex should be closely monitored and regularly tested with standards of known 
14C content when isolating compounds. With the used HPLC methods Cex was 
mainly attributed to column bleed, but remained rather constant within the range 
of the tests. It does remain necessary, however, to also test chemicals and 
reagents before use.   

CSRA as a dating tool for lake sediments   

¥ CSRA on molecular markers from terrestrial plants can be used as an alternative 
dating tool for sedimentary records suffering a reliable chronology. Such 
compounds exhibit only short residence times on land before being sedimented. 
Contributions of pre-aged terrestrial organic material can be excluded as soon 
as the catchment areas have a closed vegetation cover and there are no major 
fluvial inputs into the lake. 

¥ The major constraint for the utilization of CSRA for dating purposes is the 
erosion and sedimentation of pre-aged organic matter from deeper soil layers. 
This can have natural causes, for instance at dramatic climatic change, but this a 
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foremost cause are human interferences, such as the removal of the vegetation 
cover (deforestation) and agriculture. 

¥ CSRA for dating purposes demands a higher degree of precision in comparison 
to carbon turnover studies or source apportionment. Samples should preferably 
contain more than 20 #g C to obtain dating-quality results. As with any chemical 
analysis, best practice would be to perform duplicate or even triplicate analysis, 
as this allows identification of outliers and samples that contain unpredictable 
contaminations. 

Evolution of the terrestrial carbon cycle  

¥ The partially laminated, organic-rich, and well-dated sedimentary record of the 
Swiss lake Soppensee provides an excellent archive to investigate both the 
accumulation and evolution of the terrestrial C cycle during the latest Pleistocene 
and the entire Holocene and the potential of CSRA for dating purposes.  

¥ Radiocarbon ages of long-chain n-alkanes from Soppensee sediments were 
about the same age as the sediment during the main parts of the Holocene until 
at least about 4.0 ka cal BP. Due to human activity (mainly deforestation) 
increasing amounts of the pre-aged organic matter was removed from the soils 
which eroded into the lake, especially after ca. 3.1 ka cal BP. 

¥ Due to human interference the ecosystem conditions of the catchment area 
changed dramatically from being a continuous carbon sink to a carbon source by 
means of soil erosion.  

¥ The erosion and sedimentation of deeper soil layers give evidence of the build-
up of a refractory C pool in the soil since the onset of the Holocene or even since 
the deglaciation of the catchment area.  

¥ The increasing age offset of long-chain n-alkanes up to more than 3500 years in 
the most recent sediment sample can be either the result of increasing 
sedimentation rates of terrestrial organic matter that originated from recalcitrant 
SOC or an indication for an increase of the recalcitrant SOC pool itself, or it is a 
combination of both factors.  

¥ The presence of pre-aged terrestrial biomarkers has major implications for 
biogeochemical studies that use these terrestrial biomarkers as proxies for past 
climate or environments, because the measured signal could be significantly 
biased by the presence of old markers.  

Biomarker study on lacustrine sediments  

¥ Increasing concentrations of molecular markers of terrestrial plants during 
periods of warming indicate an increasing vegetation cover on land at the onset 
of the Holocene and during warm phases of the latest Pleistocene. The 
abundance of long-chain n-alkyl homologues and their isotopic composition 
(! 13C) display relatively uniform distribution patterns, indicating very stable 
ecosystem conditions during most parts of the Holocene. 

¥ The advent of angiosperms is documented by the occurrence of pentacyclic 
triterpenoids. 
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¥ Past redox conditions of lake bottom waters can be reconstructed using the 
biomarker 13! -malabarica-14(27),17,21-triene. The comparison of the relative 
abundance of that biomarker allowed differentiating between temporary and 
permanent anoxia. 

¥ Partially unsaturated C40 carotenoids were identified in Holocene sediments. 
Their abundance was closely related to the occurrence of sulfur, confirming 
euxinic conditions of the lake.  
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7.2 Outlook  

With this thesis, new techniques for the purification of individual compounds for 
radiocarbon analysis are presented and organic carbon dynamics in a terrestrial 
ecosystem on the Central Swiss plateau has been are elucidated. However some 
questions remained unanswered and new questions emerged. Below, major themes 
for potential future research projects are described.  

Overall, it was demonstrated that compound-specific radiocarbon analysis on lake 
sediments is a powerful tool to investigate the fate of soil organic carbon. Major 
constraints for the utilization of CSRA for dating purposes were described. With this 
knowledge, future studies using CSRA can be targeted towards either ones that are 
suitable for dating purposes, or ones targeted towards C cycle research. 
Identification of profound changes in the ecosystem can be done using other less 
cost-intensive parameters such as accumulation rates, pollen data or possibly 
existing historical studies, and thus facilitating decisions for or against the use of 
CSRA as a dating tool. For carbon cycle research, on the contrary, sedimentary 
records that regularly receive SOC eroded from the catchment are required, for 
instance due to human activity, but this can also be a natural feature dictated by the 
catchment size, geomorphology, and climate.  

Sources and storage times of terrestrial organic carbon have already been 
extensively studied analyzing radiocarbon contents of terrestrial plant biomarkers in 
several river or estuary systems (e.g. Drenzek et al., 2009; Feng et al., 2013; Galy 
and Eglinton, 2011; Smittenberg et al., 2006; Tao et al., 2015). Large river system 
systems can provide an integrating perspective on the release from different organic 
carbon pools of the terrestrial reservoir. Therefore residence times determined during 
these studies rather indicate intermediate timescales for terrestrial carbon cycling, 
and do not allow differentiating between different carbon pools in the soils, the 
freshwater reservoirs or from the land surface. Studying lake sediments with small 
catchment areas have the main advantage that they usually directly respond to 
changes in the ecosystem. The mechanisms of transport and deposition of terrestrial 
organic matter can be easier defined. The SOC pool in the catchment area of 
Soppensee turned from a carbon sink into a carbon source after drastic human 
disturbances since 3.1 ka cal BP. In order to better understand this process 
sediments spanning the last 4000 years should be investigated with a higher 
temporal resolution. The investigation of compound-specific radiocarbon dates from 
surface sediments and soils of the catchment area can give evidence about the 
actual size of refractory SOC pools. The comparison of radiocarbon ages from long-
chain n-alkanes with other terrestrial biomarkers (e.g. long-chain fatty acids, lignin 
phenols or BPCAs) could give further insight to the nature and diversity of the 
refractory SOC pool. There are a number of archaeological and historical reports 
about the human activity in that region for about the last 5000 years (Lotter, 2001; 
Nielsen, 2009; Tinner et al., 2007, 2005), which can be related to the amount of pre-
aged terrestrial organic carbon in the sediments. 
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Another focus of this thesis was the development of novel methods to purify 
individual compounds for radiocarbon analysis. These methods have applications in 
many scientific disciplines, including earth sciences, archaeology and environmental 
studies. Macroscopic remains of charcoal are one of the most targeted materials in 
archeological or geological research (Bird et al., 1999). Often there are only very 
small amounts of these compounds available, which cannot be clearly separated 
from their matrices. Consequently, the presented method for 14C dating of the 
oxidation products of black carbon (BPCAs) enlarges its scope and applicability 
tremendously. During the development of this method, first promising tests have 
been carried out to extract, purify, and date BPCAs from pottery originating from the 
ancient Maya culture. If the dating of the pottery by means of BPCA-dating can be 
shown to be reliable with additional studies, this would be a major methodological 
breakthrough. To date, pottery can often be dated only by indirect approaches. First 
attempts by Stott et al. (2001, 2003) to use compound specific radiocarbon, 
demonstrated that short-chain fatty acids (C16 and C18) extracted from pottery were 
suitable for dating. A major drawback of this approach is the large susceptibility of 
these compounds to contamination after the pottery is buried in an archeological site 
because of the ubiquitous presence of these fatty acids in many organisms. The 
dating of BPCAs, on the other hand would only date the product of combustion of the 
time when the pottery was in use.   



  7. Synthesis 

 169 

References  
Bird, M.I., Ayliffe, L.K., Fifield, L.K., Turney, C.S.M., Cresswell, R.G., Barrows, T.T., David, B., 

1999. Radiocarbon dating of ÒoldÓ charcoal using a wet oxidation, stepped-combustion 
procedure. Radiocarbon 41, 127Ð140. 

Drenzek, N.J., Hughen, K.A., Montlu•on, D.B., Sout hon, J.R., dos Santos, G.M., Druffel, 
E.R.M., Giosan, L., Eglinton, T.I., 2009. A new look at old carbon in active margin 
sediments. Geology 37, 239Ð242. 

Feng, X., Vonk, J.E., van Dongen, B.E., Gustafsson, …., Semiletov, I.P., Dudarev, O. V, 
Wang, Z., Montlu•on, D.B., Wacker, L., Eglinton, T.I., 2013. Differential mobilization of 
terrestrial carbon pools in Eurasian Arctic river basins. Proceedings of the National 
Academy of Sciences of the United States of America 110, 14168Ð73. 

Galy, V., Eglinton, T., 2011. Protracted storage of biospheric carbon in the GangesÐ
Brahmaputra basin. Nature Geoscience 4, 843Ð847. Lotter, A.F., 2001. The 
palaeolimnology of Soppensee (Central Switzerland), as evidenced by diatom, pollen, 
and fossil-pigment analyses. Journal of Paleolimnology 25, 65Ð79. 

Nielsen, E.H., 2009. PalŠolithikum und Mesolithikum in der Zentralschweiz/: Mensch und 
Umwelt zwischen 17000 und 5500 v. Chr. - ArchŠologische Schriften Bern Band 13. 
Kantonaler Lehrmittelverlag, Luzern. 

Ruff, M., Wacker, L., GŠggeler, H.W., Suter, M., Synal, H.A., Szidat, S., 2007. A gas ion 
source for radiocarbon measurements at 200 kV. Radiocarbon 49, 307Ð314. 

Smittenberg, R.H., Eglinton, T.I., Schouten, S., Sinninghe DamstŽ, J.S., 2006. Ongoing 
buildup of refractory organic carbon in boreal soils during the Holocene. Science 314, 
1283Ð6. 

Stott, A.W., Berstan, R., Evershed, P., Hedges, R.E.M., Ramsey, C.B., Humm, M.J., 2001. 
Radiocarbon dating of single compounds isolated from pottery cooking vessel residues. 
Radiocarbon 43, 191Ð197. 

Stott, A.W., Berstan, R., Evershed, R.P., 2003. Direct dating of archaeological pottery by 
compound-specific 14C analysis of preserved lipids. Analytical Chemistry 75, 5037Ð
5045. 

Synal, H.A., Stocker, M., Suter, M., 2007. MICADAS: A new compact radiocarbon AMS 
system. Nuclear Instruments and Methods in Physics Research Section B: Beam 
Interactions with Materials and Atoms 259, 7Ð13. 

Tao, S., Eglinton, T.I., Montlu•on, D.B., McIntyre, C., Zhao, M., 2015. Pre -aged soil organic 
carbon as a major component of the Yellow River suspended load: Regional 
significance and global relevance. Earth and Planetary Science Letters 414, 77Ð86. 

Tinner, W., Conedera, M., Ammann, B., Lotter, A.F., 2005. Fire ecology north and south of 
the Alps since the last ice age. The Holocene 15, 1214Ð1226. 

Tinner, W., Nielsen, E.H., Lotter, A.F., 2007. Mesolithic agriculture in Switzerland? A critical 
review of the evidence. Quaternary Science Reviews 26, 1416Ð1431. 



 

 170 

  



   

 171 

Acknowledgements  

My PhD time at the Geological Institute at ETH has finally come to an end. It was a 
wonderful and intense time with ups and downs. I want to thank many people who 
accompanied me during this time. This thesis would not have been possible without 
the support from professors, peers, and loved ones.  

First of all, I would like to thank Stefano Bernasconi. Thank you Stefano, for being 
such a great doctor father! You supported me over the last years in so many ways 
and you had always time for me.  

Special thanks go to Rienk Smittenberg who was a great supervisor during all this 
time. Rienk, you guided me into that wonderful world of organic geochemistry and 
spent hours with me in the laboratory.  

I am also very grateful to Irka Hajdas. Irka, thank you for introducing me in the radio-
carbon world! It was a great pleasure to have you as woman working in science at 
my side.   

I thank Tim Eglinton for being a co-examiner of my thesis and for your interest in my 
work and Gesine Mollenhauer for being my external examiner of my thesis and for 
coming to Zurich. It is a great pleasure to have both of you in my exam commission. 

Axel, you have been a great project mate! Thank you for sharing a lot of funny, 
desperate, and enlightening moments. For all the coffee and wine we drank together 
and for having always an open ear for me. !

I am also very grateful for all the support I received at the Laboratory for Ion Beam 
Physics. Thank you Lukas, Cameron, Simon and Mantana for always offering help 
and introducing me into the world of radiocarbon analysis. 

Adi and Ulrike, thank you both for sharing your precious samples from the 
Soppensee and your knowledge with me.!

I am grateful to Michael Schmidt, Maximilian Schneider, Daniel Wiedemeier and 
Michael Hilf from the Soil Science and Biogeochemistry unit at the University of 
ZŸrich. Thank you for giving me the opportunity to be part of your group for some 
time. I really enjoyed the time in your laboratories and during the lunch breaks!  

Many thanks also go to Susan, Andrea, Stewart, Maddalina and Maria, it has been a 
great pleasure to spend with you all these hours in the lab! I enjoyed working and 
being together with many colleagues at the Geological Institute. Especially, I would 
like to thank the always changing cast of my office mates, Anna-Lena, Ola, 
Sebastian, Muriel, Anna, Stefan, Irene, Christina for our chats, coffee breaks, movie 
nights and the one or other glass of wine!  

Finally, I want to thank my family and friends outside ETH. Thank you for your 
support and endless understanding during difficult times! Special thanks go to Kathi 
and Elena for being such great friends, and of course, to my family for always 
believing in me and being at my side. And most importantly, I thank Martin, for your 
endless patience, support, help, and enthusiasm, which allowed me to complete this 
work.   



 

 172 

 


	Diss Title and Contents_5 Feb_for e-collection
	Diss Chapters_2 Feb_for e-collection

