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Abstract 

The Earth´s high latitude regions, where recent warming has been amplified, are of 

particular concern in the light of future climate change. Annual average temperatures in the 

Arctic have risen by 0.6 °C per decade over the last 30 years, and this warming trend resulted 

into the thaw of perennially frozen ground (permafrost), which exposes substantial amounts of 

previously frozen organic carbon to decomposition by microorganisms. Permafrost is a 

widespread phenomenon in the Arctic, which constitutes a historical carbon sink of global 

importance storing twice as much carbon as is currently present in in the atmosphere. Despite 

having functioned as a carbon sink in the past, it is predicted that significant permafrost thaw 

will enhance microbial decomposition of the organic carbon and increase microbial 

greenhouse gas (GHG) emission from the soils into the atmosphere; accelerating warming and 

promoting further permafrost thaw via a positive feedback. Although permafrost thaw has a 

strong climate feedback potential, the majority of coupled climate earth system models do not 

currently include this carbon-climate feedback, and estimates of its size are accompanied by 

large uncertainties.  

This doctoral thesis therefore aims to evaluate the future impact of microbial GHG 

generation from thawing permafrost deposits of different depositional ages for the global 

carbon cycle. Thus, a combination of detailed bio- and geochemical analyses was conducted 

on permafrost deposits from two glacial-interglacial cycles (Late Saalian - Eemian and 

Weichselian - Holocene) on two study sites within the zone of continuous permafrost in 

north-eastern Siberia to address the research objectives of this doctoral thesis:  

(1) Characterization of the stored OM of different permafrost units of contrasting ages and 

regional settings to assess its substrate potential for microbial GHG production and reveal 

differences between the individual permafrost units.  

(2) Classification of the distribution of present and past microbial communities in the 

active layer and in the individual permafrost units to reveal the role of microorganisms within 

the past, present and future dynamics of microbial GHG production. 

(3) Verification of the assessed substrate potential from OM characterization via 

experimental stimulation of in-situ microbial GHG generation from thawed permafrost OM of 

different depositional ages.    
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Firstly, although proxy analyses indicate a terrestrial source for all investigated samples, 

the results reveal differences in the amount and quality of the organic matter (OM) between 

the individual permafrost units. Curve progressions of the hydrogen index (quality proxy of 

OM) and TOC (total amount of organic carbon) indicate a positive relation between the OM 

quality and amount. In addition, permafrost deposits of elevated OM quality and amount are 

found to possess increased concentrations of free and bound organic acetate, which are used 

as indicators for the substrate potential of the individual permafrost deposits in terms of 

microbially produced GHG.  

Secondly, in order to examine the environmental factors controlling the differences in the 

quality of the OM, glycerol dialkyl glycerol tetraethers (GDGTs) are used as biomarkers for a 

past microbial community and therefore are applied as proxies for paleo-environmental living 

conditions. Analyses reveal that permafrost deposits which accumulated under anoxic and/or 

wetter environmental conditions are characterized by elevated OM quality and have a stronger 

potential to provide substrates for microbial greenhouse gas production. Based on this 

findings, glacial permafrost deposits (Weichselian and Saalian), especially those which 

accumulated during the interstadial period MIS 3 (Marine Isotope Stage 3), possess a higher 

carbon-climate feedback potential than interglacial permafrost deposits (Holocene and 

Eemian). The consistency of the results across the two study sites suggests that this varying 

potential of the individual permafrost units to serve as substrate providers is not only a local, 

but a regional phenomenon in the north-eastern Siberian Arctic. This information is very 

important for improving the accuracy of projections regarding the size of the carbon-climate 

feedback expected from Siberian permafrost thaw. 

Finally, in this doctoral project biomarkers representing a living microbial community 

(phospholipids (PLs) and their fatty acid side-chain inventory (PLFAs)) are applied in 

combination with incubation experiments and geochemical investigations to identify living 

microbial cells in permafrost systems and reveal the role of microorganisms in GHG emission 

from thawing permafrost. Both living and inactive microbial cells are found in all permafrost 

deposits, which are well adapted to the cold ambient temperatures and can be reactivated by 

thawing processes. As a consequence of permafrost thaw, a positive correlation between the 

increase of microbial cells, the decrease in the freely available substrate concentrations, and 

the amount of microbially produced carbon dioxide can be observed, which is also seen 

within the active layer. Moreover, detailed analyses of the molecular composition of the OM 
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using FT-ICR-MS reveal that microbes consume organic molecules such as carboxylic acids 

in thawed permafrost deposits, which are part of the stored and old OM. Additionally the 

results show, that the amount of microbial GHG production not only depends on the 

concentrations of living cells in the permafrost deposits, but also on the amount and quality of 

the OM, and therefore also on the availability of organic substrates.  

In summary, the research in this thesis found that permafrost deposits of different OM 

quality possess different carbon-cycle feedback potentials. The elevated OM quality of 

permafrost deposits, which accumulated during the interstadial of the Weichselian glacial 

period (Yedoma), means that these deposits have a higher carbon-climate feedback potential 

than others. The extensive distribution of those deposits in north-eastern Siberia makes this a 

key region of global significance to consider in projections of the climate-carbon feedback 

from thawing permafrost and further geochemical analysis concentrated on Arctic permafrost 

deposits can help to constrain the size of this feedback.   
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Zusammenfassung 

Während der letzten 30 Jahre sind die Temperaturen in den hohen Breitengraden der Erde 

(Arktis) um 0.6 °C pro Jahrzehnt angestiegen. Als Folge der Erwärmung tauen die über lange 

Zeiträume gefrorenen sibirischen Böden (Permafrost) auf, was zur Freisetzung von großen 

Mengen an organischem Kohlenstoff und zu dessen Zersetzung durch Mikroorganismen führt. 

Permafrostablagerungen sind sehr weit verbreitet in der sibirischen Arktis und bilden einen 

großen Kohlenstoffspeicher, in dem etwa zweimal so viel organischer Kohlenstoff gespeichert 

ist als sich derzeitig in der Atmosphäre befindet. Die fortschreitende Klimaerwärmung 

bewirkt, dass diese Permafrostablagerungen immer tiefer auftauen und der gespeicherte 

organische Kohlenstoff frei zugänglich für mikrobielle Abbauprozesse wird. Als Folge dessen 

ist ein erhöhter Ausstoß von mikrobiell gebildeten Treibhausgasen aus dem Permafrost in die 

Atmosphäre zu erwarten, was den globalen Treibhauseffekt begünstigt und zu weiteren 

Auftauprozessen führt (Klima-Rückkopplungseffekt). Derzeitig berücksichtigen die globalen 

Klimasystemmodelle noch nicht die Klima-Rückkopplungseffekte aus den auftauenden 

Permafrostablagerungen, da ihr Einfluss auf das globale Klimasystem noch immer nicht 

eindeutig ist.  

Hauptziel der vorliegenden Doktorarbeit ist es daher die Bedeutung der mikrobiellen 

Treibhausgasbildung aus unterschiedlichen Permafrostablagerungen für den globalen 

Kohlenstoffkreislauf zu bewerten. Durch die Kombination von detaillierten bio- und 

geochemischen Analysen an Permafrostablagerungen, die während verschiedener glazialen 

und interglazialen Perioden (Saale-Eiszeit, Eem-Warmzeit, Weichsel-Eiszeit, Holozän) an 

unterschiedlichen Standorten innerhalb der kontinuierlichen Permafrostzone im Nordosten 

Sibiriens abgelagert worden sind, ergeben sich die einzelnen Ziele dieser Arbeit: 

(1) Charakterisierung des eingelagerten organischen Materials in verschiedenen 

Permafrostablagerungen unterschiedlichen Alters und Ablagerungsortes zur Bewertung des 

jeweiligen Substratpotentials für mikrobielle Treibhausgasbildung.  

 (2) Einordnungen der Verteilung der gegenwärtigen und vergangenen mikrobiellen 

Gemeinschaften in der aufgetauten Bodenschicht (active layer) und in verschiedenen 

Permafrostablagerungen, um die Rolle der Mikroorganismen innerhalb der vergangenen, 

gegenwärtigen und zukünftigen mikrobiellen Treibhausgasdynamik zu verstehen.  
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(3) Überprüfung des abgeschätzten Substratpotentials durch die Charakterisierungen des 

organischen Materials via experimenteller Stimulation von mikrobieller Treibhausgasbildung 

aus verschiedenen Permafrostablagerungen. 

Die Untersuchungen zeigen, dass auch wenn alle Proxyanalysen auf ein eindeutigen 

terrestrischen Ursprung des organischen Material hindeuten, es jedoch Unterschiede in der 

Menge und Qualität des organischen Materials zwischen den unterschiedlichen 

Permafrostablagerungen gibt. Die Tiefenprofile des Hydrogenindexes (Proxy für die Qualität 

des organischen Materials) und des TOC (Gesamtmenge an organischem Material) deuten auf 

einen positiven Zusammenhang zwischen der Qualität und der Menge an organischem 

Material hin. Zusätzlich besitzen Permafrostablagerungen mit erhöhter Qualität und Menge an 

organischem Material auch höhere Konzentrationen an freiem und gebundenem Acetat, 

welche als Indikatoren für das Substratpotential zur mikrobiellen Treibhausgasbildung in den 

einzelnen Permafrostablagerungen dienen.  

Zur Identifizierungen der Umweltfaktoren, welche die Unterschiede in der Qualität des 

organischen Material beeinflussen können, wurden in dieser Doktorarbeit Glycerol Dialkyl 

Glycerol Tetraether (GDGTs) als Biomarker für eine vergangene mikrobielle Gemeinschaft 

verwendet und darüber hinaus auch als Proxy für vergangene Umweltbedingungen 

angewandt. Die Analysen zeigen, dass Permafrost, der unter sauerstoffarmen und/oder 

feuchten Umwelt- und Bodenbedingungen gebildet wurde eine bessere Qualität des 

organischen Materials und ein höheres Potential zur Bereitstellung von Substraten für die 

mikrobielle Produktion von Treibhausgasen besitzt. Daher kann abgeleitet werden, dass 

Permafrostablagerungen, die während einer glazialen Perioden (Weichsel und Saale), 

insbesondere während des Interstadials MIS 3 (Marines Isotopenstadium 3) abgelagert 

worden sind, über ein höheres Klima-Rückkopplungspotential verfügen im Vergleich zu 

Permafrostablagerungen aus interglazialen Perioden (Eem und Holozän). Die bio- und 

geochemischen Ergebnisse von beiden Untersuchungsstandorten zeigen an, dass die 

Unterschiede in den verschiedenen Permafrostablagerungen in Bezug auf die Bereitstellung 

von Substraten für die mikrobielle Treibhausgasproduktion nicht nur ein lokales, sondern ein 

regionales Phänomen in der nordöstlichen sibirischen Arktis sind. Daher liefert diese 

Doktorarbeit wichtige grundlegende Informationen, die zur Erstellung von zukünftigen 

detaillierten Klimamodellen des Kohlestoff-Klima-Kreislaufes in Zusammenhang mit dem 

Auftauen von Permafrost notwendig sind. 
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Des Weiteren werden in dieser Doktorarbeit Biomarker, die eine lebende mikrobielle 

Gemeinschaft beschreiben (Phosphor-Lipide (PLs) und deren Fettsäuren (PLFAs)), in 

Kombination mit Inkubationsexperimenten und geochemischen Untersuchungen angewandt, 

um lebende mikrobielle Zellen in Permafrostablagerungen und deren Bedeutung im 

Zusammenhang mit dem Auftauen von Permafrost zu identifizieren. Lebende, inaktive und an 

die kalten Umweltbedingungen perfekt angepasste mikrobielle Zellen wurden in allen 

Permafrostablagerungen gefunden und können durch Auftauprozesse re-aktiviert werden. Als 

Folge des Auftauens von Permafrost ist ein positiver Zusammenhang zwischen der Zunahme 

an mikrobiellen Zellen und der Abnahme der Konzentration an freiverfügbaren organischen 

Substraten sowie der Menge an mikrobielle gebildetem Kohlenstoffdioxids zu sehen, welcher 

auch in der heutigen Auftauschicht (active layer) zu beobachten ist. Weitere detaillierte 

Analysen der molekularen Zusammensetzung mit FT-ICR-MS zeigen, dass Mikroorganismen 

in auftauenden Permafrostablagerungen organische Moleküle abbauen, die Teil des 

abgelagerten organischen Materials sind (zum Beispiel Carboxylsäuren). Zusätzlich zeigen 

die Ergebnisse, dass die Menge an mikrobiell produzierten Treibhausgasen nicht nur von der 

Konzentration an lebenden Zellen, sondern auch von der Menge und Qualität des organischen 

Materials und damit auch von der Verfügbarkeit an organischen Substraten abhängt.  

Zusammengefasst zeigen die Ergebnisse dieser Doktorarbeit, dass Permafrostablagerungen 

mit unterschiedlicher Qualität des organischen Materials ein unterschiedliches 

Kohlenstoffkreislauf-Rückkopplungspotential besitzen. Die erhöhte Qualität des organischen 

Materials in den Permafrostablagerungen aus der Weichsel-Eiszeit (Yedoma-Ablagerungen) 

lassen im Vergleich zu anderen Permafrostablagerungen auf ein stärkeres Klima-

Rückkopplungspotential dieser Permafrostablagerungen schließen. Die großflächige 

Verbreitung dieser Yedoma-Ablagerungen in der sibirischen Arktis macht dies zu einer 

Region von globaler Bedeutung in Anbetracht ihres Klima-Rückkopplungspotenzials. Weitere 

geochemische Analysen an unterschiedlichen arktischen Permafrostablagerungen können 

demnach helfen die zukünftige Rolle der Arktis im globalen Klimasystem besser einzuordnen 

und ihr Klima-Rückkopplungspotenzial besser abzuschätzen.  
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1. Introduction 

 

1.1 Permafrost in the context of climate change 

Permafrost, defined as a ground that remains at or below 0 °C for two or more consecutive 

years [Van Everdingen, 1998], is a characteristic feature of the Arctic region [Washburn, 

1980] and in the Northern Hemisphere it occurs mostly between 60 °N and 68 °N (Fig. 1-1) 

[Zhang et al., 1999]. This perennially frozen ground is formed as a result of long-term cold 

climate conditions, with extremely low (< -30 °C) winter temperatures and low amounts of 

precipitation [French, 2007]. During the Pleistocene about 50 % of the unglaciated terrestrial 

Northern Hemisphere land surface was affected by permafrost [French, 2007], whereas today, 

only 25 % of this area (approximately 22.8 million km²) remains covered by frozen ground 

[Zhang et al., 2008]. Thus, half of the Northern Hemisphere terrestrial permafrost has already 

been lost due to postglacial warming.  

 

Figure 1-1: Distribution of permafrost in the northern circumpolar region. The map is 

provided by the International Permafrost Association (1998). 

 



1 INTRODUCTION 

2 
 

 

According to the Intergovernmental Panel on Climate Change (IPCC) assessment, global 

mean surface air temperatures have risen by about 0.3 to 0.6 °C since the late 19
th

 century 

(Fig. 1-2). Of particular concern is that the largest temperature increases in recent decades 

have occurred in the high Arctic [Serreze et al., 2000]. These areas are especially sensitive to 

climate change, with warmer and shorter winter seasons in particular favoring permafrost 

thaw [Overpeck, 1997]. As such, it is projected that up to 30 % of the current permafrost 

cover could be lost by the end of the 21
th

 century as a result of ongoing global climate 

warming [Anisimov and Reneva, 2006; Romanovsky et al., 2010]. 

Permafrost accumulation is associated with anoxic soil conditions and reduced rates of 

organic matter decomposition [Keller and Takagi, 2013], resulting in high accumulation of 

organic carbon [Kuhry et al., 2009; Mu et al., 2014]. The northern high latitude permafrost 

soils contain about 1300 Pg of organic carbon within the upper 1 to 3 m (Fig. 1-3), which is 

equivalent to approximately 50 % of the global belowground carbon storage [Grosse et al., 

2011; Hugelius et al., 2014]. 

 

 

Figure 1-2: Observed global mean combined land and ocean surface temperature 

anomalies from 1850 to 2012 from three data sets (black line: based on annual mean 

values; brown line: based on decadal mean values including the estimate of uncertainty 

(blue line); IPCC Report, 2013).  
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Figure 1-3: Distribution of permafrost soil organic carbon in the northern circumpolar 

region up to 1 m depth (after Huguet et al., 2012). 

 

The translocation of carbon from surface into the soil in permafrost-affected soils is 

accelerated by cryoturbation [Michaelson et al., 1996; Bockheim, 2007], and freeze-thaw 

cycles in the active layer. These processes move labile organic matter (OM) deeper into the 

soil, enhancing the storage of OM due to reduced decomposition rates and lower microbial 

activity [Wagner and Liebner, 2009; Moyano et al., 2012]. Among other processes, these 

processes characterize permafrost deposits as a temporary carbon sink [Kutzbach et al., 2007; 

Van der Molen et al., 2007; Van Huissteden and Dolman, 2012]. On the other hand, thawing 

can turn the permafrost into a carbon source [Wagner et al., 2003a; Matzner and Borken, 

2008; Schuur et al., 2008; McGuire et al., 2009; Knoblauch et al., 2013]. Permafrost thaw 

significantly alter the global carbon cycle and amplifies surface warming by releasing 

greenhouse gases (GHG) [McGuire et al., 2009; Koven et al., 2011; Burke et al., 2012; 

Schuur et al., 2013] and affects ground surface stability, micro-topography, hydrology, and 

ecosystem function [Rowland et al., 2010]. Progressive deepening of the active layer 

(seasonally thawed layer) within the last decades (Fig. 1-4) and increasing duration of the 

thaw season during the Arctic summer destabilize permafrost deposits and re-mobilize the 

stored organic carbon [Vonk et al., 2015]. The increasing supply of fresh surface carbon into 

the active layer due to the warming Arctic stimulates microbial OM decomposition [Fontaine 

et al., 2007] and causes enhanced microbial GHG production such as carbon dioxide (CO2) 

and methane (CH4). 
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Generally, CH4 in the atmosphere has a 20 times stronger greenhouse effect with a 

radiative efficiency which is 1 order of magnitude higher than that of an equal amount of CO2 

[Anisimov, 2007; O'Connor et al., 2010]. In Arctic permafrost soils CH4 is produced by 

microorganisms in the anaerobic zone of the active layer underneath the water table and can 

gets into the atmosphere by bubble emissions and diffusion through water or the vascular 

plant system [Anisimov, 2007; Wagner et al., 2007]. Up to 90 % of the produced CH4 is 

microbially oxidized in the soils to CO2 before it gets into the atmosphere [Liebner and 

Wagner, 2007; McGuire et al., 2009]. However, the fate of the stored organic carbon in 

permafrost during and after thawing is still uncertain. Additionally, the potential of thawed 

permafrost carbon to act as a source of microbial GHG production is not fully understood. As 

this information is a basic requirement for estimating the influence of permafrost thaw 

associated with microbial GHG generation and its climatic feedback, more detailed insights 

into a potential substrate provision from thawing permafrost deposits are necessary. 

 

Figure 1-4: Annual anomalies of the average thickness of seasonally frozen depth in 

Russia. Each data point represents a composite from 320 stations as compiled at the 

Russian Hydrometeorological Stations (upper right inset). The light blue lines represent 

the highest and lowest measured values of each year, and the average is given by the 

dark blue line. The black line shows a negative trend of -4.5 cm per decade or a total 

decrease in the thickness of seasonally frozen ground of 31.9 cm from 1930 to 2000 

(IPCC Report, 2013).  
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1.2 Eastern Siberian permafrost as a climate and environmental archive 

During the Late Pliocene and throughout the Pleistocene vast areas of the Arctic lowlands 

between the Eurasian Ice Sheets and the Laurentide Ice Sheet remained non-glaciated 

[Hopkins, 1998; Wetterich et al., 2011a], while evidences of mountain glaciations of different 

timing and extent has been found for East Siberia [Stauch and Gualtieri, 2008]. Today, 

different viewpoints of the genesis of these ice- and organic-rich permafrost deposits in 

Beringia (the former interconnected, unglaciated landmass) exist, whereby the aeolian and 

polygenetic hypotheses are the most accepted ones [Péwé and Journaux, 1983; Galabala, 

1997; V. Kunitsky et al., 2002; Schirrmeister et al., 2013; Strauss et al., 2013].  

The formation of permafrost started in the Late Pliocene and persisted over the entire 

Pleistocene [Arkhangelov et al., 1996]. Generally, permafrost serves as an archive for both 

paleo-environment and -climate due to the continuous freezing of the deposited material. The 

exposed coastal permafrost deposits along the Dmitry Laptev Strait and on Bol´shoy 

Lyakhovsky Island are regarded as the longest and most comprehensive terrestrial Arctic 

permafrost archives in the East [Wetterich et al., 2016]. Here, permafrost deposits cover two 

to three glacial-interglacial cycles (Table 1-1) from the middle Pleistocene to the Holocene 

[Andreev et al., 2011], which make them an invaluable source of long paleo-environmental 

and -climatic records. Since the late 19
th

 century, these permafrost deposits have been a key 

site for studying the environmental and climatic history of eastern Siberia [SSSR. et al., 1895; 

Romanovskii, 1958; Ivanov, 1972; Bunge, 1887; Kunitsky, 1998; Meyer et al., 2002; 

Schirrmeister et al., 2002, 2008, 2011a; Andreev et al., 2004, 2009; Grosse et al., 2007; 

Wetterich et al., 2009, 2011a; Strauss et al., 2015] by using numerous bio-indicators 

including plant fossils (e.g. Kienast et al. [2008]), pollen, rhizopods and chironomids 

[Andreev et al., 2004, 2009; Ilyashuk et al., 2006], and fossil freshwater ostracods [Wetterich 

et al., 2005, 2009]. These permafrost deposits archive the strong influence of temperature 

variation and environmental change due to the glacial-interglacial cycles on the periglacial 

landscape:  

Glacial periods (Weichselian and Saalian) were characterized by intensive permafrost 

accumulation under continental, cold climate conditions accompanied by synergetic ice 

wedge growth [Andreev et al., 2004; Wetterich et al., 2011a], and were influenced by several 

interstadial-stadial cycles with fluctuating climatic and environmental conditions. In contrast, 
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interglacial periods (e.g. Holocene and Eemian) of warmer climatic conditions resulted in 

extensive thawing of permafrost and ice wedges, changes in the hydrology and formation of 

thermokarst depression and lakes. During the early and late stage of the Eemian period, 

climate reconstructions reveal summer temperatures that are similar to modern times [Kienast 

et al., 2008; Andreev et al., 2011], while the mid Eemian is characterized by temperatures up 

to 5 °C warmer than those experienced today [Andreev et al., 2004; Kienast et al., 2008; 

Dahl-Jensen et al., 2013]. 

These fluctuations in climate had a strong impact on the ecosystems and on the amount and 

quality of accumulated OM. The ice-rich, silty permafrost deposits (Yedoma) which 

accumulated during the Late Pleistocene (Weichselian) period are particularly rich in organic 

carbon, are thought to be especially prone to degradation, and, are regarded to be very 

sensitive to global warming [Strauss et al., 2015]. As Artic permafrost is a climate-sensitive 

phenomenon, future warming will result in a number of environmental changes, and changes 

to the carbon cycle. Therefore, in this thesis, paleoclimatic changes and their impact on the 

paleo-environment are used as a key to understand and evaluate the importance of increasing 

permafrost thaw and microbial GHG production with its feedbacks to global climate warming. 

 

Age MIS Stratigraphic Unit

European term Russian term [ka BP] (marine isotope stage) (Bol´shoy Lyakhovsky)

Holocene Holocene 0 - 10.3 MIS 1 Alas

Late

Weichselian
Sartan 10.3 - 30 MIS 2

Yedoma

(Yanskaya)

Middle

Weichselian
Kargin 30 - 50 MIS 3/ MIS 4

Yedoma

(Molotkov, Oyogoskaya)

Early 

Weichselian

and Pre-Eemian

Zyryan 50 - 110 MIS 4/ MIS 5a-d
Kuchchugui 

and Buchchagy

Eemian Kazantsevo 115 - 130 MIS 5e Krest Yuryakh

Late Saalian Taz 130 -200 MIS 6/ MIS 7 Yukagir

Quaternary Epoch

 

Table 1-1: Regional Quaternary stratigraphic scheme including stratigraphic units exposed on 

southern Bol´shoy Lyakhovsky Island based on Schirrmeister et al. [2002], Andreev et al., 

[2004], [2009] and [2011], Wetterich et al., [2009] and [2016].  
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1.3 Lipid-biomarkers: cornerstones of cell membranes 

The observed Arctic warming trend has been linked to increased permafrost thaw, which 

exposes substantial amounts of previously frozen OM to physically degradation [Strauss et 

al., 2015] or biochemical decomposition by microorganisms [Wagner et al., 2003a]. Latter, 

results in microbial GHG generation and enhances GHG emission from the thawed soils into 

the atmosphere [Wagner and Liebner, 2009]. Biomarkers can be used to detect 

microorganisms in permafrost systems being involved in the generation of GHG.  

Biomarkers are complex molecules derived from once living organisms also referred to as 

geochemical fossils or molecular biological marker compounds [Eglinton et al., 1964]. They 

are complex organic compounds composed of carbon (C), hydrogen (H), and other elements 

(e.g. heteroatoms, mainly nitrogen (N), sulfur (S) and oxygen (O)), which occur in sediments, 

rocks, and crude oils and have a basic structure which is stable over geological time periods 

[Peters et al., 2005]. Among other insights, biomarkers can provide information on source 

organisms and with that on the origin of the OM, on its degree of degradation, and on 

environmental and paleo-climatic conditions during deposition [Peters et al., 1986]. Many 

biomarkers are common in certain organisms; they are taxonomically specific, and therefore 

can be assigned to specific biological sources. However, different groups of organisms can be 

distinguished by differences in the molecular structures of their corresponding biomarkers 

[Peters et al., 2005]. Most biomarkers are derived from cell-membrane lipid components with 

different specific functions such as the formation, and or modulation of the membranes 

[Russell, 1989]. These membrane-building lipids are characterized by a polar and a non-polar 

part to the molecule (amphiphilic). Other lipids, such as sterols and carotenoids, are also 

found in membranes but are not amphiphilic, and therefore cannot build up a membrane 

[Russell, 1989]. Generally, membrane-building lipids are made up of straight-chain carboxylic 

acids (fatty acids; FAs) esterified to glycerol containing a polar head group (mainly 

containing phosphatic groups, phospholipids or glycerol groups, glycolipids). The lipid-lipid 

interactions in a membrane are comprised by hydrophobic bonds between the FAs side chains 

and electronic bonds between the polar head groups. As such, these interactions favor a 

bilayer structure (Fig. 1-5) which provides a membrane framework strong enough to maintain 

its integrity, but is flexible enough to allow proteins to alter conformation and move within 

the membrane. Bilayer membranes are mainly synthesized by Bacteria and Eukarya [Russell, 
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1989]. Archaea (the second domain of the prokaryotes in addition to Bacteria), contain 

membrane core-lipids with isoprenoid carbon chains, which are ether-bound to glycerol 

backbones with a head group. They can from bilayers with archaeol as core lipid or 

monolayer cell membrane structures with glycerol dialkyl glycerol tetraether (GDGT) lipids 

as the main building unit [Russell, 1989; Schouten et al., 2013].  

 

 

Figure 1-5: Simplified schema of a bilayer (left) and monolayer (right) membrane.  

 

 

1.3.1 Phospholipids as indicators for microbial life 

Intact membrane phospholipids (PLs; Fig. 1-5; Appendix I) and their associated FAs are 

essential components of all living cells and cannot be found in dead cells or storage products 

[White et al., 1979]. Therefore, they are called life markers [Zink et al., 2003]. The abundance 

of PLs following the death of an organism decreases rapidly within weeks after cell death 

[Ringelberg et al., 1997]. Thus, PLs are good indicator for the presence of viable 

microorganisms in sediments [Haack et al., 1994; Rütters et al., 2002a]. The phospholipid-

FA side chain inventory (PLFA; Appendix I) of PLs contains taxonomic information on 

different groups of Bacteria [Rütters et al., 2002b] and their cell membrane adaptation to the 

cold ambient conditions in permafrost deposits. To maintain the membrane fluidity in cold 

temperatures, microorganisms alter their cell membrane composition and structure by 

increasing the number of unsaturation, changing branching position or decreasing chain 

length of the fatty acid side chains [Rilfords et al., 1978; Russell, 1989].  

Permafrost sediments are extreme habitats for microorganisms with reduced concentrations 

of organisms, therefore it is still a challenge for microbiologists to isolate and cultivate them 

[Wagner, 2008]. Today, microbiologists use different DNA (deoxyribonucleic acid) based 
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methods to describe the microbial community, e.g. to analyze the genetic diversity of the 

microbial population denaturing gradient gel electrophoresis (DGGE) is a common fingerprint 

approach. Moreover, Illumina MiSeq amplicon sequencing of the 16S rRNA (ribosomal 

ribonucleic acid) gene is used for a deeper insight into the structure of the microbial 

community up to the genus level, which may allow conclusions on the role of certain 

microbial groups within a specific ecosystem, and on an advanced step to quantify 16S rRNA 

genes from bacteria and archaea quantitative polymerase chain reaction (qPCR) can be 

applied.  

In addition to microbiological techniques, microbial lipids are a useful tool to verify small 

amount of microbial cells in sediments. In this thesis, PLs and PLFAs are applied to prove the 

existence of viable bacterial cells in shallow (young) and deep (old) permafrost deposits, and 

to highlight the relevance of in-situ living cells for microbial GHG production (bacterial 

production of CO2) when these deposits thaw. 

 

 

1.3.2 Glycerol dialkyl glycerol tetraethers: biomarkers for past microbial 

communities 

Glycerol dialkyl glycerol tetraether (GDGT) lipids are partly degraded membrane lipids, as 

indicated by the loss of their head groups (for structures see Appendix I). They are remaining 

core lipids which are less affected by degradation processes compared to PLs, and are stable 

over geological time scales [Pease et al., 1998]. Therefore, they are applied as representatives 

for a once living (past) microbial community.   

GDGTs are predominantly synthesized by Archaea but also by some specific Bacteria. 

The GDGT skeleton contains isoprenoid alkyl-chains (iso-GDGTs) when synthesized by 

Archaea [Koga et al., 1993; Pancost et al., 2001; Koga and Morii, 2006]; whereas when 

synthesized by Bacteria it contains alkyl-chains with methyl branches (br-GDGTs) [Weijers 

et al., 2006a]. Both can also contain cyclopentane rings within their skeleton structures 

[Schouten et al., 2013]. The glycerol phytanyl diether (archaeol) is widespread in all archaeal 

kingdoms [Lim et al., 2012] and used as a proxy for the biomass of methanogens in soils and 

sediments [Pancost and Sinninghe Damsté, 2003]. Since archaeol and/or iso-GDGTs occur in 

all Archaea; these biomarkers represent the total past archaeal biomass. On the contrary, 
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Bacteria containing br-GDGTs in their cell membranes can only be applied as biomarkers for 

a specific proportion of the bacterial community as they are different from those bearing PLs.  

Detailed study on the distribution of GDGTs in general has shown that they contain 

information on environmental parameters. Br-GDGTs have been successfully applied to 

identify and characterize terrestrial bacterial communities [Weijers et al., 2006a, b] and are 

used to reconstruct soil OM input (branched isoprenoid tetraether (BIT) index [Hopmans et 

al., 2004]), soil pH (cyclization of branched tetraethers (CBT) index) and mean air 

temperatures (methylation of branched tetraether (MBT) index)[Weijers et al., 2007]. Iso-

GDGTs in sea sediments are often used to reconstruct sea water temperatures (TEX86 index 

[Schouten et al., 2002]). Moreover, in wetlands and Arctic environments iso-GDGT-0 (the 

most common iso-GDGT in Archaea) and crenarchaeol (an iso-GDGT predominantly derived 

from Thaumarchaeota) have already been published as being useful proxies for reconstructing 

the distribution and concentration of an archaeal community [Pancost et al., 2000; Leininger 

et al., 2006; Bischoff et al., 2013].  

However, in permafrost deposits with very low temperatures of about -10 °C, GDGTs and 

archaeol are well preserved and reveal information about the distribution and composition of 

past microbial communities, and their abundance in a paleo-record provides valuable insights 

into the characteristics of OM and depositional conditions in the past.  

 

 

1.4 Acetate as a proxy for potential microbial greenhouse gas generation  

As with any living organism, microorganisms need a source of carbon and energy in order 

to survive. In sedimentary systems this carbon source is the deposited OM. Depending on the 

group of microorganism, different substrates are used for microbial turnover, i. e. nitrate, 

sulfate, alcohols, and organic acids. Acetate (acetic acid) is an excellent microbial substrate 

and a terminal electron acceptor for methanogens in cold-temperature environments [Chin 

and Conrad, 1995; Wagner and Pfeiffer, 1997]. However, the degradation of organic 

substrates occurs via different intermediate products and finally results into the production of 

CO2 and CH4 under anaerobic conditions [Schink and Stams, 2006]. At the end of the 

anaerobic pathway methanogens or methanogenic Archaea produce CH4 which can be 

oxidized again to CO2 by methane-oxidizing bacteria in the active layer [Wagner, 2008].  
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Former studies have shown that methanogenic Archaea are ubiquitous in anoxic soils (e.g. 

in the active layer) and in permafrost sediments [Kobabe et al., 2004], and use acetate as the 

main substrate for methanogenesis [Ganzert et al., 2007]. Therefore, with regard to the 

generation of the GHG CH4 from permafrost deposits, the concentration of acetate is used as a 

substrate proxy for this process in this thesis. 

To evaluate the potential of permafrost deposits to provide substrates for GHG generation 

when enter the thaw zone, two different acetate-substrate pools were investigated in this 

thesis: a free and primal substrate pool represented by the acetate dissolved in the pore-water 

and cryostructures of the permafrost deposits, and a bound and future substrate pool based 

upon the release of acetate from the complex freeze-locked organic matrix by biotic and 

abiotic processes after thawing.  

 

 

1.5 The CarboPerm Project: carbon in permafrost 

The CarboPerm Project started in October 2013 as a three-year interdisciplinary Russian-

German project focusing on the formation, turnover and release of carbon in Siberian 

permafrost landscapes. The project funded by the German Federal Ministry of Education and 

Research (BMBF) comprises of multi-disciplinary approaches to increase our understanding 

of how permafrost-affected soils and landscapes will respond to global warming, and how 

these responses will influence land-atmosphere trace gas balance on different scales. 

CarboPerm comprises of different key study sites in the Siberian Arctic: the Lena River Delta 

(in the west), Buor Khaya Peninsula, and the coast and islands along the Dmitry Laptev Strait 

(in the east) (Fig. 1-6). The results from four different work packages will be collected, 

integrated in the advanced Max Planck Earth System Model, and coupled to the global 

atmosphere model ECHO (acronym of ECMWF (German prediction model: Europäisches 

Zentrum für Mittelfristige Wettervorhersage) and the city of Hamburg) to investigate global 

feedback mechanisms.  

As part of the work package “Microbial carbon transformation in permafrost soils and 

sediments in north-eastern Siberia”, this thesis is integrated into the overall aim to improve 

our understanding of the microbial transformation of OM in permafrost soils and sediments 

and of the associated release of GHG from recent and old permafrost deposits. Therefore, the 
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underlying microbial communities, their role in the mineralization of the OM and their 

responds to changing environmental conditions are examined in this work package by means 

of a combined research approach of microbial process studies (University of Hamburg), 

DNA-based diversity studies (Geomicrobiology Section of the German Research Centre for 

Geoscience (GFZ)) and biogeochemical analysis (Organic Geochemistry Section of the GFZ).  

Generally, the basic idea of investigating microbial carbon transformation in permafrost 

soils and sediments is based on the global carbon feedback cycle, where higher global surface 

temperature increase permafrost thaw, favor a rise in the microbial communities and lead to 

enhanced microbial GHG production with a positive feedback to global temperatures         

(Fig. 1-7). 

 

Figure 1-6: Location of the study sites: Buor Khaya Peninsula and Bol´shoy 

Lyakhovsky Island (map modified after Wetterich et al. 2011a; DEM (digital elevation 

model) compiled by G. Grosse, University of Alaska, Fairbanks). 

 

 

Figure 1-7: Sketch of the global carbon feedback cycle including permafrost thaw.  
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1.6 Study sites: local phenomenon or regional relevance? 

Two different study sites within the same climatic and geomorphological zone in north-

eastern Siberia were chosen to investigate the relevance of thawing permafrost deposits for 

future global warming on a regional scale. 

Arctic climate conditions prevail in the study areas: The climate is characterized by long  

(8 to 9 month) severe winters, with mean January temperatures of around -32 °C and short    

(2 to 3 month) cool summers, with mean July temperatures of around 3 to 4 °C [Andreev et 

al., 2011]. Annual precipitation of 200 mm mainly occurs during the summer months. The 

area belongs to the northern tundra ecological zone, which is dominated by moss-grass and 

low-shrub tundra with vascular plant species, mosses and lichens [Andreev et al., 2011], and 

has a characteristic active layer thicknesses of 30 to 40 cm [Wetterich et al., 2011b; 

Schwamborn and Wetterich, 2015]. The study sites Bour Khaya Peninsula and Bol´shoy 

Lyakhovsky Island are located along the Arctic coastline at the Laptev and Eastern Siberian 

Sea within the same permafrost zone but about 380 km away from each other (Fig. 1-7). On 

Bour Khaya Peninsula one core was drilled in approximately 200 m from the coast on top of a 

Yedoma hill. The study sites on Bol´shoy Lyakhovsky Island are located west of the Zimov´e 

River mouth on the south coast along the Dmitry Laptev Strait. Four cores were drilled along 

the coast on a Yedoma hill, on an Alas terrace and on a thermo-terrace (Table 1-2). 

 

 

Study

Site

Sample

Type

Core/Sample

Name

Recovery

[m]

Latitude

[°N]

Longitude

[°E]

Height

[m a.s.l.]

Results

in Chapter

Buor Khaya core BK8 core 18.90 71°25.130 132°06.380 35.0 2

L14-02 core 20.02 73°33,616 141°32,776 32.3

L14-03 core 15.49 73°33,538 141°32,337 17.0

L14-04 core 8.10 73°34,100 141°28,586 12.0

L14-05 core 7.89 73°34,994 141°24,139 11.5

L14-07 BK2 - 73°19,857 141°20,674 6.50

L14-08 BK8 - 73°20,170 141°19,600 23.00

L14-11 BK4 - 73°20,080 141°19,277 3.50

L14-12 BK6 - 73°20,433 141°17,099 7.50

3

Bol´shoy 

Lyakhovsky

Isalnd

4

cores

outcrop 

samples

 

Table 1-2: Study sites, cores and outcrop samples used in this thesis (m a.s.l.; meter above sea 

level). Study site Buor Khaya: BK8 core. Study site Bol´shoy Lyakhovsky Island (L14-): 

cores are labeled as -02, -03, -04, -05, and outcrop samples are labeled as -XX BKX (-location 

BodenKunde (Soil Science; BK) number); Schwamborn and Wetterich (2015)).  
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1.7 Aims and objectives  

As described above, the warming trend in the Arctic is expected to lead to significant 

permafrost thaw, re-exposing vast amounts of formerly freeze-locked OM to microbial 

decomposition. This will promote enhanced microbial GHG emission from the thawing 

permafrost deposits to the atmosphere with its positive effect on the climate-feedback cycle. 

However, the emission of GHG from permafrost deposits will strongly depend on the quality 

and bioavailability of the permafrost OM with regard to microbial decomposition. Thus, 

estimates on the full GHG-climate feedback potential from these deposits are still uncertain 

without assessing the quality of the freeze-locked OM.  

Therefore, this thesis aims to evaluate the relevance of thawing permafrost OM of different 

depositional ages and from different permafrost settings for microbial GHG production with 

respect to its carbon-climate feedback potential. Thus, the research objectives of this thesis 

are: 

 

(1) Characterization of the stored OM of different permafrost units of contrasting ages and 

regional settings to assess its substrate potential for microbial GHG production and 

reveal differences between the individual permafrost units. 

 

(2) Classification of the distribution of present and past microbial communities in the 

active layer and in the individual permafrost units to reveal the role of 

microorganisms within the past, present and future dynamics of microbial GHG. 

 

(3) Verification of the assessed substrate potential from OM characterization via 

experimental stimulation of in-situ microbial GHG generation from thawed 

permafrost OM of different depositional ages.    
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1.8 Method overview  

To address the research questions, an interdisciplinary approach and a broad variety of 

different methods were applied including core sampling, sedimentology descriptions, organic 

bio- and geochemistry. In order to give a general overview, a short description of the applied 

methods is included in this section (Fig. 1-8). Detailed methods descriptions and technical 

instrument settings are provided in the individual publications which form separate chapters 

of this thesis. Unless otherwise specified, all analyses were conducted at GFZ. Incubation 

experiments were performed at the University of Hamburg (UHH) in collaboration with 

Josefine Walz and Christian Knoblauch.  

 

 

 

Figure 1-8: Chart of applied method approaches. Parameters are highlighted in black 

shaded boxes; and the methodical steps are shown in light-gray shaded ovals. Work 

conducted by the University of Hamburg (UHH) is framed in black. Instruments for 

analysis are not included in this chart.  
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1.8.1 Core sampling and description  

The cores were drilled during two different field campaigns conducted by the Alfred-

Wegener-Institute for Polar and Marine Research (AWI). The BK8-core was drilled in April 

2012 as part of the German-Russian cooperation project SYSTEM LAPTEV SEA [Günther et 

al., 2013], while both the L14-cores and L14-outcrop samples were taken in April 2014 as 

part of the CarboPerm project [Schwamborn and Wetterich, 2015]. All sampled material was 

transported to Potsdam (Germany) in a frozen state, before being opened and cut in a cold 

storage at -10 °C at the GFZ. Inner core samples were taken according to visual 

sedimentology description (Appendix II) to avoid any contamination from the core exterior.  

 

 

1.8.2 Biogeochemistry    

The following biomarkers were analyzed in this thesis: intact phospholipids (PLs), 

phospholipid fatty acids (PLFAs), archaeol and isoprenoid and branched glycerol dialkyl 

glycerol tetraether (GDGT) lipids. The first two were analyzed to detect and evaluate the 

distribution and composition of living microbial cells in the permafrost deposits. Therefore, 

after sediment extraction (modified after Bligh and Dyer [1959]) column chromatography was 

applied following the method described by Zink and Mangelsdorf [2004]. The PLs were 

analyzed using high performance liquid chromatography - mass spectrometry (HPLC-MS) 

performed on a Shimadzu LC10AD HPLC instrument coupled to a Finnigan TSQ 7000 triple 

quadrupole MS with an electrospray ionization (ESI) interface. For the detection of the 

PLFAs a FA-cleavage procedure was applied as described in Müller et al. [1998]. The PLFA 

measurement was performed using a gas chromatography - MS (GC-MS) conducted on a 

Trace GC Ultra (Thermo Electron Corporation) coupled to a DSQ Thermo Finnigan 

Quadrupole MS (Thermo Electron Corporation). GDGT lipids were studied to reveal the 

distribution and concentrations of a past bacterial (br-GDGTs) and archaeal (archaeol and iso-

GDGTs) community. Therefore, a medium-pressure liquid chromatography (MPLC) system 

was used for further separation (aliphatic, aromatic, polar fraction) [Radke et al., 1980] after 

sediment extraction and column chromatography. The polar fraction was analyzed on the 

Shimadzu LC10AD HPLC instrument coupled to a Finnigan TSQ 7000 triple quadrupole MS 

with an atmospheric pressure chemical ionization (APCI) interface.  
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1.8.3 Organic geochemistry  

The freeze-dried and grinded sample material was investigated for its OM characteristics. 

The elemental total carbon (TC) and total nitrogen (TN) contents were measured with a 

carbon-nitrogen-sulfur analyzer (Vario EL III, Elementar) at the AWI Potsdam. The total 

organic carbon (TOC) content was either measured with a TOC analyzer (Vario Max C, 

Elementar) at the AWI Potsdam or on a LECO SC-632 by Applied Petroleum Technology AS 

(Kjeller, Norway). Bulk δ
13

Corg analysis was performed on a Carlo Erba NC 2500 elemental 

analyzer coupled to a Finnigan DELTA plus XL isotope MS. 

To obtain the basic characteristics of the OM (hydrogen index (HI) and oxygen index 

(OI)), sample material was used for Rock-Eval Pyrolysis performed on a Rock-Eval 6 

instrument conducted by Applied Petroleum Technology AS (Kjeller, Norway). The same 

material was analyzed with open system-pyrolysis conducted on a pyrolysis - GC (AGILENT 

GC 6890A Chromatograph) equipped with a flame ionization detector (Py-GC-FID) to gain 

information on the aliphatic character of the macromolecular structure of the OM.  

To record information on the chemical composition of the sediment extract an ultra-

high-resolution MS was used performed on a Bruker Solarix Fourier transform-ion cyclotron 

resonance (FT-ICR)-MS equipped with a 12 T refrigerated superconducting magnet in 

negative-ion electrospray-ionization (ESI(-)) mode.  

Pore-water and ice were extracted from the sediment by centrifugation (Sigma, 

laboratory centrifuge 6K15) to detect low molecular weight organic acids (free LMWOAs). 

The water was analyzed using ion chromatography (IC) with conductivity detection (ICS 

3000, Dionex).  

After extraction of the sediment with organic solvent to obtain the soluble organic 

compounds, sediments were again extracted with methanol. The pre-extracted sediments were 

than exposed to an alkaline ester cleavage approach developed by Glombitza et al. [2009a] to 

isolate LMWOAs bound to the complex OM matrix. The bound LMWOAs were measured by 

the same IC system (ICS 3000, Dionex). 
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1.8.4 Software 

The HPLC-MS and GC-MS analysis and data evaluation were performed using the 

software Xcalibur (Thermo Electron Cooperation). The Py-GC-FID data were analyzed using 

the software Chem Station (Agilent Technologies) and for FT-ICR-MS analyses the software 

Data Analysis 4.0 SP5 (Bruker Daltonik) was used. IC analyses were performed using the 

software ChromStar (Sykam).  

Graphs and figures were created using Microsoft Excel, Publisher and PowerPoint, 

Grapher 10 and CorelDraw 14. All calculations were performed with Microsoft Excel or 

MatLab and chemical structures were designed with ChemWindow. This thesis was written 

with Microsoft Word.  
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Marine Research, Potsdam, Germany 

Abstract A terrestrial permafrost core from Buor Khaya in northern Siberia comprising deposits of Late 
Pleistocene to Early Holocene age has been investigated to characterize living and past microbial 
communities w ith respect to modern and paleoclimate environmental conditions and to evaluate the 
potential of the organic matter (OM) for greenhouse gas generation. Microbial life markers- intact 
phospholipids and phospholipid fatty acids-are found throughout the entire core and indicate the presence 
of l iving microorganisms also in older permafrost deposits. Biomarkers for past microbial communities 
(branched and isoprenoid glycerol dialkyl glycerol tetraether as well as archaeol) reveal links between 
increased past microbial activity and intervals of high OM accumulation accompanied by increased OM 
quality presumably caused by local periods of moister and warmer environmental conditions. Concentrations 
of acetate as an excellent substrate for methanogenesis are used to assess the OM quality w ith respect to 
microbial degradability for greenhouse gas production. For this purpose two acetate pools are determined: 
the pore water acetate and OM bound acetate. Both depth profiles reveal similarities to the OM content and 
quality indicating a link between the amount of the stored OM and the potential to provide substrates for 
microbial greenhouse gas production. The data suggest that OM stored in the permafrost deposits is not 
much different in terms of OM quality than the fresh surface organic material. Considering the expected 
increase of permafrost thaw due to climate warming, this implies a potentially strong impact on greenhouse 
gas generation from permafrost areas in future w ith positive feedback on climate variation. 

1. Introduction 
Permafrost, defined as ground that remains at or below o•c for at least two consecutive years [Washburn, 
1980], is a large reservoir for organic matter (OM) [Christensen et al., 2004; Hugelius et al., 2014] and a signifi-
cant source of climate-relevant trace gases such as carbon dioxide (C02) and methane (CH4) [Wagner et al., 
2003]. Generally, Arctic permafrost is of enormous importance for the global terrestrial carbon cycle [Zimov 
et al., 2006] and is particularly vulnerable to future climate change [Grosse et al., 201 1 ]. Formation of perma-
frost in north eastern Siberia started in the Late Pliocene and persisted over the entire Pleistocene 
[Arkhangelov et al., 1 gg6]. During glacial periods permafrost deposits accumulated under continental, cold 
climate conditions [Wetterich et al .. 2011 a] often accompanied by the growth of syngenetic ice wedges. 
Late Pleistocene ice- and particularly organic-rich permafrost deposits are known as Yedoma Ice Complex 
and are affected by alternating stadial/interstadial climate variations [Strauss et al., 2012; Schirrmeister et al., 
2013; Wetterich et al., 2014]. 

In response to the currently ongoing global climate change, an increase in ground temperature, a deepening 
of the active layer (seasonally thawed surface layer), and a spatial retreat of the extent of permafrost have 
already been reported at different sites in the Russian Arctic [Anisimov, 2007; Romanovsky et al., 201 OJ. As a 
consequence, the freeze-locked OM becomes accessible to microbial degradation resulting in the formation 
and release of C02 and CH4, which may cause a positive feedback on climate warming [Knoblauch et al., 
2013]. In the northern circumpolar permafrost terrain 999 Pg (1 Pg = 101Sg = 1 Gt) of soil organic carbon is 
stored, of which 822 Pg is perennially frozen [Huge/ius et al., 2014]. The accumulation, preservation, and dis-
tribution of the OM is strongly linked to a broad variety of paleo-environmental factors such as periglacial 
landscape dynamics, vegetation, paleo-relief and climate forcing [Schirrmeister et al., 2011 ]. The surface OM 
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in the active layer derived from current vegetation in the tundra and is mainly composed of mosses, l ichens, 
grasses, sedges, and dwarf shrubs. On the other hand, the OM stored in the permafrost originates from fossil 
plant remains and is poorly degraded [Knoblauch et al., 2013J. Therefore, the OM within permafrost can form 
an important source of substrates for microbial degradation processes and finally the release of greenhouse 
gases. Due to large-scale thawing and subsequent increasing microbia l activity, the permafrost deposits can 
turn from a carbon sink into a source [Schuur et al .. 2009]. 

Low molecular weight organic acids (LMWOA) such as acetate are important and easily convertible substrates 
for microbial metabolism [S0rensen et al .. 1981; Ganzert et al .. 2007; Vieth et al .. 2008] and are therefore used as 
a quality indicator in terms of future microbial degradability of the sedimentary OM [Glombitza et al .. 2009; 
Strauss et al .. 201 SJ. LMWOAs can either be dissolved in pore water and cryostructures (pore ice and segre-
gated ice) of permafrost deposits as free substrates being directly bioavailable for microorganisms (e.g .. 
methanogens, acetogen ic bacteria, and sulfate reducers) or they can be bound to the complex organic matrix 
(e.g., by ester-linkage) forming a future substrate pool after liberat ion due to geochemical or microbial altera-
tion of the OM [Glombitza et al .. 2009]. 

In addition to microbiological studies, the microbial commun ity can be investigated by the analysis of micro-
bial molecular markers (biomarkers) such as phospholipids (PLs) and phospholipid fatty acids (PLFAs), w hich 
are essential membrane components of living cells [lei/es, 1999J. In general, PLs are hydrolyzed rapidly after 
cell death [White et al .. 1979). and therefore, they represent good indicators for the presence of viable micro-
organisms in sediments [Haack et al .. 1994; Riitters et al .. 2002a]. Addit ionally, analysis of intact PLs, especially 
their fatty acid (FA) side chain inventory (PLFA), enables to identify and distinguish between different groups 
of microorganisms contributing to the microbial community [Riitters et al .. 2002b]. Therefore, PLs are consid-
ered to be suitable life markers for microbial communities [White et al .. 1979; Zink et al .. 2003]. Glycerol dialkyl 
glycerol tetraether (GDGD lipids are membrane compounds synthesized by archaea (isoprenoid alkyl-chains) 
[Pancost et al .. 2001; Koga and Morii, 2006J and bacteria (branched alkyl-chains) [Weijers et al .. 2006a; Schouten 
et al., 2013J. Additionally, the glycerol phytanyl diether archaeol is widespread in archaea [Lim et al .. 2012]. In 
contrast to the PL life markers, GDGTs and archaeol represent membrane lipids of past microbial biomass, 
since they are already partly degraded as indicated by the loss of their head groups. The remaining core lipids 
are less affected by degradation processes and are therefore stable over geological time scales [Pease 
et al .. 1998J. 

With the progression of permafrost thawing and the associated increase of available OM, the question on the 
quality of the OM with regard to microbial biodegradability and greenhouse gas production arises. Therefore, 
the aim of this paper is to study the role of the microbial community in the transformation of the OM from the 
active layer to the underlying permafrost sequence w ith specific regard to future climate relevant green-
house gas production. We focus on the relat ionship between the past and present microbial communities, 
the availabil ity of substrates, and the OM characteristics (quality, quantity, and stored potential) to estimate 
how Late Glacial/Early Holocene and Late Pleistocene permafrost deposits can be affected by microbial trans-
formation and how the system might respond to future climate warming. 

2. Study Area and Material 
The Buor Khaya Peninsula is located in the Sakha Republic (Yakutia) in north-eastern Siberia, Russia 
(Figures la and 1 b). It is underlain by continuous permafrost with an estimated thickness of 4SO to 650 m 
[Romanovskii et al .. 2004J and ground temperatures of less than - 11 •c [Orozdov et al .. 200SJ. The region 
is part of western Beringia, a landmass that was mostly nonglaciated during the Late Pleistocene and w hich 
stretched from the Eurasian Ice Sheet in the west to the Laurentide Ice Sheet in the east [Hopkins, 1998]. 
The Buor Khaya Peninsula is dominated by ice-wedge polygonal tund ra. The relief includes ice-rich 
Yedoma uplands and drained thermokarst basins (land-surface configurations that result mainly from 
ground ice melt in permafrost regions) [Strauss et al .. 201 SJ. The coldest mean monthly air temperature 
in the study area of - 36°( is measured in January, while a mean temperature of 1 o•c is measured during 
the warmest months July and August. Most precipitation occurs between June and September as well as in 
December [Wetterich et al .. 2011 bJ. The active layer thickness is estimated between 20 to 40 cm [Gunther 
et al .. 201 SJ. The field work for this study was conducted during a drilling campaign undertaken by the 
Alfred-Wegner-Institute for Polar and Marine Research in April 2012. A 18.9 m long terrestrial permafrost 
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Figure 1. (a) Position of the Buor Khaya Peninsula in the Siberian Arctic. (b) Buor Khaya Peninsula study site in northeastern 
Siberia, and (c) location of the drill site (BK·8), marked w ith black star. 

core was drilled in approximately 200 m distance from the coast on top of a Yedoma hill (71' 25'13"N, 132° 
06'38"E; Figure 1 c) using a rotary drill rig (KMB, rotary) [Gunther et al., 2013]. The core consists of silty 
sediments with visible organic remains and exhibits different kinds of cryostructures such as horizonta l, 
vertical and reticulated ice, lenses, and ice-cement (Figure 2). Additionally, the core contains an ice 
wedge spanning from - 3.2 to 8.7 m depth, separating Late Glacial/Early Holocene from deeper Late 
Pleistocene Yedoma deposits [Schirrmeister et al., 2016]. The sedimentary part below the ice wedge is char-
acterized by nearly vertical ice layers from 8.7 to 10.6 m, indicating tilting of the sediment deposits due to 
syngenetic ice-wedge growth. From 10.6 m down to about 16 m core depth horizontal ice layers dominate, 
and below - 16m a diminished occurrence of cryostructures combined with coarse-grained sandy material 
was recognized. The drilled core segments were kept frozen after coring and were transported in a frozen 
state for further processing to Potsdam, Germany. In the home laboratory sampling was conducted in a 
cold storage at - 1 O' C. A total of 20 inner core samples were taken. With the except ion of the ice wedge, 
samples were taken at intervals of 30- 120 cm throughout the entire core. Finally, samples were investi-
gated for microbial biomarkers, pore water composition, free and bound acetate concentrations, and OM 
characteristics such as total organic ca rbon (TOC) content, stable carbon isotope ratio (o13C0 ,9 ), TOC/TN 
ratio (TN = total nitrogen), hydrogen (HI) and oxygen (01) indices, and open-system pyrolysis products 
(described below). 
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Figure 2. BK-8 stratigraphical scheme modified according to Schirrmeister 
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3. Methods 
3.1. Sediment Parameters 

After freeze-drying and grinding of the 
permafrost samples, the TOC (wt %) 
and TN (wt%) content, and the o13C0,9 
(%o) ratio of the bulk OM were deter-
mined. ForTOC ana lysis sample material 
was treated with diluted HCI (HCl:water 
1 :9) at 60°C to remove the inorganic 
carbon and measured on a LECO SC-
632. To obtain further information on 
the basic characteristics of the OM 
the HI and 01 were determined by 
Rock-Eval pyrolysis by using a Rock-
Eval 6 instrument. Measurements on 
the OM characteristics were conducted 
by Applied Petroleum Technology AS 
(Kjeller, Norway). To determine TN, 
samples were measured by a carbon-
nitrogen-sulphur analyzer (Vario EL Ill, 
Elementar) with a device-specific accu-
racy of ±0.1 wt %. For bulk o 13C0 ,9 analy-
sis, 1 mg sediment was placed in silver 
capsules, t reated with 20% HCI at 7S°C 
for carbonate removal, and subse-
quently processed in a Carlo Erba NC 
2500 elemental analyzer coupled to 
a Finnigan DELTA plus XL isotope 
mass spectrometer. By repeating con-
trol measurements, correct analytical 

values of better than ±0.1 S%o compared against the Vienna Peedee belemnite standard were ensured. To 
obtain addit ional information on the characteristics of the macromolecular structure of the OM a non isother-
mal open-system pyrolysis was utilized after Horsfield et al. (1 989]. Measurements were conducted on a 
pyrolysis-gas chromatograph (AGILENT GC 6890A Chromatograph) equipped with a flame ionization detec-
tor (pyrolysis-gas chromatography- flame ionization detector). Five freeze-dried and grinded 10 mg samples 
including the active layer and four permafrost samples of different organic carbon content were analyzed. 

3.2. Pore Water Analysis 

For the measurement of dissolved LMWOAs (acetate as a substrate) and anions (nitrate and sulfate as poten-
tial elect ron acceptors) with in the pore water and ice, about 1Sto4S g (depending on the ice content) of the 
still frozen sample were transferred into a centrifuge tube with an internal filter inset, allowing separation of 
the pore water from the sediment in the centri fuge tube. The sample was placed in a refrigerator at 4°C and 
slowly thawed over 12 h. Subsequently, the water was removed from the sediment by centrifugation (Sigma, 
laboratory centrifuge 6 Kl S, 2SOO rpm (908x g), 20°C, 1 O min) and analyzed twice by ion chromatography with 
conductivity detection (JCS 3000, Dionex). Blanks contained negligible amounts of LMWOAs from filter mate-
rial. Details of the pore water analysis are described in Strauss et al. [201 SJ. 

3.3. Microbial Lipid Biomarker Analysis 

Approximately SO g of the freeze-dried and grounded sample were extracted by using a flow blend ing 
system with a 200 ml mixture of methanol/dichloromethane/ammonium acetate buffer (2:1 :0.8, pH 7.6) 
modified after Bligh and Oyer [19S9]. 

The solvent extract was transferred into a separation funnel for phase separation. As internal standards, SO ~1g 
of 1-myristyl-(D27)-2-hydroxy-sn-glycerol-3-phosphocholine, 10 µg of 5-a-androstane-17-one, 5-a-
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androstane, erucic acid (docosa-13-enoic-acid), and 1-ethylpyren were added. For phase separation dichlor-
omethane and water were added to achieve a ratio of 1 :1 :0.9 of methanol/dichloromethane/ammonium 
acetate buffer mixture and the organic phase was removed. The water phase was re-extracted 2 times with 
dichloromethane, and all organic phases were combined. Subsequently, the obtained sediment extract was 
separated into four fract ions of different polarity (low polar lipids, free FAs, glycolipids, and Pls). Two columns 
were used in sequence. The upper column was filled with 1 g silica gel (63- 200 rim) and topped with 0.5 g of 
sodium sulfate. The lower column was filled with 1 g of Florisil• . According to the method described by Zink 
and Mangelsdorf [2004], the low polar fraction was eluted with 20 ml of chloroform, the free FAs with SO ml 
of methyl formiate blended with 12.S µL of glacial acetic acid and the glycolipid fraction with 20 ml of 
acetone. After removal of the Floris ii• column the Pls were eluted with 2S ml of methanol from the silica col-
umn. To improve the recovery of Pls, the silica column was rinsed with 2S ml of a methanol/water mixture 
(60:40) and the extract was captured in a separation funnel. Fifteen millil iters of dichloromethane and 3.5 ml 
of water were added for phase separation (methanol/dichloromethane/water, 1 :1 :0.9); the organic phase was 
removed, and the water phase was re-extracted 2 times with dichloromethane. Finally, the organic phases 
were combined and all fractions were evaporated to dryness and stored at - 20°C until analysis. 
3.3.1 . Detection of Phospholipid Fatty Acids (PLFA) 
After sediment extraction and column separation, one half of the PL fraction was used for PLFA analysis 
follow ing a FA cleavage procedures described in Miiller et al. [1998]. Subsequently, the resulting PLFAs were 
measured by gas chromatography-mass spectrometry (GC-MS). The GC-MS measurements were conducted 
on a Trace GC Ultra (Thermo Electron Corporation) coupled to a DSQ Thermo Finnigan Quadrupole MS 
(Thermo Electron Corporation). The GC was equipped with a cold injection system operating in the splitless 
mode and a SGE BPX S fused-silica capillary column (SO m length, 0.22 mm ID, 0.2S rim film thickness) using 
the following temperature conditions: initial temperature of S0°C (1 min isothermal), heating rate of 3°C /min 
to 310°(, held isothermal for 30 min. Helium was used as carrier gas with a constant flow of 1 mUmin. The 
injector temperature was programmed from SO to 300°C at a rate of 10°C / s. The MS operated in the electron 
impact mode at 70 eV. Full-scan mass spectra were recorded from m/z S0- 6SO at a scan rate of 1.5 scans/s. 
Blanks did not contain any PLFA. 
3.3.2. Detection of Intact Polar Lipids 
The other half of the PL fraction was analyzed for intact polar lipids (IPLs) by using high-performance liquid 
chromatography-mass spectrometry (HPLC-MS). The analyses were performed on a Shimadzu LClOAD HPLC 
instrument coupled to a Finnigan TSQ 7000 triple quadrupole MS with an electrospray ionization (ESI) 
interface. Samples were chromatographically separated on a LiChrospher 100 diol column (2 x l 2S mm, 
S rim; CS-Chromatography Service) equipped w ith a precolumn filter. The mobile phase consisted of eluent 
A, a mixture of n-hexane/ isopropanol/formic acid/ammonia (79:20:1.2:0.04 vol /vol; 2S% in water), and eluent 
B, a mixture of isopropanol/water/ formic acid/ammonia (88:10:1.2:0.04 vol/vol, 2S% in water). Compound 
separation was achieved by the following solvent gradient: 1 min 100% A, changed over 20 min to 3S% A, 
and 6S% B using a linear gradient followed by 40 min of reconditioning. The flow rate was set to 
0.3S mUmin. The ESI conditions were as followed: spray voltage 4, capillary temperature 220°C, nitrogen 
sheath gas at 413,68S Pa, without auxiliary gas. Mass spectra were generated in the negative ion mode over 
the range m/z 460- 1100 at a scan time of 2 s. The injection was performed by an autosampler (HTC PAL, CTC 
Analytics). The individual PL concentrations are an average of triplicate measurements with a relative 
standard deviation of O.Ql to 0.17%. Blanks did not contain any Pls. 
3.3.3. Detection of Glycerol Dialkyl Glycerol Tetraethers (GDGT) and Archaeol 
After sediment extraction and column separation, the low polar lipid fraction was dissolved in 2SO µL 
dichloromethane/methanol (99:1), and a 40-fold excess of n-hexane (10 ml) was added to precipitate 
asphaltenes. Asphaltenes were separated from the soluble extract by filtration over sodium sulfate. The 
n-hexane soluble fraction was subsequently separated into an aliphatic/ alicyclic and an aromatic hydro-
carbon fraction, as well as into a polar fraction containing nitrogen, sulphur, and oxygen (NSO) bearing 
compounds using a medium-pressure liquid chromatography [Radke et al., 1980]. 

An aliquot of the NSO fraction was investigated for tetraether lipids by using a Shimadzu LC20AD HPLC 
instrument coupled to a Finnigan TSQ 7000 triple quadrupole MS with an atmospheric pressure chemical 
ionization (APCI) interface. Samples were chromatographically separated by using a Prevail Cyano column 
(2.1 x 1 SO mm, 3 µm; Alltech) equipped with a precolumn filter following a method described by Schouten 
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et al. [2007). The mobile phase consisted of an n-hexane A and isopropanol B (S min, 99% A, 1 % Bl linear gra-
dient: 1.8% B with 40 min, in 1 min to 10% B, held for S min to clean the column and back to initial conditions 
in 1 min, held for 16min for equilibration. The flow rate was set to 200µUmin, and the injection was per-
formed by an autosampler (HTC PAL, CTC Analytics). The APCI conditions were as follows: corona current 
S ~1A, giving a voltage of around S kV; vaporizer temperature 3S0°C; capillary temperature 200°C; nitrogen 
sheath gas at 413,68S Pa; and without auxiliary gas. Mass spedra were generated by selected ion monitoring 
in the positive ion mode at a scan rate of 0.33 s. The individual GDGT concentrations are an average of tripli-
cate measurements with a relative standard deviation of 0.07 to 0.1 S%. Blanks did not contain any GDGTs. 

3.4. Alkaline Cleavage Reaction 

To detect LMWOAs bound to the complex OM an alkaline cleavage approach was conducted as developed 
by Glombitza et al. [2009). After sediment extradion, S g of the sediment was additionally preextraded with 
methanol to ensure that the compounds obtained after alkal ine hydrolysis indeed represent the ester-bound 
fraction. The sediment was dissolved in SO ml 1 N KOH solution in methanol and refluxed for Sh. Fifty micro-
gram of S-u-androstan-17-one and SO µg of erucic acid (docosa-13-enoic-acid) were added as internal stan-
dards after the suspension was cooled to room temperature. The suspension was filtered, and the filter cake 
was thoroughly washed w ith methanol. Finally, methanol was evaporated from the alkaline cleavage solution 
under reduced pressure in a rotary evaporator (Biichi Rotavapor R20S) leading to the precipitation of the cor-
responding potassium salts of the l iberated FAs. The potassium salts were dissolved in water. and the solution 
was adjusted to pH 8- 10 with an aqueous solution of S% HCL. Afterward, the alkaline solution was transferred 
into a 20 ml volumetric flask and topped up with water. Finally, this solution was used for ion chromato-
graphic analysis of the formerly bound LMWOAs. 

4. Results 
According to difference in cryostructures, l ithologies and age (radiocarbon dating by Schirrmeister et al. 
[2016)), the core was subdivided into three intervals. Interval I, from the ground surface down to 3.2 m, con-
sists of fine sediments with visible organic root fragments and different types of cryostructures as described 
by Schirrmeister et al. [2016) (Figure 2). This interval includes the active layer and is of Late Glacial/ Early 
Holocene age (11.4 to 9.7 ka BP). Interval II, from 3.2 to 8.7 m, is characterized by an ice wedge that 
presumably formed during the Last Glacial Maximum (22.1 to 16 ka BP). Interval Ill (> 49 ka PB) comprises 
the sedimentary succession below the ice wedge from 8.7 to 18.9 m and is composed of silty sediments with 
visible organic remains and fine lens-like cryostructures which are typical for Late Pleistocene Yedoma depos-
its [Schirrmeister et al., 2011 ). 

4 .1. Qualitative and Quantitative Analysis of the Organic Matter 

Basic OM parameters, TOC, HI, and TOC/TN (Figures 3a- 3c), correlated throughout the entire core, although 
the variations in the TOC/TN ratio were less pronounced. TOC was of its highest (S.6wt %) in the active layer 
and decreased in the underlying permafrost sequence. Interval I between 2 and 2.8 m was characterized by 
values of 2.S to 4.5 wt %. In interval Ill the lowest TOC content of 0.9 wt % at 11.2 m was measured below the 
ice wedge, followed by a sedion of higher TOC contents (2.1 to 3.8 wt %) between 11.2 and 1 Sm, and by low 
values of 1.3 wt % at the end of the core. A similar depth trend was visible for the HI profile (R2 = 0.40, 
p = 0.006) with values between 331 and 104 mg HC/g TOC, and for the TOC/TN profile (R2 = 0.46, p = 0.001) 
varying between 12.2S and 8.SS. Compared to the TOC, the increase at 10 m was much more pronounced 
in the HI profile. The 01 profile (Figure 3d) showed an inverse trend compared to the HI profile. In interval 
I, 01 values increased with depth toward 19S mg C02/g TOC. In interval Ill the 01 indicated its minimum at 
10 m (16S mg C02/g TOC) and its highest values at 11 .2 (232 mg C02/g TOC), 12.6 (231 mg C02/g TOC), and 
16.8 m (249 mg C02/g TOC). 

The Ii 13C profile (Figure 3e) showed an overall increasing trend with depth. While in interval I the values 
increased from - 27.7 to - 26.6%o; in interval Ill they showed stronger variability within the overall increasing 
trend. The profile showed negative excursions at 10 (- 28.1%o) and 14.1 m (- 27.2%o) and a positive shift at 
1 2.6 m (- 2S.3%o). 

A deeper insight into the OM quality was provided by pyrolysis experiments of five selected samples 
(high/ low TOC and HI) (Figure 4). All samples showed a relatively high phenol content and plotted into the 
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Figure 3. Geochemical parameters of the permafrost core from the Buor Khaya peninsula, Siberia, presented with respect to core depth (left axis) and sediment age 
[Schirrmeister et al., 2016] (right column). The vertical profiles show (a) the TOC content in w t %, (b) the hydrogen index in mg HC/gTOC, (c) the ratio of total organic 
carbon and total nitrogen (TOC/TN), (d ) the oxygen index in mg C02/gTOC, (e) the Ii 13C0 ,9 in %o, (fl t he concentration of free acetate in mg/L, (g) concentration of 
bound acetate in mg/ L, (h) concentrat ion of sulfate in mg/ L, and (i) concentration of nitrate in mg/ L. 
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range of kerogen type Ill representing terrest rial OM (Figure 4a). Figure 4b indicates different aliphatic com-
positions of the selected samples. Generally, the data indicated an increasing aliphatic character of the OM 
with increasing TOC and HI. The sample from 10 m depth also showed a high aliphatic character d espite of 
a relat ively low TOC content. However, this sample revealed the highest HI, indicating OM with a compara-
tively h igh proportion of aliphatic structural moieties. All samples showed a very low abundance of sulphur 
compounds (data not shown) indicat ing sulphur lean OM. 

The free acetate concentrat ion varied between 6 to 475 mg/L in the permafrost deposits (Figure 3f). In inter-
val I the acetate profi le was low even in the active layer with only a small rise in concentration above the ice 
wedge. In interval Ill the profile showed a similar trend to TOC with a minor increase in concentration at 10 m 
(169 mg/ L) and higher concent rations between 12 and 15 m (196 to 475 mg/L). In contrast to the free acetate, 
the bound acetate concentration was high (65 mg/L) in the active layer (Figure 3g). In interval I the concen-
tration va ried between 21 .8 and 68.4 mg/L, w hile in interval Ill increased concentrations of 25 to 74 mg/L 

Figure 4 . Triangular plots derived from organic matter pyrolysis. (a) Larter-diagram: Classification of the kerogen type (type 
1/11: aquatic and marine, type Ill: terrestrial, and type IV: inert organic material) due to the relative abundance of meta-xylene, 
para-xylene (m,p-xylene), n-octene and phenol in the organ ic matter after Larter (1984). (b) Horsfield-diagram: Composition 
of the organic matter according to the chain length distribution of short (C1-C5), intermedia (C6-C14), and long (C1s+l 
n-alk-1-enes p lus n-alkanes after Horsfield et al. (1989]. The arrow indicates an increasing aliphatic p roportion in the organic 
matter of the investigated samples. 
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Figure 5. Microbial biomarker parameters of the permafrost core from the Buor Khaya peninsula, Siberia, presented with respect to core depth (left axis) and 
sediment age [Schirrmeister et al., 2016) (right column). The vertical profiles show (a) concentration of phospholipids (Pls) in µg/gSed, (b) concentration of 
phospholipid fatty acids (PLFAs) in µg/ gSed, (c) ratio of iso-fatty acid and anteiso-fatty acid (FA), (d) ratio of saturated and unsaturated FA, (e) the concentration of 
branched glycerol dialkyl glycerol tetra ethers (GDGTs) in ng/gSed, (f) the concentration of archaeol in ng/gSed, (g) the concentration of glycerol dibiphytanyl glycerol 
tetraether (GDGT-0) in ng/gSed, and (h) the ratio of archaeol and crenarchaeol. 
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were measured between 11 .2 and 15 m. Overall, the bound acetate profile resembled the TOC curve, 
especially in interval Ill (/f = 0.8; p = 0.008). 

Almost no sulfate (Figure 3h) was measured within interval I. Below the ice wedge, intermediate concentra-
tions of 25 to 80 mgl L were observed between 9 to 11.2 m. However. below 16 m sulfate concentrations were 
much higher (150 to 467 mgl L). Nitrate (Figure 3i) varied between 0.2 and 3.5 mgl l. The active layer sample 
showed only low concentration of nitrate (0.5 mgl L), whereas in interval I and Ill higher nitrate concentrations 
at 2, 2.8, 10 m, and between 12 and 15 m were detected. 

4.2. Qualitative and Quantitative Analysis of Microbial Phospholipids 

The microbial membrane phospholipid (PL) signature consisted mainly of phosphatidylethanolamine (PE), 
phosphatidylcholine (PC), and phosphatidylglycerol (PG) esters, whereas the PEs are the dominant PL class 
representing more than 50% of the identified PL and therefore mainly determined the total PL profile. 
However. the PL fraction contained a series of other signals which could not be identified yet, and therefore, 
only the ident ified peaks were incorporated into the total PL concentrat ion. The highest abundance of PLs 
(Figure Sa) was detected in the active layer with 33.3 µgig sediment. In the permafrost sequence, the overall 
PL concentration was lower with values :54.4 µgig sediment in interval I. In the upper part of interval Ill the PL 
concentration decreased to 2. 1 µgig sediment, but increased toward 5 µgig sediment at 11 .2 m. Between 
11 .2 and approximately 15 m, the PL concentrat ions were constantly higher with values between 3 to 
4 µgig sediment. Below 15 m, the PL concentration decreased to 0.9 µgig sediment. 

As expected, PLFA variability (Figure Sb) was similar to the PL curve (R2 = 0.95). A strong decrease in PLFAs 
from the active layer sample (97 µgig sediment) into the permafrost sequence (2.7 µgig sediment at 1 .5 m) 
was observed. Furthermore, an increase in PLFA concentrations was also visible directly above the ice wedge 
and in the sequence between 11 .2 and 15 m. It can be noted that the PL concentration is lower than the PLFA 
concentration. Reasons for this are that only the main identified phospholipids (PEs, PGs, and PCs) are 
incorporated into the total PL signal and that PLs and PLFAs are measured and quantified on different 
analytical systems (HPLC-MS versus GC-MS). Although the quantified data are consistent within the PL or 
PLFA profile, both mentioned reasons compl icate a direct comparison of the quantified data. Thus, for a 
quantitative assessment of the microbial community the PLFA data are more reliable. However. more 
important than the concentration is that both profiles show similar trends indicating a link between both 
parameters. Therefore, both the PL and PLFA profi les dependably indicate depth variations of a viable 
microbial community. 
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The iso-FA to anteiso-FA ratio (Figure Sc) showed constant values of about 0.64 ± 0.04 throughout the 
permafrost sequence. Only the two uppermost samples (0.53 and 0.73) and the sample from 11 .2 m (0.51 ) 
deviated. Almost the same was observed in the saturated- to unsaturated-FA ratio (Figure Sd). The active 
layer showed higher relative amounts of anteiso-FA and unsaturated FA (0.56) compared to the permafrost 
sequence (0.72 ± 0.06). 

4.3. Qualitative and Quantitative Analysis of Past Microbial Biomarkers 

Branched and isoprenoid GDGTs as well as archaeol were detected in the entire permafrost core 
(Figures Se- Sg). The branched GDGTs (br-GDGTs) comprised mainly of GDGT-1, GDGT-lb, GDGT-11, and 
GDGT-111 and were present at all depths (Table Sl in the supporting information). The highest concentration 
of br-GDGTs was detected in the active layer (3292 ng/g sediment), and much lower concentrations were 
measured in the permafrost sequence (down to 1 3S ng/g sediment). As observed for the PLs, concentrations 
were increased in interval I above the ice wedge (SS 1 ng/g sediment). In interval Ill higher concentrations 
were found at 1 Om and between 1 1 .2 to 1 Sm, both of which fitted with maxima in TOC and HI 
(Figures 3a and 3b). 

Archaeol and glycerol dibiphytanyl glycerol tetraether (GDGT-0; Table Sl and Figures Sf and Sg) were most 
abundant in the active layer (264 ng/g sediment and 10 ng/g sediment, respectively) and much lower in 
the permafrost sequence. In contrast to the br-GDGTs, the variation and concentration of both were com-
paratively low within the deeper part of interval I. In interval Ill both profiles showed higher concentrations 
at 10 and around 14 m. At the bottom of the core, almost no br-GDGTs or archaeol were detected. 

The ratio of archaeol to crenarchaeol (Figure Sh) was close to 1 within interval I and the upper part of interval 
Ill. Below 11 .2 m variations of the ratio correlated with the br-GDGT, GDGT-0 and archaeol. At the end of the 
core (below 16 m) the ratio decreased. The branched and isoprenoid tetraether (BID index was calculated 
after Hopmans et al. [2004): 

(Ill + 1111 + 11111) 
BIT index = (II] I I I I I I) + II + Ill + crenarchaeol 

The BIT index observed here was 1 or close to 1. Only at the bottom of the core a small decrease to 0.81 was 
observed (Table Sl). 

5. Discussion 
5.1. Biomarkers for Living Microbial Communities in Permafrost Deposits 

Evidences for living bacteria are given throughout the entire core by the occurrence of PLs and PLFAs. 
However, their applicability as biomarker for currently living microorganisms in permafrost is more limited 
relative to unfrozen soils, but they likely represent a current and recently living microbial community. 
Since living microorganisms have already been detected in permafrost systems [Gilichinsky and Wagener, 
199S; Rivkina et al., 2004), the PL and PLFA signals are used as life makers in this study. 

In active layers microbial life is generally more increased compared to permafrost deposits [Kobabe et al., 
2004; Steven et al., 2006). Also, in this study an abundant m icrobial life is indicated in the active layer by 
the intense PL life marker signal (Figures Sa and Sb) and substantial microbial activity is reflected by relative 
low concentrations of the freely available substrate acetate, being an excellent substrate for microbial 
metabolism [Ganzert et al., 2007). Thus, the data indicate that the active layer hosts an increased and active 
microbial community and contains OM allowing intensified microbial turnover during the unfrozen state 
[Zimov et al., 2006; Lee et al., 201 2; Knoblauch et al., 2013). 

In contrast, in the permafrost deposits the strongly decreased amount of life markers indicates lower abun-
dance of microbial life and the comparatively high pore water concentration of acetate in sections with 
increased TOC bears evidences for a very low microbial activity, since high microbial activity would have 
significantly reduced the free acetate concentrations. Living microorganisms in the permafrost deposits 
are most likely remnants or successors of the microbial community incorporated into the sediments during 
time of deposition [Bischoff et al .. 2013). Generally, the PL profile in the permafrost sequence reveals that 
higher life marker abundances are linked to intervals of increased OM accumulation indicating a coupling 
of the permafrost microbial communities to the buried OM. 
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The PLFA inventory (Figures Sc and Sd) of the bacterial community suggests that the community is 
composed of different bacterial groups regulating the cell membrane temperature adaptation to the cold 
ambient temperature conditions either via the ratio between iso-FA and anteiso-FA or via the ratio between 
saturated and unsaturated FAs. According to Rilfords et al. [1 978], most microorganisms alter their membrane 
composition and structure to bring the solid-liquid transfer temperature of the cell membranes below the 
ambient temperature and therefore maintain the membrane fluidity [Russell, 1989]. Higher proportions of 
anteiso-FA and unsaturated FA indicate adaptation to colder conditions. Both the iso-FNanteiso-FA and 
saturated/unsatu rated FA ratio are relatively constant within the permafrost sequence, which seem to resem-
ble the permanently negative temperature conditions in the permafrost deposits with mean values of about 
- 10°C [Schirrmeister et al., 2016]. In the active layer slightly low er ratios might reflect strong annual tempera-
ture variations and harsh winter conditions with lower temperatures than in the underlying permafrost 
deposits [Wagner et al., 200S]. 

5.2. Biomarkers as Indicators for Past Microbial Communities and Past Environmental Conditions in 
Permafrost Deposits 

In the active layer the increased concentrations of GDGTs and archaeol most likely reflect remains deriving 
from the actually living and active microbial community consistent w ith the strong increase of life markers. 
In contrast, in the permafrost deposits with low life-marker signals the detected GDGTs and archaeol mainly 
represent the past bacterial (br-GDGTs [Weijers et al., 2006b]) and archaeal (iso-GDGTs and archaeol [Koga 
et al., 1993; Pancost et al., 2001]) biomass influenced by past environmental conditions. 

The br-GDGT-1, -II and -Ill are found in all core samples and reported to be the most abundant type of 
GDGTs in soils [Weijers et al., 2006b]. Therefore, an increased past terrestrial bacterial community is 
indicated by higher concentrations of br-GDGTs in the permafrost deposits of interval I (above the ice 
wedge) and interval Ill between 10 and 1 Sm corresponding to higher TOC and HI values and a more 
aliphatic character of the OM. Generally, a positive correlation of TOC and HI indicates variations of TOC 
accompanied by changes in OM composition and quality [Wilkes et al., 1999]. Higher HI values usually 
indicate a high proportion of hydrogen-rich OM, which is based on the amount of aliphatic hydrocarbons 
generated through thermal cracking from the complex OM. A higher aliphatic in contrast to aromatic char-
acter is suggested to resemble a better quality of OM with respect to its degradation and for greenhouse 
gas generating microorganisms [Schon, 1999; Peters et al., 200S]. Therefore, in addition to HI as a parameter 
for different OM sources, HI can be used as in indicator for OM quality [Talbot and Livingstone, 1989]. Data in 
the current paper show that high HI values seem to correspond to a higher aliphatic character of the OM 
indicating an increased OM quality in terms of microbial degradability (Figures 3b and 4b). Based on that, 
we suggest that the amount and quality of OM are responsible for the increased past bacterial abundance 
in the Late Pleistocene. 

Archaeol has been postulated as a proxy for the biomass of methanogens [Pancost and Sinninghe Damste, 
2003]. Thus, it can be used as a proxy for CH4 production within terrestrial soils [Lim et al., 2012] and to recon-
struct changes in the abundance of methanogenic archaea in permafrost systems [Pancost et al., 2011; 
Bischoff et al., 2013]. GDGT-0 (Figure Sg and Table Sl) is the most common iso-GDGT in archaea and occurs 
in nearly all major groups of archaea [Schouten et al., 2013]. It is often linked to methanogenic Euryarchaeota 
[Koga et al., 1993] and is predominantly found in wetland environments [Pancost et al., 2000]. Therefore, rela-
tively high concentrations of archaeol and GDGT-0 indicate abundant presence of methanogenic archaea in 
the active layer but also in the permafrost deposits between 1 O and 1 Sm and correspond to increased TOC, 
HI, and pore water acetate concentrations (Figure 3 and Figures Sf and Sg). Interestingly, the maximum at 
10 m of the past bacterial and especially the archaeal biomass correspond to high HI values, indicating a 
higher aliphatic character of the OM and therefore maybe a better OM quality (Figures 3 and 4b). 

Additionally, while archaeol is basically derived from all archaeal kingdoms [Koga and Morii, 2007; Schouten 
et al., 2013], crenarchaeol is suggested to be derived predominantly from Thaumarchaeota (archaeal king-
dom) [Leininger et al., 2006; Schouten et al., 2013]. According to Pitcher et al. (201 OJ, crenarchaeol could be 
a biomarker for ammonium-oxidizing Thaumarchaeota, w hich have already been identified in various soils 
and in Arctic environments [Leininger et al., 2006]. Therefore, the shift in the archaeol/crenarchaeol ratio 
below 11.2 m not only reflects environmental changes but also indicate changes in the archaeal community 
[Bischoff et al., 2013]. 
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In general, interstadial periods in north Siberia are characterized by relatively high TOC, HI, and TOC!TN and 
relative low 1) 13C, reflecting accumulation of less decomposed OM under wet and anaerobic soil conditions 
[Wilkes et al., 1999; Schirrmeister et al., 2011 ]. In addition to the TOC content and the available substrates, 
anoxic microhabitats within water-filled soil pores are an important factor for the abundance of br-GDGTs 
containing bacteria in soils [Weijers et al., 2006b]. Thus, the intervals of increased br-GDGT, iso-GDGT, and 
archaeol concentrations in the Late Glacial/ Early Holocene and Late Pleistocene deposits from Buor Khaya 
reveal time intervals of higher OM accumulation in presumably moister and maybe also warmer environ-
ments. A slight increase in permafrost temperature has not only an influence on the moisture content but 
also on the presence and diversity of the archaeal community, which can lead to a substantial increase of 
methanogenic activity [Wagner et al., 2007]. Overall, periods of relatively increased temperatures during 
the Late Pleistocene caused tundra environments with water-saturated active layers [Meyer et al., 2002; 
Hubberten et al., 2004], forming excellent living conditions for br-GDGT containing bacteria [Weijers et al., 
et al., 2006a]. Additionally, the observed higher TOC contents in permafrost deposits mirror lower decompo-
sition rates of the OM, which are characteristic for anaerobic conditions in water-saturated active layers 
[Wetterich et al., 2014] likely caused by local hydrological changes and changes in local landscape dynamics 
(e.g., polygon dynamics) [de Klerk et al., 2011]. 

5.3. Organic Matter Characteristics and Microbial Substrate Potential for Greenhouse gas Production 

The source of the OM is a controlling factor for its quality [Meyers, 1994]. The Larter-diagram (Figure 4a) indi-
cates terrestrial organic material (type Ill kerogen) with high phenol content deriving from lignin precursor 
species. The 01 values, describing the amount of C02 produced during Rock-Eval pyrolysis normalized to 
the TOC content and indicating the proportions of oxygen-rich OM, also points to OM derived from terrestrial 
plant material. The low variability with depth might represent a constant proportion of terrestrial OM in the 
deposits with a slight increase with depth. The low 01 value in the active layer and at 10 m depth is most likely 
related to the high aliphatic character of the OM as indicated by the HI values. 

Depth intervals with increased organic carbon content (higher TOC) and quality (higher HI) show a higher ali-
phatic proportion (Figure 4b), which might have derived from aliphatic-rich terrestrial geopolymers such as 
cutin a polymer from waxy plant cuticles [Kolattukudy, 1980]. Another origin might be algae material from 
algae living in surface ponds. The lower 1) 13C signal (Figure 3e) of the 10 m sample with the high HI 
(Figure 3b) might indicate that the stronger aliphatic character (Figure 4b) is based on a significant contribu-
tion of waxy plant material. 

Other source indicators are the ratio ofTOC!TN, o 13C values, and the branched and isoprenoid tetraether (BID 
index. The TOC!TN values in the deposits are typical for the terrestrial permafrost deposits in this area 
[Schirrmeister et al., 201 1 ]. Following Schirrmeister et al. (2011 ], a small rise of the TOC!TN ratio (between 
11.2 and 16.8 m) might resemble less degraded OM accumulated under wet and anaerobic soil conditions. 
Furthermore, the o 13C values state an overall terrestrial, nonmarine origin of the OM and mainly represent 
an increasing trend with depth, indicating a gradual increase in OM degradation. Additionally, the BIT index 
(see Table 51 ) based on the relative abundance of br-GDGTs, representing terrestria l OM, and crenarchaeol as 
indicator for aquatic OM indicates the predominance of terrestrial microbial biomass [Hopmans et al., 2004]. 
Only the samples below 1 Sm show lower BIT indices. Here a different depositional environment is indicated 
also by lower TOC and decreased OM quality and a strong increase in sulfate concentration (Figure 3h). 
However, since the BIT index is based on microbial markers it does only provide restricted information on 
origin of the OM. 

An additional way to assess the quality of the OM with regard to its degradability is the investigat ion of 
potential substrates for microbial degradation. For instance, acetate is an excellent substrate for microbial 
turnover [lvarson and Stevenson, 1964; S0rensen and Paul, 1971; Sansone and Martens, 1981; Balba and 
Nedwell, 1982] and a terminal electron acceptor for methanogens, especially in cold-temperate environments 
[Chin and Conrad, 1995; Wagner and Pfeiffer, 1997]. Methanogenic archaea are ubiquitous in anoxic 
environments and in permafrost sediments [Kobabe et al., 2004]. Primarily, representatives of the genera 
Methanosarcina and Methanosaeta are able to use acetate as substrate for methanogenesis in permafrost-
affected soils [Ganzert et al., 2007]. Therefore, we use the acetate concentrations as an indicator for the quality 
of the OM with regard to microbial degradation and to assess the potential of the OM as a substrate provider 
for the production of the greenhouse gas methane. 
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Pore water acetate represents an easily accessible substrate source for microbial metabolism, while the OM 
bound acetate forms a future substrate source upon release from the complex organic matrix structure by 
biotic and a biotic processes [Glombitza et al., 2009). The concentration of the bound acetate corresponds very 
closely to the TOC content. As discussed in the life marker chapter (5.1 ), the low abundance of free acetate in 
the active layer in contrast to the bound fraction is the result of high microbial acetate consumption by the 
active microbial communities during anaerobic decomposition (methanogenesis) [Wagner et al., 2005). In the 
active layer, highly specialized microorganisms such as methanogenic archaea and methane oxidizing 
bacteria are carrying out key processes of the methane cycle [Kobabe et al., 2004; Liebner and Wagner, 
2007; Wagner et al., 2007). In reverse, the partly high acetate concentrations in the deeper permafrost 
sequence (interval Ill) reveal less microbial activity. For the interval I permafrost deposits and the interval Ill 
deposits between 11.2 and 15 m both the free and bound acetate pools suggest a high substrate potential 
of the deposited organic material for microbial turnover, in case this OM becomes bioavailable again due 
to deeper future permafrost thawing. 

Nitrate is an important electron acceptor for a large group of heterotrophic facultative anaerobic bacteria to 
produce molecular nitrogen through a series of nitrogen products (denitrification) as part of the nitrogen 
cycle [Jetten, 2008). In the active layer nitrate concentration is low also pointing to a high microbial activity 
in the surface layer (Figure 3i). In contrast, higher nitrate concentrations occur in the permafrost sequence, 
which also will become bioavailable with future thawing. According to Bodelier and Steenbergh [2014) and 
Koyama et al. [2014), the nitrogen cycle and carbon cycle are strongly linked in permafrost soils and affected 
by permafrost thawing. Sulfate is another electron acceptor for specific anaerobic bacteria and archaea [Hao 
et al., 1996). Especially in the lowermost 2 m (Figure 3h) of the core, the concentration of solved sulfate is 
strongly increased forming a significant electron acceptor pool for sulfate-reducing bacteria. Generally, 
sulfate-reducing bacteria are considered to play an important role in the anaerobic oxidation of methane 
[Barton and Tomei, 1995). 

In the current study TOC, HI, and the acetate concentrations are used as tracers to assess the quality of the 
deposited OM with respect to microbial degradability. In a scenario of ongoing permafrost thawing the data 
suggests that intervals of high organic carbon contents during the Late Glacial/ Early Holocene and Late 
Pleistocene sequences contain a high potential to act as a substrate provider for microbial degradation. 

6. Conclusions 
Abundant and active microbial life is indicated in the active layer of the Buor Khaya deposits. In contrast, 
microbial life is significantly lower and less active in the underlying permafrost deposits. Increased past 
microbial life within the permafrost sequence is linked to periods of higher terrestrial OM accumulation, 
often showing an increased aliphatic character. These organic-rich intervals might reflect formation under 
moister and warmer environmental conditions during the Late Pleistocene which causes shallow anaerobic 
soil conditions favorable for methanogenic communities. Thus, differences in the quality and amount of 
the OM in the Buor Khaya permafrost deposits seem to reflect past changes in the hydrology and local 
depositional environment. 

The permafrost intervals with high OM accumulation are rich in potential substrates for methanogenesis. 
Thus, with regard to the generation of the greenhouse gas methane the OM freeze-locked in the permafrost 
deposits appears to be not much different in terms of OM quality than the younger surface organic material 
from the active layer. Therefore, the future potential for greenhouse gas generation from permafrost deposits 
seems to depend on the quality and amount of the stored OM rather than on the age. As a result of increased 
rates of deeper permafrost thaw in a warming Arctic, the observed similarities imply a significant impact on 
future generation of greenhouse gases from thawing permafrost areas with comparable OM deposits, includ-
ing a positive feedback on climate evolution. 
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2.9 Supplement 

 

Table S1: Concentration of identified branched glycerol dialkyl glycerol tetraethers (GDGTs), isoprenoid GDGTs, archaeol as well as 

the calculated branched and isoprenoid tetraether (BIT) index. For GDGT structures please refer to Schouten et al. [2013].  

mean 

depth  
archaeol GDGT-0 GDGT-1 GDGT-2 crenarchaeol GDGT-I GDGT-Ia GDGT-Ib GDGT-II GDGT-III GDGT-IIIa BIT  

[m] 
[ng/g 

sed] 

[ng/g 

sed] 

[ng/g 

sed] 

[ng/g 

sed] 
[ng/g sed] 

[ng/g 

sed] 
[ng/g sed] [ng/g sed] [ng/g sed] [ng/g sed] [ng/g sed] 

 
            

 0.2 264.6 10.8 0.0 0.0 0.0 608.9 8.2 0.0 1248.5 1426.8 0.0 1.0 

0.7 17.7 0.8 0.0 0.0 0.0 20.7 1.1 0.0 59.0 55.0 0.0 1.0 

1.5 27.4 1.5 0.0 0.0 0.0 72.2 4.7 0.0 177.6 268.4 0.0 1.0 

2 42.0 2.4 0.0 0.0 0.0 80.8 4.4 0.0 211.6 333.4 0.0 1.0 

2.3 30.9 2.0 0.0 0.0 0.4 61.5 3.9 0.0 156.3 231.4 0.0 1.0 

2.8 50.1 3.1 0.0 0.0 0.3 105.2 6.2 0.0 235.7 204.0 0.0 1.0 

3.2 37.1 3.3 1.5 0.0 1.5 38.0 4.2 0.0 98.7 75.9 0.0 1.0 

8.7 44.5 15.4 1.8 0.0 4.1 26.1 6.6 0.0 76.9 109.4 0.0 1.0 

9.5 82.3 4.6 0.8 0.0 0.2 37.9 9.3 0.0 101.7 89.6 0.0 1.0 

10 133.0 7.0 1.5 0.0 0.0 65.3 15.3 0.0 184.8 140.8 0.0 1.0 

11.2 27.1 3.0 1.6 0.0 1.2 27.0 7.1 0.0 97.5 130.0 0.0 1.0 

11.6 21.0 4.7 2.4 0.0 3.0 27.8 11.6 0.0 104.9 173.9 0.0 1.0 

12 29.9 5.4 2.0 0.0 2.2 44.5 15.7 0.0 135.3 120.6 0.0 1.0 

12.7 8.7 4.2 2.9 2.9 4.8 25.0 5.3 0.0 61.1 36.2 0.0 1.0 

13.6 92.3 14.1 3.3 1.8 3.4 61.9 45.2 2.3 236.8 246.4 5.5 1.0 

14.1 95.9 12.1 2.1 1.6 1.7 58.3 40.8 1.7 214.6 203.6 3.2 1.0 

14.6 13.9 4.9 1.8 2.2 5.1 46.6 19.9 0.0 155.5 137.5 0.0 1.0 

15.1 11.9 3.7 2.7 2.7 8.0 29.1 14.4 0.0 107.5 131.4 0.0 1.0 

16.8 10.4 3.3 2.1 1.9 5.0 4.1 0.8 0.0 8.2 8.7 0.0 0.8 

18.1 11.7 5.0 3.9 4.3 9.4 11.3 3.8 0.0 28.7 32.3 0.0 0.9 
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3.1 Abstract  

In this study the organic matter (OM) in several permafrost cores from Bol´shoy 

Lyakhovsky Island in NE Siberia was investigated. In context of the observed global warming 

the aim was to evaluate the potential of freeze-locked OM from different depositional ages to 

act as a substrate provider for microbial production of greenhouse gases from thawing 

permafrost. To assess this potential, exemplarily the concentrations of free and bound acetate, 

which forms an appropriate substrate for methanogenesis, are determined. The largest free (in 

pore water) and bound (organic matrix linked) acetate substrate pools are present in layers 

that cover interstadial MIS 3 and stadial MIS 4 Yedoma permafrost deposits. In contrast, 

deposits from the last interglacial MIS 5e (Eemian) contain only a small pool of substrates. 

The Holocene (MIS 1) deposits reveal a significant bound acetate pool, representing a future 

substrate potential upon release during OM degradation. Additionally, pyrolysis experiments 

of the OM allocate an increased aliphatic character to the MIS 3 and 4 Late Pleistocene 

deposits, which might indicate less decomposed and presumably better degradable OM. 

Biomarkers for past microbial communities including those for methanogenic archaea show 

also highest abundance during MIS 3 and 4, which indicates that the OM stimulated microbial 
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degradation and presumably greenhouse gas production during time of deposition. On a 

broader perspective, Arctic warming will increase and deepen permafrost thaw and favour 

substrate availability from freeze-locked older permafrost deposits. Therefore, especially the 

Yedoma deposits show a high potential for providing substrates relevant for microbial 

greenhouse gas production. 

 

3.2 Introduction 

The northern areas of the Eurasian landmass are underlain by permafrost, which is defined 

as ground that remains under 0 °C for at least 2 consecutive years [Washburn, 1980]. These 

areas represent a large reservoir of organic carbon freeze-locked in the permafrost deposits 

[French, 2007; Zimov et al., 2009]. Hugelius et al. (2014) estimated that about 1300 Pg (1 Pg 

= 1015 = 1 Gt) of soil organic carbon is stored in the upper 0-3 m in the northern circumpolar 

permafrost regions, which are highly vulnerable to climate warming [Grosse et al., 2011; 

Schmidt et al., 2011; Mu et al., 2014]. Today, Arctic summer temperatures are higher than in 

the past 400 years [Chapin III et al., 2005]. Thus, as a consequence of northern hemisphere 

warming an increase in ground temperature, changes in soil drainage, deepening of the active 

layer (seasonally thawed surface layer), spatial retreat of permafrost and changes in vegetation 

have already been reported for the Arctic [Davidson and Janssens, 2006; Anisimov, 2007; 

Romanovsky et al., 2010; Mueller et al., 2015]. During permafrost formation low 

temperatures, anoxic soil conditions and low rates of organic matter (OM) decomposition 

[Levy-Booth et al., 2007; Schimel and Schaeffer, 2012] resulted in high rates of OM 

accumulation [Kuhry et al., 2009; Zimov et al., 2009; Schirrmeister et al., 2011a]. The 

currently observed thawing of permafrost promotes the accessibility of accumulated and 

freeze-locked OM and nutrients for microbial turnover. This results in increased microbial 

activity and consequently in increased OM decomposition rates [Dutta et al., 2006; Schmidt et 

al., 2011]. Previous studies on permafrost samples from Holocene and Late Pleistocene (LP) 

Yedoma deposits, which represent widespread ice-rich paleosol formations in NE Siberia, 

have shown that microbial degradability of the freeze-locked OM seems to depend on the 

amount and composition of organic carbon rather than on the age of the deposits [Knoblauch 

et al., 2013; Strauss et al., 2015; Stapel et al., 2016]. As observed in incubation experiments 

on permafrost samples of different ages [Waldrop et al., 2010; Lee et al., 2012; Lipson et al., 
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2012; Knoblauch et al., 2013; Schadel et al., 2014; Walz et al., 2017], degradation of this OM 

can lead to enhance microbial production and release of greenhouse gases such as carbon 

dioxide and methane to the atmosphere [Wagner et al., 2003; Schuur et al., 2008; McGuire et 

al., 2009; Knoblauch et al., 2013]. This release is expected to have strong feedback on global 

warming and with that on further permafrost degradation [Schuur et al., 2008]. Thus, due to 

the carbon-climate feedback cycle the permafrost region bears the risk to act as a self-

reinforcing system for an increase of global warming. 

NE Siberian permafrost formation started already in the Late Pliocene e.g. at today’s coasts 

and islands along the Dmitry Laptev Strait [Arkhangelov et al., 1996]. These deposits 

provides a unique paleo-environmental archive with stratigraphic patterns of long-lasting 

accumulation periods of permafrost during glacial periods, as well as permafrost degradation 

features during interglacial periods [Andreev et al., 2004, 2009; Wetterich et al., 2009, 2011]. 

Permafrost deposits were accumulated under continental, cold climate conditions 

accompanied by syngenetic ice-wedge growth [Wetterich et al., 2011] during glacial periods, 

e.g. middle Pleistocene (Saalian) and Late Pleistocene (Weichselian; Yedoma deposits) 

[Andreev et al., 2004; Schirrmeister et al., 2013]. In contrast, during the Eemian and the 

Holocene, extensive thawing of ice wedges and permafrost deposits led to the formation of 

thermokarst depressions, as well as of thermos-erosional valleys and small rivers [Andreev et 

al., 2004; Ilyashuk et al., 2006; Wetterich et al., 2009]. According to pollen and insect data, 

the climate of the Eemian resulted in an open grass and grass-sedge tundra similar to the 

modern situation [Kienast et al., 2008]. The mid Eemian environment was characterized by 4-

5 °C higher summer temperatures than today with greater seasonal temperature variations in 

the Northern Hemisphere [Andreev et al., 2004; Dahl-Jensen et al., 2013]. 

These described environmental changes are expected to have significant impact not only 

on the amount but also on the composition of the accumulated OM [Strauss et al., 2015; 

Stapel et al., 2016]. After thawing compositional differences in the formerly freeze-locked 

OM are suggested to have strong effect on the OM biodegradability and with that on the 

microbial production of greenhouse gases. To obtain deeper insights into the potential of 

permafrost OM from different ages to act as a substrate provider for intense microbial 

degradation, we examined characteristic OM parameters and exemplarily low molecular 

weight organic acids (LMWOAs) concentrations. LMWOAs such as acetate are important 
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and easily convertible substrates for microbial metabolism [Ganzert et al., 2007]. Acetate is a 

well-known substrate for methanogenesis [Chin and Conrad, 1995]. Thus, acetate 

concentrations provide valuable information on the greenhouse gas production potential of the 

respective OM [Stapel et al., 2016]. Acetate can be dissolved in pore water and cryostructures 

(e.g. segregated ice) of permafrost deposits. This acetate represents a free substrate pool, 

which is directly bioavailable for microorganisms. On the other hand acetate can be bound to 

the organic matrix (e.g. by ester-linkage) forming a future substrate pool upon liberation via 

geochemical or microbial alteration of the OM [Glombitza et al., 2009; Stapel et al., 2016]. 

In addition, investigations of microbial biomarkers such as phospholipid fatty acids 

(PLFAs) and glycerol dialkyl glycerol tetraethers (GDGTs) are applied to examine the 

interaction between present and past microbial communities with the OM accumulated in the 

past. Phospholipid esters are essential membrane components of living bacterial cells [Zelles, 

1999] and are hydrolysed rapidly after cell death [White et al., 1979; Logemann et al., 2011]. 

Therefore, their fatty acid side chain inventories (PLFAs) are used as an indicator for viable 

microorganisms in sediments [Haack et al., 1994]. In contrast, biomarkers such as GDGTs 

and archaeol represent membrane lipids of dead microbial biomass, since they are already 

partly degraded as indicated by the loss of their head groups [Pease et al., 1998]. While 

archaeol and GDGTs with isoprenoid tetraether bridges (isoGDGTs) represent archaeal 

biomass, GDGTs with branched tetraether bridges (brGDGTs) derive from bacteria [Weijers 

et al., 2006]. However, it should be mentioned that the brGDGTs biomarkers only represent 

part of the bacterial community [Weijers et al., 2006; Schouten et al., 2013], while the 

archaeal markers cover most of the past archaeal community [Pancost et al., 2001; Koga and 

Morii, 2006]. In permafrost regions and peatlands archaeol is used as a biomarker for 

methanogenic archaea [Bischoff et al. 2013; Pancost et al., 2011]. 

The feedback between climate warming and microbial greenhouse gas generation from 

thawing permafrost is a topic of large global interest and intensive scientific debate [Zimov et 

al., 2006; Koven et al., 2011; Schuur et al., 2015]. In this context the contribution from 

thawing OM of different depositional ages to the climate carbon feedback cycle is still 

unclear. In order to learn more about these interrelations, we conducted a study on Bol´shoy 

Lyakhovsky Island in the Laptev Sea (NE Siberia). Samples from this region provide the 

excellent opportunity to investigate permafrost OM deposited from last interglacial to 



3 STUDY SITE: BOL`SHOY LYAKHOVSKY ISLAND – CORE SAMPLES 

41 
 

Holocene time. The aims of our study were (1) to assess and compare the stored OM potential 

for microbial greenhouse gas production in permafrost deposits from different 

glacial/interglacial periods and (2) to assign this substrate potential to characteristic OM 

parameters and depositional paleoenvironmental conditions. 

 

3.3 Study area and material 

Bol´shoy Lyakhovsky Island is located between the Laptev and East Siberian seas as the 

southernmost part of the New Siberian Archipelago (Fig. 3-1a). During Pleistocene periods of 

low sea level the island was part of west Beringia, an unglaciated landmass stretching from 

NE Siberia to Alaska [Hubberten et al., 2004; Andreev et al., 2009]. The area is part of the 

northern tundra zone with an active layer thickness of 30-40 cm and a permafrost thickness of 

500-600 m [Andreev et al., 2004]. The study site is located west of the Zimov´e River mouth 

on the south coast of Bol´shoy Lyakhovsky Island along the Dmitry Laptev Strait (Fig. 3-1b). 

The southern coast is characterized by exposed permafrost deposits, while the hinterland is 

formed by gradually sloping terrain intersected by rivers and valleys developed through 

thermos-erosion. Based on previous studies the stratigraphy and regional setting are well 

known in the current study area [Andreev et al., 2004, 2009;  Ilyashuk et al., 2006; Kienast et 

al., 2008; Wetterich et al., 2009, 2014]. Therefore, the drill sites (Fig. 3-1c) were chosen to 

maximize stratigraphic coverage and age with the aim to obtain a permafrost record from the 

Holocene (MIS 1) back to the Eemian interglacial (MIS 5e; Russian: Kazansevo). Eemian 

deposits form a paleo-equivalent to the Holocene and are otherwise rather difficult to assess in 

this area. According to prior studies by Wetterich et al. [2014] and references therein, the 

cores investigated in this study can be integrated into an already described environmental and 

climatic history. It has to be mentioned that similar interglacial deposits at Oyogos Yar from 

the mainland coast opposite to Bol'shoy Lyakhovsky Island have recently been dated. These 

deposits reveal younger infrared optical stimulated luminescence (IR-OSL) ages than Eemian 

[Opel et al., 2017]. However, since it is not clear yet, whether both deposits really represent 

the same age window, we stay here with the interpretation based on the Bol'shoy Lyakhovsky 

deposits by Andreev et al. [2004]. 

The field work was conducted in April 2014 as part of the joint Russian-German research 

project CarboPerm [Schwamborn and Wetterich, 2015]. Four cores were drilled using a 
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KMB-3-15M (rotary) drill rig. The drilled core segments were kept frozen and transported in 

frozen state for further processing to Potsdam, Germany. In our home laboratory sampling 

was conducted in a climate chamber at -10 °C. 40 inner core samples distributed throughout 

the cores were taken with exception of intervals where ice-wedges were encountered. Samples 

were investigated for microbial biomarkers, free (pore-water) and bound acetate 

concentrations as well as OM characteristics such as total organic carbon (TOC), total organic 

carbon to total nitrogen (TOC/TN) ratio, hydrogen index (HI) and compositional OM analysis 

using open-pyrolysis gas chromatography (Pyr-GC). 

 

 

Figure 3-1: (a) Position of Bol´shoy Lyakhovsky Island in the Siberian Arctic. (b) 

Study site on Bol´shoy Lyakhovsky Island, indicated by a black star, (c) and location of 

the drilled cores comprising different age intervals (L14-05, L14-02, L14-03 and L14-

04) modified after Wetterich et al. [2014] and Schwamborn and Wetterich [2015]. 

 

3.3.1 Core descriptions 

Cores are described stratigraphically from younger to older deposits. Core L14-05 (Fig. 3-

1c, Table 3-1) is 7.89 m long and consists of silty fine sediments with scattered organic 

remains. Overall this core possesses lens-like cryostructures which occur between 1.00 to 2.45 

m and 6.71 to 7.89 m core depth. According to prior studies by Andreev et al. [2009] and 
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Wetterich et al. [2009], the upper core section approximately down to 5.5 m consists of a 

Holocene (MIS 1) unit, further below the deposits are of MIS 3 age. According to previous 

paleo-environmental interpretations the MIS 1 deposits represent Alas deposits, where Early 

Holocene lake sediments have accumulated on top of a MIS 3 surface. During late Holocene 

time (<3.7 ka BP) the site drained and froze over [Andreev et al., 2009]. 

Core L14-02 (Table 3-1) is 20.02 m in length. The upper 11.26 m consist of fine-silty 

sediments with macroscopical organic remains and an alternation of horizontal, vertical and 

reticulated ice veins, and lens-like cryostructures. Below 11.26 m the core consists of an ice 

wedge, and no samples were taken from this part. The core material is of Late Pleistocene age 

and was deposited under subaerial conditions during the last interstadial MIS 3 [Wetterich et 

al., 2014]. The deposits represent the infill of an ice-wedge polygon with a succession of 

paleosols. 

The upper 4.90 m of core L14-03 (15.49 m in length; Table 3-1) are comparable in their 

sedimentology and cryostructures to the silty-fine sediments of core L14-02. Below 4.90 m 

the sediment has sandy portions. While between 4.90 to 8.45 m the deposits still have visible 

organic remains and similar cryostructures, the sediments below 8.45 m are characterized by 

only scattered organic remains but similar cryostructures as described above. Below 10.90 m 

the deposits mainly consist of sand and gravel, and in the lowermost 40 cm of gravel. 

Cryostructures are partly formed as vertically aligned cm-thick ice veins. In earlier studies on 

the same study site these deposits are interpreted to represent early Weichselian (MIS 4) 

floodplain deposits [Andreev et al., 2009].  

Core L14-04 (Table 3-1) is 8.10 m long and consists of silty-fine sediments with visible 

organic remains and cryostructures comparable to core L14-02. Between 4.24 to 4.89 m the 

core consists of massive ice. The upper 6 m were probably deposited during the MIS 4 stadial 

period. The deposits below 6 m were deposited during the Eemian interglacial (MIS 5e) and 

have been interpreted as thermokarst lake sediments [Andreev et al., 2004]. 
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Table 3-1: Schematic summary (from left to right) including age (epoch and marine isotope 

stage (MIS) classification) after Andreev et al. [2004] and [2009] and Wetterich et al. [2004] 

and [2014], core schema (adapted to the age classification) and coordinates of the drilling 

sites. 

 

 

3.4 Methods 

3.4.1 Organic matter parameters 

After freeze-drying and grinding the samples for total organic carbon (TOC) analysis were 

decalcified with 0.1N HCL. TOC and total nitrogen (TN) (wt%) were determined by a 

carbon-nitrogen-sulphur elemental analyser (Vario EL III, Elementar) with a device-specific 

accuracy of ± 0.1 wt%. For further information on characteristic OM parameters the hydrogen 

index (HI) was determined by Rock-Eval pyrolysis using a Rock-Eval 6 instrument [Behar et 

al., 2001]. Therefore, 17 freeze-dried and ground samples of different TOC content covering 

all time intervals were analysed. Measurements were conducted by Applied Petroleum 
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Technology AS (Kjeller, Norway). To obtain additional information on the macromolecular 

structure of the OM, 10 mg from these samples were used for open-system pyrolysis after 

Horsfield et al. [1989]. After the free biomolecules (bitumen) were thermally removed (300 

°C), the macromolecular organic matrix was pyrolyzed with temperatures between 300-600 

°C. The pyrolysates were trapped (liquid N2) and finally measured on a pyrolysis-gas 

chromatograph (AGILENT GC 6890A Chromatograph) equipped with a flame ionization 

detector (Py-GC-FID). For peak quantification of the detected pyrolysate products n-butane 

was used as external standard. The areas of the detected pyrolysate peaks were integrated and 

calculated using the AGILENT ChemStation software. For the Eglinton-diagram [Eglinton et 

al,. 1990] o-xylene, 2,3-dimethylthiophene and n-nonene and for the Horsfield-diagram 

[Horsfield et al., 1989] C1-C5 alkane gases, C6-C14-n-alkanes and n-alkenes as well as C15 

and longer n-alkanes and n-alkenes were integrated. For further details on these methods see 

Horsfield et al. [1989] and Stapel et al. [2016]. 

 

3.4.2 Low molecular weight organic acids (LMWOAs) analyses 

After slow thawing of a subset of the frozen samples at about 4 °C, the pore water within 

the samples were separated by centrifugation (Sigma, laboratory centrifuge 6K15, 2500 rpm 

(908 x g), 20 °C, 10 min). Free LMWOAs such as acetate and anions from pore water 

samples were measured by ion chromatography with conductivity detection (ICS 3000, 

Dionex). Furthermore, LMWOAs bound via ester-bonds to the complex OM were analyzed 

by conducting an alkaline ester cleavage approach developed by Glombitza et al. [2009a] on 

pre-extracted sediment samples. Details are described in Stapel et al. [2016]. 

 

3.4.3 Microbial lipid biomarker analysis 

Approximately 30 - 50 g of the freeze-dried and grounded samples were extracted using a 

flow blending system modified after Bligh and Dyer [1959] as described in Stapel et al. 

[2016]. Subsequently, the obtained sediment extract was separated into four different fractions 

of polarity (low polar lipids, free fatty acids, glycolipids, and polar lipids) following a method 

described by Zink and Mangelsdorf [2004]. Finally, all four fractions were evaporated to 

dryness and stored at -20 °C until analysis. After a fatty acid cleavage procedure described in 
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Müller et al. [1998], the phospholipid fatty acids (PLFA) within the PL fraction were 

measured by gas chromatography-mass spectrometry (GC-MS). Details on instrument settings 

are described in Stapel et al. [2016]. 

After asphaltene precipitation the low polar lipid fraction was separated into an aliphatic, 

aromatic and hetero-compound (containing nitrogen, oxygen and sulphur-components, NSO) 

fraction using a medium-pressure liquid chromatography (MPLC) [Radke et al., 1980]. An 

aliquot of the NSO fraction was investigated for tetraether lipids (glycerol dialkyl glycerol 

tetraether, GDGT) and archaeol using a Shimadzu LC20AD HPLC instrument coupled to a 

Finnigan TSQ 7000 triple quadrupole MS with an atmospheric pressure chemical ionization 

(APCI) interface. Details on instrument settings are described in Stapel et al. [2016]. The 

branched vs. isoprenoid tetraether (BIT) index was calculated after Hopmans et al. [2004]. 

The data on individual GDGTs are provided. 

 

3.4.4 Statistical approaches  

For statistical analysis of the measured parameters, the Pearson correlation coefficient (R²) 

was computed using the MATLAB R2015b software environment. In addition, p-values were 

also calculated with the same software and only 185 correlations with p ≤ 0.05 were evaluated 

for this study. 

 

3.5 Results 

Characteristic OM parameters (TOC, TOC/TN and HI), biomarkers for living microbial 

communities (PLFA) and for past bacterial (brGDGTs) as well as archaeal communities 

(isoGDGT-0 and archaeol) and the concentration of free and bound acetate are presented in 

figure 2 for all four cores from Bol´shoy Lyakhovsky Island. Every core includes at least one 

sample (core L14-03 has two samples) representing the overlaying soil as part of the active 

layer above the permafrost deposits from MIS 1, 3 and 4. Due to the stratigraphic settings at 

the study site on Bol´shoy Lyakhovsky Island, active layers containing OM from MIS 2 and 

MIS 5e could not be obtained in the field. Additionally, the results from open-system 

pyrolysis are shown in figure 3.  
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3.5.1 Characteristic OM parameters 

Active layers: 

In the active layers TOC concentrations are above 2 wt%, except in core L14-05 with 1.5 

wt% (Fig. 3-2a). The TOC/TN ratios range between 8.2 and 11.1 (Fig. 3-2b). The 

representative active layer sample for Rock-Eval analysis (L15-05, 10 cm) revealed a HI 

value of 236 mg HC/g TOC (Fig. 3-2c). Overall, the samples reveal strongly increased PLFA 

concentrations (84.1, 149.3, 86.3 and 37.8 μg/g sediment, respectively) compared to the 

permafrost deposits below (Fig. 3-2d). The PLFA inventory is composed of saturated FAs 

ranging from C12 to C24, iso-branched FAs from C13 to C19, anteiso-branched FAs from C13 to 

C17, other saturated branched FAs from C17 to C20, a saturated mid-chain branched FA 10-

Me16:0, a series of mono-unsaturated FAs such as 14:1ω5, 15:1, 16:1ω5cis/trans 

16:1ω7cis/trans, 17:1ω7cis/trans, 18:1ω7cis/trans and 18:1ω9cis/trans, FAs with a 

cyclopropyl-ring cycl-17:0 and cycl-19:0 as well as some mono-unsaturated branched FAs 

from C15 to C17. The sum of all brGDGT (past bacterial markers) vary with 849.1, and 27.2 

ng/g sediment, while the concentrations of the iso GDGT-0 with 3.1 to 0.8 ng/g sediment and 

archaeol (both past archaeal markers) with 17.7 to 2.0 ng/g sediment are much lower in each 

core (Fig. 3-2e to 3-2g). The free acetate concentration (Fig. 3-2h) is, compared to the rest of 

the cores, rather low (0.9 to 1.5 mg/l). In contrast, the bound acetate concentrations are 

comparatively high with 44.5 to 64.2 mg/l (Fig. 3-2i). 

 

Marine Isotope Stage 1 (MIS 1): 

In unit MIS 1 from core L14-05, the TOC, TOC/TN and HI-profiles (Fig. 3-2a,b,c) all 

correlate (TOC:TOC/TN, R²=0.9; p=0.047 and TOC:HI, R²=0.79; p=0.015). TOC 

concentrations vary between 1.5 to 1.8 wt%, TOC/TN ratios between 7.1 to 8.2 and HI data 

between 71 to 194 mg HC/g TOC (H1 to H5; Fig. 3-2c). Overall, the concentration of PLFAs 

is lower than in the active layer, ranging between 11 and 27 μg/g sediment (Fig. 3-2d). Also 

the diversity of detected FAs decreases with depth. The PLFA profile revealed some 

similarities to the TOC curve, but no overall correlation was found. Concentrations of past 

bacterial markers vary between 22.5 and 370.0 ng/g sediment. Past archaeal markers vary 

between 1.0 and 15.0 ng/g sediment for isoGDGT-0 and between 5.4 and 41.1 ng/g sediment 

for archaeol (Fig. 3-2e to 3-2g). The brGDGT profile correlates well with TOC (R²=0.9; 
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p=0.015). Free acetate concentrations (Fig. 3-2h) of about 2.2 mg/l were detected between 0.4 

to 2.7 m, followed by an increase to 106 mg/l at 3.3 m depth. Bound acetate concentrations 

(Fig. 3-2i) correlate with TOC (R²= 0.8; p=0.046) and are comparatively low (10.7 mg/l) at 

0.4 m depth, but are much higher with concentrations between 29.7 and 48.1 mg/l for the rest 

of the unit. 

 

Marine Isotope Stage 3 (MIS 3): 

Unit MIS 3 comprises the core segments MIS 3-1 of core L14-05 as well as MIS 3-2 and 

MIS 3-3 of core L14-02 (Fig. 2). Overall, TOC and TOC/TN (Fig. 3-2a,b) correlate (R²=0.8; 

p=0.003). The core segment MIS 3-1 shows increased TOC (4.8 wt%) and TOC/TN (12.8) 

ratios, while core segment MIS 3-2 is characterized by TOC concentrations of 1.4 to 4.7 wt% 

with a maximum at 1.6 m and TOC/TN ratios between 6.2 to 11.8. Within core segment MIS 

3-3, TOC varies from 0.9 to 3.4 wt% and TOC/TN ratios range between 6.2 and 11.9. HI 

values of 316 (LP1), 322 (LP2) and 126 mg HC/g TOC (LP3) are indicated for unit MIS 3 

(Fig. 3-2c). Figure 3-2d shows PLFA concentrations of 33 μg/g sediment in core segment 

MIS 3-1, a decreasing trend from 35.6 to 11.1 μg/g sediment in core segment MIS 3-2, and 

concentrations between 12.9 to 22.9 μg/g sediment in core segment MIS 3-3. In unit MIS 3 no 

correlation between PLFA concentrations and TOC is observable. The profile of past bacterial 

markers (Fig. 3-2e) in unit MIS 3 generally correlates with TOC (R²=0.9; p=0.016). Past 

bacterial and archaeal biomarkers (Fig. 3-2e to 3-2g) show higher abundances in the same 

depth interval, but with maxima at different depth (R²= 0.8; p=0.021). In MIS 3-1 all past 

markers are strongly increased (2070.4 ng/g sediment for brGDGTs as well as 133.4  ng/g 

sediment for isoGDGT-0 and 81.1 ng/g sediment for archaeol). MIS 3-2 is characterized by 

concentrations between 34.4 and 591.1 ng/g sediment for the brGDGTs as well as between 

0.3 and 8.6 ng/g sediment for isoGDGT-0 and 5.9 and 23.2 ng/g sediment for archaeol. Much 

lower concentrations are observed for MIS 3-3 between 3.7 and 147.7 ng/g sediment for the 

brGDGTs as well as 0.3 to 1.9 ng/g sediment for isoGDGT-0 and 1 to 10.2 ng/g sediment for 

archaeol. Free acetate concentrations (Fig. 3-2h) of 51.1 mg/l are indicated for MIS 3-1, while 

in MIS 3-2 the free acetate concentrations rise to 412 mg/l at 1.6 m. In MIS 3-3 the highest 

free acetate concentrations of 757.5 mg/l are measured at 4.2 m depth, followed by decreasing 

concentrations to 13.8 mg/l and a subsequent rise to 160.0 mg/l. The bound acetate 
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concentrations (Fig. 3-2i) correlate with TOC (R²= 0.8; p=0.049) and show a concentration of 

59.2 mg/l in MIS 3-1. In the deeper core segments of MIS 3-2 and 3-3 bound acetate 

concentrations range between 11.7 and 93.7 mg/l with maxima at 1.6 m and 4.2 m depth. 

 

Marine Isotope Stage 4 (MIS 4): 

Unit MIS 4 comprises core segments MIS 4-1 of core L14-03 and MIS 4-2 of core L14-04. 

TOC and TOC/TN ratios (Fig. 3-2a,b) correlate within unit MIS 4 (R²=0.8; p=0.009). In core 

segment MIS 4-1 TOC concentrations range between 2.7 to 1.9 wt% and the TOC/TN ratio 

between 8.6 and 9.7 in the upper 2.5 m, below TOC concentrations are ≤ 1.5 wt% and 

TOC/TN ratios are < 6. Core segment MIS 4-2 is characterized by a decreasing TOC trend 

from 2.4 to 0.5 wt% and TOC/TN ratios from 9 to 4.5. Four HI values were measured in MIS 

4-1 with values of 388 (LP4), 226 (LP5), 80 (LP6) and 256 mg HC/ g TOC (LP7) and one HI 

value of 276 mg HC/ g TOC (LP8) in MIS 4-2 (Fig. 3-2c). The PLFA concentrations (Fig. 3-

2d) resemble the TOC contents (R²= 0.7; p=0.002) with concentrations between 19.4 and 35.5 

μg/g sediment in the upper 5 m of MIS 4-1 and lower concentrations of 5.2 to 10.0 μg/g 

sediment below 6 m. MIS 4-2 shows low PLFA concentrations between 8.1 to 19.2 μg/g 

sediment. In MIS 4-1 past microbial biomarker profiles (Fig. 3-2e to 3-2g) correlate with each 

other (R²= 0.8; p=0.031) and with the TOC profile (brGDGTs vs. TOC: R²=0.7, p=0.047; 

archaeol vs. TOC: R²=0.7, P=0.039). The concentrations of bacterial markers generally range 

between 0.2 and 48.9 ng/g sediment with an increase to 208.0 ng/g sediment at 1.4 m and to 

128.0 g/g sediment at 4.7 m depth. For archaeal markers concentrations range generally 

between 0.4 and 2.8 ng/g sediment for isoGDGT-0 as well as between 0.6 and 38.3 ng/g 

sediment for archaeol with maxima at 1.4 m and 4.7 m depth. In MIS 4-2 the bacterial GDGT 

concentrations are decreasing from 294.0 ng/g sediment to 34.2 ng/g sediment and correlate 

with TOC (R²=0.9; p=0.018). The archaeal marker concentrations range between 1.0 and 1.5 

ng/g sediment for isoGDGT-0 and between 7.0 and 17.4 ng/g sediment for archaeol with a 

maximum at 5.3 m depth. The isoGDGT-0 and archaeol concentrations do not correlate with 

the profile of brGDGT markers or with TOC. Within core segment MIS 4-1 free acetate 

concentrations (Fig. 3-2h) were below 100.1 mg/l. However, maxima occurred at 2.5 m 

(193.2 mg/l), and 6.4 m depth (628.5 mg/l). In core segment MIS 4-2 the free acetate 

concentrations range from 31.2 to 70.0 mg/l. The bound acetate concentrations (Fig. 3-2i) of 
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unit MIS 4 resemble TOC (R²=0.7; p=0.018). They are usually characterized by 

concentrations between 6.7 to 23.7 mg/l with maxima at 3.4 m (61.8 mg/l) and 5.7 m (44.6 

mg/l) in MIS 4-1 and decreasing concentrations from 41.7 to 12.1 mg/l in MIS 4-2. 

 

Marine Isotope Stage 5e (MIS 5e): 

In unit MIS 5e (Eemian) of core L14-04, TOC and TOC/TN correlate (R²=0.99; p=0.018) 

and show TOC contents of about 0.6 wt% and TOC/TN ratios from 3.7 to 4.9 (Fig. 3-2a,b). 

Samples from MIS 5e show HI values (Fig. 3-2c) of 61 (E1), 81 (E2) and 78 mg HC/gTOC 

(E3). The PLFA concentrations (Fig. 3-2d) are between 4.5 to 5.2 μg/g sediment, which is 

quite low compared to the other intervals and resembles the low TOC profile. All past 

microbial marker profiles (Fig. 3-2e to 3-2g) are low and correlate (R²=0.9, p=0.036). The 

concentrations of past bacterial markers vary between 21.7 to 27.1 ng/g sediment, while the 

concentrations of the archaeal markers range from 1.0 to 1.9 ng/g sediment for isoGDGT-0 

and from 2.5 to 3.4 ng/g sediment for archaeol. The free acetate concentration (Fig. 3-2h) 

increases from 12.5 to 89.5 mg/l with depth, while the bound acetate concentration (Fig. 3-2i) 

scatters between 0.5 to 19.6 mg/l. 

 

3.5.2 Open-pyrolysis GC 

Results provided by open system-pyrolysis experiments on 17 representative samples 

(high/low TOC) enable a deeper insight into the OM characteristics:  

Figure 3-3a [after Eglinton et al., 1990] classifies the deposited OM into aliphatic-, aromatic- 

or sulphur-rich OM. All samples from the Holocene (H1, H2, H3, H4, H5) and Eemian (E1, 

E2, E3) unit and two samples from the Late Pleistocene unit (LP3, LP6) fall within the range 

of kerogen type III (terrestrial OM Type). Late Pleistocene samples (LP4, LP5, LP7, LP8) 

corresponding to higher HI values indicate a mixture of kerogen III and II (increased aliphatic 

character). Additionally, two Late Pleistocene sample (LP1, LP2) and the AL sample (AL), all 

hold the highest HI values, also indicate a mixture of kerogen type III and II but with a 

stronger input of type II compared to all other samples. All samples, especially the Eemian 

samples, show only a very low abundance of sulphur compounds generated by pyrolysis 

indicating sulphur lean OM (2,3-DMThio).  
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Figure 3-3b [after Horsfield et al., 1989] suggests different aliphatic characters for the 

selected samples indicating an increasing aliphatic character with higher HI and TOC. 

Samples from the Eemian unit (E1, E2, E3) and the Holocene sample H1 as well as two 

samples from the Late Pleistocene unit (LP3, LP6) with low HI (< 130) and low TOC (< 1) 

reveal the smallest aliphatic character. In comparisons, the samples from the Holocene unit 

(H2, H3, H4, H5) with intermediate HI (140-200) and TOC values > 1 show a slightly 

increased aliphatic character. All these samples are characterized by kerogen type III (Fig. 3-

3a). Most of the samples from the Late Pleistocene unit (LP1, LP2, PL4, PL5, PL6, PL7) and 

the active layer (AL) sample reveal the highest aliphatic character corresponding to HI > 200 

and to TOC >1 and to a mixture of kerogen type III and II (Fig. 3-3a). 

 

 

 

 

 

 

 

 

 

Figure 3-2:  

Bio- and geochemical parameters of permafrost cores L14-05, L14-02, L14-03 and L14-

04 from Bol´shoy Lyakhovsky Island, northern Siberia, represented with respect to core 

depth (left axis) and stratigraphic sediment and age units (right column). The vertical 

profiles show: a. the total organic carbon (TOC) content in wt%, b. the ratio of total 

organic carbon and total nitrogen (TOC/TN); c. the hydrogen index (HI) in mg HC/ g 

TOC; d. concentration of phospholipid fatty acids (PLFA) in µg/g sediment.; e. the 

concentration of branched glycerol dialkyl glycerol tetraethers (br-GDGT) in ng/g 

sediment; f. the concentration of isoprenoid glycerol dialkyl glycerol tetraethers (iso-

GDGT) in ng/g sediment; g. the concentration of archaeol in ng/g sediment; h. the 

concentration of free acetate in mg/l; i. concentration of bound acetate in mg/l. Active 

layer samples are dyed in dark grey, interglacial periods (MIS 1 and MIS 5e) are dyed 

in intermedium grey and the last glacial period (MIS 3 and MIS 4) is dyed in light grey. 

According to age, stratigraphy and core segments, the MIS 3 unit is subdivided in to 

MIS 3-1, 3-2 and 3-3, and the MIS 4 unit is subdivided into MIS 4-1 and 4-2. Sample 

labels within the HI profile correspond to core samples of different ages (H: Holocene; 

LP: Late Pleistocene glacial period; E: Eemian). 
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Figure 3-3: Triangular plots derived from organic matter pyrolysis. (a) Eglington-

diagram: Classification of the kerogen type (type I/II: aquatic and marine; type III: 

terrestrial; type IIS: enriched sulphur content) due to the relative abundance of 1,2 

dimethylbenzene (o-xylene), n-nonen (n-C9:1) and 2,3-dimethylthiophen (2,3DMThio) 

in the organic matter after Eglinton et al. [1990]. (b) Horsfield-diagram: Composition of 

the organic matter according to the chain length distribution of short (C1-C5), 

intermedia (C6-C14) and long (C15+) n-alk-1-enes after Horsfield et al. [1989]. The 

arrow indicates an increasing aliphatic proportion in the organic matter of the 

investigated samples. Sample labels correspond to core samples of different ages (H: 

Holocene; LP: Late Pleistocene glacial period; E: Eemian) with different total organic 

carbon (TOC) and hydrogen index (HI) values (Fig. 2a,c). 

 

3.6 Discussion 

When permafrost thaws, formerly freeze-locked OM becomes bioavailable again [Wagner et 

al., 2007; Lee et al., 2012]. In order to assess the impact of this OM on future climate 

evolution, it is of utmost interest to learn more about the degradability of the thawing OM 

especially with regard to its potential to release greenhouse gases. OM degradability in soils 

can be influenced by the molecular structure of the source organic material and its 

decomposition processes during deposition. Thereby, decomposition is affected by 

environmental factors (temperature, water saturation causing oxic/anoxic conditions and 

adsorption with the mineral soil matrix) and biological controls concerning the involved 

microbial ecosystem [Schmidt et al., 2011]. In this paper the focus is placed on the organic 

matter composition and its specific characteristics. However, also environmental and 

biological controls on OM degradation and accumulation are considered.  
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3.6.1 Organic matter characterization  

The composition of permafrost OM is mainly a mix of different terrestrial sources and the 

result of early diagenetic degradation processes during its deposition in the past [White, 2013]. 

We applied pyrolysis techniques (Rock-Eval pyrolysis and open-system pyrolysis GC-FID) 

on the OM to get a deeper insight into the structural composition and to define specific 

characteristics for the OM of different depositional ages. 

The highest accumulation of OM was found in the interstadial deposits of MIS 3 (core 

sections 3-1 and 3-2), with typical TOC concentrations for Yedoma deposits [Schirrmeister et 

al., 2013]. The measured TOC/TN ratios of 5 to 12 are within the range of terrestrial 

permafrost deposits reported for the NE Siberian Arctic [Wetterich et al., 2009; Schirrmeister 

et al., 2011a; Strauss et al., 2015]. Open system-pyrolysis data confirm, as expected, that the 

permafrost deposits on Bol´shoy Lyakhovsky Island are mainly dominated by terrestrial OM 

(Type III OM) (Fig. 3a), although Holocene and Eemian samples are deposited in a 

thermokarst environment. This is supported by the BIT index values ranging between 0.9 to 1.  

The BIT index is based on the ratio of different brGDGTs and crenarchaeol. In soil OM 

this ratio is usually close to one [Hopmans et al., 2004, Weijers et al., 2006b]. Pyrolysis 

experiments of TOC-rich samples from the active layer (core L14-05) and the Late 

Pleistocene (LP) glacial period (comprising MIS 3 and MIS 4, Table 1) reveal high HI values 

(Fig. 2c). The Eglinton triangular plot indicates for these samples a Type III OM with a 

tendency to Type II OM (Fig. 3a). This is mainly caused by a higher aliphatic character of 

these samples as shown by the Horsfield triangular plot (Fig. 3b). Thus, this TOC-rich OM 

can be interpreted as terrestrial OM with higher proportions of aliphatic structural moieties. 

One origin of this aliphatic material could be soil algae OM. Algae are usually rich in 

aliphatic structural units [Kolattukudy, 1980] and cyanobacteria and green algae are reported 

for permafrost soils and deposits [Vishnivetskaya, 2009]. Thus, these samples might indicate 

OM accumulation during intervals of increased soil moisture, which would be favourable for 

algae growth. Periods of increased soil moisture were already reported by Sher et al. (2005) 

for the LP glacial interval. The LP glacial period (Yedoma deposits) was influenced by 

climate variations, which resulted in alternating wetter or drier environmental conditions in 

NE Siberia [Andreev et al., 2009]. The generally cool climate and anaerobic soil conditions 

(due to water saturated soils) during the LP glacial period slowed rates of soil OM 
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decomposition [Dutta et al., 2006] and increased the accumulation of OM [Andreev et al., 

2011; Schirrmeister et al., 2011a; Wetterich et al., 2014]. The TOC-rich Yedoma deposits 

(comprising MIS 3 and partly MIS 4) with its higher aliphatic proportion (Figs. 3a and 3b) are 

indicative for such depositional environments. However, those LP glacial period samples with 

lower TOC contents and HI values (LP3, LP6; Fig. 2) reveal a minor aliphatic character, 

which likely reflect a change to a drier depositional environment with less water-saturated 

soils at the respective time interval. 

In contrast, the low TOC concentrations and HI values of the Eemian samples (MIS 5e, 

Table 1) point to less OM accumulation and/or an increased level of OM decomposition. This 

could be in line with the warmer and drier climate of the Eemian period in NE Siberia 

[Andreev et al., 2004; Wetterich et al., 2014; Wetterich et al., 2016], which might have 

supported intense aerobic microbial degradation of OM due to dryer soil conditions [Andreev 

et al., 2009]. The last interglacial was characterized by higher summer temperatures compared 

to the LP glacial period and even to the Holocene [Bond et al., 2001; Shackleton et al., 2003; 

Kienast et al., 2008, 2011] and was accompanied by permafrost thawing, draining, 

thermokarst formation and thermal erosion (Table 2) [Andreev et al., 2009]. The open system-

pyrolysis data (Fig. 3) indicate for the Eemian deposits (E1, E2, E3) a more pronounced type 

III OM and a less aliphatic character compared to the Yedoma samples. Comparing the 

Eemian with the Holocene interglacial deposits (both are interpreted to have comparable 

vegetation [Kienast et al., 2008]), the Holocene samples are characterized by higher TOC 

contents, HI values and aliphatic proportions. This might indicate less decomposed OM 

during deposition and therefore higher favourable characteristics for OM degradation in future 

than for the Eemian deposits. 

In addition to the environmental conditions in our study the OM characteristics might also 

have been influenced by the depositional settings. Both the Holocene and Eemian OM were 

deposited in thermokarst lake environments. Comparing the TOC contents from our study 

with those from thermokarst lakes in the Kolyma region further to the east [Peterse et al., 

2017], it becomes clear that the Holocene and Eemian deposits on Bol´shoy Lyakhovsky 

Island show much lower TOC contents (Holocene 0.21 to 1.81% TOC; Eemian 0.57 to 0.64% 

TOC) than the Holocene thermokarst deposits from the Kolyma region (4.8 to 22.6% TOC). 

However, Wetterich et al., [2009] reported that lake deposits in Holocene and Eemian time 
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can vary between lacustrine (around 2 % TOC) and boggy (around 10 to 20 % TOC) 

characteristics. Thus, the Holocene and Eemian samples in our study seem to reflect lacustrine 

while those in the study of Peterse et al. [2014] represent boggy conditions. Overall, the 

thermokast conditions did not lead to higher accumulation of OM in the recovered deposits on 

Bol´shoy Lyakhovsky Island. In contrast, warmer conditions during the Holocene and Eemian 

might have caused a higher OM decomposition. This would suggest that for our sample set 

environmental factors have a stronger impact on the OM accumulation than the depositional 

characteristics. More investigation on different depositional settings not only with depth and 

sediment age but also on a regional scale has to be conducted to improve our insights into the 

role of different depositional settings on the OM characteristics in permafrost regions. 

 

3.6.2 Signals of present and past microbial communities in permafrost 

deposits  

In order to investigate whether the freeze-locked OM already stimulated a diverse bacterial 

and archaeal community during deposition in the past, biomarkers for past microbial 

communities were examined. Especially, intervals with increased abundance of biomarkers 

characteristic for methanogenic archaea are of interest. This will provide information as to 

how the deposited OM of different ages already stimulated microbial greenhouse gas 

production in the past, which will help to assess the potential of the OM for greenhouse gas 

production upon future permafrost thaw. Since past microbial biomarkers could also be a 

product of microbial degradation of a presently living microbial community, the Bol´shoy 

Lyakhovsky samples were also screened with regard to microbial life markers to compare 

both biomarker records. 

As life markers we used phospholipids with ester bound fatty acids (PLFAs), since these 

bacterial cell membrane components are rapidly degraded after cell death [Logemann et al., 

2011]. In contrast, intact polar lipids (IPL) with ether bond moieties (diether side chain or 

tetraethers) have only a restricted potential to act as life markers for bacteria or archaea due to 

their significantly higher stability [Logemann et al., 2011]. Thus, since microbial communities 

generally consist of both bacteria and archaea, we used the PLFAs here as a general indicator 

for intervals of increased present microbial life. 
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The detection of PLFA life markers indicates the occurrence of living bacterial 

communities in all investigated cores from Bol´shoy Lyakhovsky. While the PLFA signals are 

low in the permafrost sequences, all active layers contain higher concentrations of PLFAs 

(Fig. 2d). This indicates a larger microbial community in the surface layers and presumably 

also increased microbial activity at least during the summer season. According to Knoblauch 

et al. [2013], permafrost surface layers contain a mix of newly produced and old OM, which 

can stimulate microbial activity during unfrozen periods. Signals of microbial life in 

permafrost deposits are strongly decreased. It has been suggested that the life marker signals 

represent most likely living successors of the microbial community incorporated into the 

sediments during time of deposition [Bischoff et al., 2013]. Different studies have shown that 

the respective microbial cells can be re-activated upon permafrost thaw, after which they are 

able to produce greenhouse gases [e.g. Knoblauch et al., 2013; Schuur et al., 2015; Treat et 

al., 2015; Walz et al., 2017]. 

Glycerol dialkyl glycerol tetraethers (GDGTs) and archaeol represent past microbial 

biomass [Stapel et al., 2016]. GDGTs and archaeol are the cores of former membrane lipids, 

which are already partly degraded as indicated by the loss of their head group moieties. 

However, the core lipids are very stable over geological time scales [Pease et al., 1998; 

Schouten et al., 2013] and can be found in many different habitats [Bischoff et al., 2013; 

Schouten et al., 2013]. Past bacterial (brGDGTs [Weijers et al., 2006]) and archaeal 

(isoGDGTs and archaeol [Koga et al., 1993; Pancost et al., 2001]) markers provide 

information on the abundance of a past microbial community and indirectly might provide 

information about microbial activity during time of deposition. IsoGDGT-0 (no cyclopentyl-

rings in the tetraether alkyl chains) and archaeol are used as markers for methanogenic 

communities in permafrost and peatland environments [Pancost et al., 2011; Bischoff et al., 

2014], whereas their relative proportion varies between different methanogenic genera [Koga 

and Mori, 2006]. PLFA life marker profiles indicate abundant present microbial life only for 

the active layers and do not correlate with the past biomarkers. Thus, the data suggest that in 

the permafrost sequence the past markers represent a paleo-signal [Stapel et al.,  2016]. 

The results on past bacterial and archaeal biomarkers (Fig. 2e,g) show that intervals with 

increased concentrations often correspond to increased OM contents (TOC, Fig. 2a) with 

higher aliphatic character (higher HI values). This can especially be observed in the Yedoma 
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deposits with the core sections MIS 3-1, 3-2 and the upper part of MIS 4-1 and 4-2 (Fig. 2c: 

LP1, LP2, LP4 and LP8). The archaeol profile (Fig. 2g) suggests the presence of 

methanogenic communities during these intervals and methane production from this kind of 

OM in the past. Thus, the microbial past markers indicate that the OM rich Yedoma deposits 

supported an abundant microbial life including methanogenic archaea during time of 

deposition. Comparable trends (with some deviations when TOC contents are quite low) can 

be observed when relating the past biomarkers to gTOC (Fig. S2). 

A slight increase in permafrost temperatures is expected to have not only an influence on 

the soil-moisture content but also on the abundance and diversity of the microbial community 

[Wagner et al., 2007]. Thus, intervals with increased past biomarker concentrations in 

permafrost regions might reflect increased soil moisture during time of deposition forming 

favourable living conditions for anaerobic bacteria [Weijers et al., 2006] and archaea [Wagner 

et al., 2007]. According to Wetterich et a.l (2014), the MIS 3 interstadial optimum occurred 

between 48 to 38 ka BP on Bol´shoy Lyakhovsky Island and is characterized by warmer 

temperature conditions with tundra environments with water-saturated active layers [Meyer et 

al., 2002; Hubberten et al., 2004; Andreev et al., 2011]. This link between warmer and wetter 

conditions and increased abundance of microbial biomarkers during the interstadial MIS 3 

was already observed by Bischoff et al. [2013] on Kurungnakh Island and Stapel et al. [2017] 

on Buor Khaya peninsula. In their studies comparable or even higher concentrations of 

brGDGTs, archaeol and isoGDGTs were detected for the Yedoma intervals deposited during 

warmer and wetter environmental conditions. In contrast, both studies indicated relatively 

high concentrations of archaeol (up to approximately 80 ng/g sediment and 250 ng/g 

sediment, respectively) in the active layer sequence, which cannot be observed in the present 

study. Methanogenic archaea require anaerobic soil conditions. Thus, the biomarker data 

suggest less soil-moisture conditions in the active layers of the drilled cores on Bol´shoy 

Lyakhovsky Island. A reason for this observation is most likely that all cores where drilled on 

high centre polygons, supporting drier surface conditions and with that a deeper penetration of 

oxygen into the soils. 

As outlined above the Holocene (MIS 1) and Eemian (MIS 5e) successions in this study 

were deposited in a thermokarst lake environment [Andreev et al., 2004; 2009]. Peterse et al. 

[2014] reported for Holocene surface samples of thermokarst lakes in the Kolyma region 
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much higher concentrations of brGDGTs (ranging between 7037 to 47676 ng/g sediment) 

than observed in the current study (Fig. 2). The main reason for this seems to be the different 

amounts of OM stimulating a larger microbial community in the thermokarst lakes from the 

Kolyma region. 

 

3.6.3 Microbial substrate potential for greenhouse gas generation 

To assess the potential of the OM from different depositional ages to provide substrates for 

the production of greenhouse gases, acetate is used as an appropriate substrate for microbial 

metabolism [Ivarson and Stevenson, 1964; Sørensen and Paul, 1971; Sansone and Martens, 

1981; Balba and Nedwell, 1982]. Acetate is the terminal electron acceptor for methanogens in 

cold-temperate environments [Chin and Conrad, 1995; Wagner and Pfeiffer, 1997], 

especially for acetoclastic methanogens [Thauer, 1998] and methanogenic archaea. Both are 

ubiquitous in anoxic environments and in permafrost sediments [Kobabe et al., 2004]. 

In this study two acetate pools are investigated: 1) the free-acetate pool within the pore 

water, representing an easily and fast accessible substrate source for microbial metabolism 

and 2) the bound-acetate fraction, which is still linked to the OM. The latter constitutes a 

future substrate source upon degradation [Glombitza et al., 2009b]. Overall, the 

concentrations of bound acetate (Fig. 2h) in the investigated samples correlate well with the 

amount of TOC and also often to the HI values. The largest future substrate potential for 

microbial turnover is associated to MIS 3 (with mean concentrations of ~ 48.9 mg/l), followed 

by MIS 4 (~ 33.26 mg/l) and MIS 1 (~30.05 mg/l) (Table 2). In contrast, the bound-acetate 

concentration in the Eemian (MIS 5e) deposits suggests a depleted and possibly already 

altered bound-substrate pool as the concentration is considerably lower (~ 9.98 mg/l) than in 

all other deposits. 

In the active layer samples the very low concentrations of free acetate together with the 

elevated concentrations of PLFA life markers suggest a higher microbial consumption of free 

acetate by an active microbial community [Lee et al., 2012; Knoblauch et al., 2013; Stapel et 

al., 2016]. This activity is most likely stimulated by e.g. warmer temperatures (thawing 

conditions) and the input of newly produced and old OM during the thawing period. 

Especially the deepening of the active layer due to global warming increased the accessibility 

of formerly freeze-locked OM. This old OM was reported to be particularly sensitive to 
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temperature-induced microbial decomposition [Knorr et al., 2005; Davidson and Janssens, 

2006] and therefore is considered as an important substrate source for future microbial 

turnover. 

In the present study, the highest PLFA concentration was detected in the active layer of the 

core sequence containing MIS 3 deposits (core L14-02). This may reflect the high potential of 

the MIS 3 Yedoma OM to serve as a substrate provider for a living microbial community 

upon thaw. However, local environmental differences may also affect the PLFA 

concentration. For example, the core containing MIS 3 deposits was drilled on a stable tundra 

surface (core L14-02) with relatively stable active layer conditions. In contrast, the other cores 

were either drilled in a geomorphological dynamic terrace position with thermo-erosion 

[Schirrmeister et al., 2011; Grosse et al., 2011] and seasonal supply of sediment and water or 

in a drained and refrozen Holocene thermokarst basin (core L14-05), which is characterized 

by lower ice contents and shallower active layers [Schwamborn and Wetterich, 2015]. 

Nevertheless, the increased PLFA concentrations in all active layers indicate to a certain 

extent that the permafrost OM at least from MIS 3, 4 and 1 can serve as good substrate 

providers in a future permafrost thawing scenario. For MIS 5e OM this could not be evaluated 

due to the lack of MIS 5e deposits with an active layer on top. 

In contrast to the bound acetate concentrations, the free-acetate substrate pool does only 

partly correlate with the TOC contents in the individual cores (in all cores: R² < 0.5). The 

reason for this might be that the free-acetate pool in permafrost pore waters is not only the 

result of acetate released from the organic source material, but also of other factors 

influencing the free-acetate signal such as lateral and vertical diffusion promoted by capillary 

pressure [Parlange, 1971], thawing and freezing processes as well as microbial production 

and consumption. However, similar trends between acetate (free and bound), TOC and HI are 

observed at several depth intervals mainly within the MIS 3 and 4 deposits (e.g. core L14-02 

at 1.5 and 4.2 m, core L14-03 at 2.5 and 5.8 m). Here, the mean concentration (~ 93.6 and 

82.1 mg/l) of free acetate is at least two to three times higher than that identified in the 

interglacial periods MIS 1 (46.1 mg/l) or MIS 5e (24.1 mg/l). The smaller free acetate pool in 

the Holocene deposits may be the result of intense microbial consumption during OM 

deposition in the past, as has been observed for the modern active layers (see above). This 

could have been supported by deeper and prolonged thawing of past active layers starting 
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with the onset of the early Holocene, when warming resulted in unstable environmental 

conditions, especially during the Holocene Optimum [Andreev et al., 2004; Wagner et al., 

2007; Wetterich et al., 2008]. In consequence, this could have increased active microbial 

acetate consumption [Xue et al., 2016]. Similarly, the low concentrations of free acetate in the 

Eemian deposits may also be the result of increased microbial consumption due to warmer 

environmental conditions. The Eemian is another period associated to intensive permafrost 

thaw, which again likely altered the free acetate concentration in the sediments due to the 

lateral transport of water and/or sediment [Andreev et al., 2009]. Based on the results obtained 

in this study it can be noted that sediments from the interglacial periods contain reduced 

amounts of free acetate in comparison to those from the LP glacial period. Although the free-

acetate pool in the Holocene and Eemian deposits is similar low, the Holocene deposits 

contain at least a considerable bound-acetate future substrate potential (Fig. 2i; Table 2). 

Overall the Yedoma deposits (MIS 3 and MIS 4) contain the largest free and bound acetate 

substrate pools (Fig. 2h-i). They are rich in OM and are characterized by the highest 

abundance of past microbial biomarkers including those resembling methanogenic 

communities in wetlands (Fig. 2d-g). The Yedoma organic rich material often shows high HI 

values assigning an increased aliphatic character to this organic material (Fig. 3a-b). Thus, in 

contrast to use simply the TOC content, the HI values seem to represent a promising 

parameter to assess the potential of permafrost OM to act as an appropriate source material for 

microbial OM degradation. OM with increased HI is considered to contain a higher 

proportion of better degradable aliphatic molecular structures, whereas OM with a low HI 

contains a higher proportion of less degradable aromatic structures [Hedges et al., 2000]. 

Analog results have been obtained for Yedoma deposits in a previous study on Buor Khaya 

Peninsula about 400 km SW from Bol’shoy Lyakhovsky Island [Stapel et al., 2016]. 

Considering the thickness of the LP Yedoma deposits on Bol’shoy Lyakhovsky Island (20 m, 

Schennen et al., 2016) and across Siberia (10-60 m, Dutta et al., 2006) as well as the 

extension of theses deposits across Russia (about 1 028 264 km2, Grosse et al., 2013), it 

becomes obvious that the freeze-locked Yedoma deposits represent a significant substrate 

potential for future microbial greenhouse gas generation. Ongoing warming in the Arctic will 

increase the depth range of the active layer making deeper and older OM bioavailable for 

microbial decomposition. 
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Table 3-2: Schematic summary (from left to right) including age (epoch and marine isotope 

stage (MIS) classification) after Andreev et al. [2004] and (2009), Wetterich et al. [2004] and 

[2014], paleo-environment (
1
Schirrmeister et al. [2002, 

2
Andreev et al. [2009], 

3
Grosse et al. 

[2007], 
4
Sher et al. [2005], 

5
Wetterich et al. [2014]), organic matter (OM) quality, substrate 

potential (present (free acetate) and future (bound acetate)) and core schema (adapted to the 

age classification). To visualize the OM quality and the substrate potential a relative scaling is 

used: very good (++), good (+), poor (-) and very poor (--). 

 

3.7 Conclusions 

The potential of OM in terms of providing organic substrates for microbial induced 

greenhouse gas production varies within the investigated permafrost deposits from the Eemian 

to the present time and is mainly controlled by environmental and climatic conditions. The 

strongest present and future substrate potential appears to be stored within the Yedoma OM 

deposits from the last interstadial (MIS 3) and stadial (MIS 4) period, which is characterized 

by increased HI values and a higher aliphatic character. Thus, this currently frozen Yedoma 

OM is likely to have a strong impact on the greenhouse gas driven climate-carbon feedback 

cycle upon thaw. In contrast, the interglacial periods (Holocene and especially Eemian) show 

lower substrate potentials, which might point to stronger microbial degradation during time of 
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deposition. The Eemian deposits reveal both low present and future substrate pools. However, 

the Holocene deposits at least contain a significant future-substrate pool, which may become 

available when recycled in the active layer. 
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4.1 Abstract  

Permafrost outcrop samples deposited during different glacial and interglacial periods from 

the Saalian glacial period to the last glacial period on Bol´shoy Lyakhovsky Island in north-

eastern Siberia are investigated to evaluate the potential of the deposited organic matter (OM) 

to release greenhouse gases with ongoing permafrost thaw. Aerobic and anaerobic carbon 

dioxide (CO2) production over 136 days significantly correlated in all investigated samples 

with the hydrogen index, which is used as an index for OM quality biodegradability. 

Additionally, phospholipid-biomarker (PLFA) analyses are used to track changes in the 

microbial community and to identify and characterize the impact of permafrost thaw to the 

active microbial community. The abundance of the living microbial community in glacial 

periods differs from those of the interglacial Eemian period affecting the amount of microbial 

CO2 production. While the abundance of the microbial community in permafrost deposits 

depend on the amount of OM, the growth of the microbial community after permafrost thaw 

and the amount of CO2 produced is regulated by the quality of the OM. Therefore, permafrost 

deposits from glacial periods with higher OM amount and quality than from the Eemian 

interglacial are of higher significance in terms of microbial trace gas production with its 

feedback to the global carbon cycle. Furthermore, molecular investigations on the soluble part 

of the OM conducted by negative-ion electrospray-ionization (ESI-) Fourier transform ion 

cyclotron resonance mass spectrometry (FT-ICR-MS) indicate a selective degradation of the 

OM due to enhanced microbial activity. 
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4.2 Introduction 

Up to 25 % of the Northern Hemisphere exposed landmass is underlain by permafrost 

[Zhang et al., 1999], which is defined as ground that remains at or below 0 °C for at least two 

consecutive years [van Everdingen, 1998]. These permafrost regions are highly vulnerable to 

climate warming [Grosse et al., 2011]. Low temperatures during glacial periods and anaerobic 

soil conditions associated with inhibited organic matter (OM) decomposition rates resulted in 

high organic carbon (OC) accumulation [Kuhry et al., 2009; Schirrmeister et al., 2011] and 

turned the Arctic permafrost region into a sink for atmospheric carbon for over thousands of 

years. Currently, soils of the permafrost regions store about 1300 Pg of OC of which more 

than 60 % are perennially frozen [Hugelius et al., 2014]. With ongoing permafrost thaw, 

thermo-erosional processes re-mobilize of the freeze-locked OM and more OC becomes bio-

available for microbial decomposition [Dutta et al., 2006; Kuhry et al., 2010; Schmidt et al., 

2011; Vonk et al., 2015]. Along the 7500 km long coastline of the Laptev Sea region, coastal 

erosion thaws 88 to 800 t OC km
-1

 a
-1

 [Günther et al., 2013], which can then be microbially 

decomposed before re-deposition [Rachold et al., 2000] and burial [Vonk et al., 2012] in the 

ocean. However, the rate of greenhouse gas production from these thawed sediments depends 

of the decomposability of the OM and the OC content [Lee et al., 2012; Knoblauch et al., 

2013; Schadel et al., 2014]. Therefore, the warming of the Arctic causes permafrost thaw and 

a higher greenhouse gas emission from formerly frozen OM that may cause higher 

greenhouse gas fluxes between soils and the atmosphere and a positive feedback on global 

warming [Schuur et al., 2008; McGuire et al., 2009; Koven et al., 2011].  

In the seasonally thawed surface layer (active layer), where microorganisms actively 

decompose OM, the OC turnover is governed by an interplay between environmental 

parameters (e.g. temperature, moisture) and soil forming factors such as OM quality and 

parent material [Neff and Hooper, 2002]. In the Artic wetlands, the active layers are often 

water-saturated resulting in anaerobic soil conditions which slow down OM decomposition 

and CO2 production but also enable the production of CH4 [Schimel and Schaeffer, 2012]. 

Over a period of 100 years, only 1.8 % of the initial OC from a thawing permafrost layer will 

be decomposed to CO2 under anaerobic conditions, while 15.1 % can be aerobically 

decomposed to CO2 [Knoblauch et al., 2013]. Anaerobic incubation studies indicate that CH4 

production is only of subordinate importance on the short-term [Schuur et al., 2015; Treat et 
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al., 2015], but probably more important in the long-term [Knoblauch et al., 2017]. Previous 

studies have shown that OC decomposition rates in the active layer are of higher magnitude 

than in thawed permafrost layers, but permafrost OM is particularly susceptible to 

temperature and input of labile OM serving as substrate for microorganisms [Wild et al., 

2016; Walz et al., 2017]. Generally, microbial activity is stimulated by less degraded OM 

with an increased aliphatic character indicating higher OM quality in terms of 

biodegradability [Stapel et al., 2016], while more degraded OM as substrate is energy limited 

[Fontaine et al., 2004]. However, OM composition in permafrost sediments and soils is 

driven by the plant community composition and the input of organic material from thawing 

permafrost [Kuder and Kruge, 2001; Dutta et al., 2006; Hines et al., 2008; Hodgkins et al., 

2014; Schadel et al., 2014]. 

On the southern coast of Bol´shoy Lyakhovsky Island permafrost deposits from the last 

two glacial-interglacial cycles (Saalian to Holocene) are exposed which are characterized by 

different OM substrate potential for microbial greenhouse gas production and quality. The 

OM stored in these sediments of different age varies strongly in amount and quality. 

However, the regulating parameters for microbial greenhouse gas production in permafrost 

sediments are still insufficiently understood. Therefore, this study combines aerobic and 

anaerobic incubation experiments on permafrost samples deposited under different climatic 

and environmental conditions with detailed chemical analysis on the soluble portion of the 

OM using ultrahigh-resolution Fourier transform ion cyclotron resonance mass spectrometry 

(FT-ICR-MS). The interaction between OC degradation, OM quality and the microbial 

population results in selective removal, enrichment and generation of certain chemical 

compounds of the soluble OM which enables to classify thawing permafrost soils accordingly 

to its potential for microbial greenhouse gas production. In addition, investigations of 

phospholipid fatty acids (PLFA) are used as microbial biomarker to trace the responds of the 

bacterial community to permafrost thaw. Phospholipids are essential membrane components 

of living bacterial cells [Zelles, 1999] and hydrolyzed rapidly after cell death [White et al., 

1979], therefore their fatty acid (FA) side chain inventory are used as indicator for viable 

bacteria in sediments [Haack et al., 1994]. 
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4.3 Study site and sampling 

Bol´shoy Lyakhovsky Island is the southernmost island of the New Siberian Archipelago 

located between the Laptev and East Siberian Sea (Fig. 4-1a,b). The area is part of the 

northern tundra zone with a modern climate characterized by long winter periods with January 

temperatures of about -32 °C and short summers with July temperatures of about 4 °C 

[Andreev et al., 2011]. The annual precipitation of about 200 mm mainly occurs during 

summer [Andreev et al., 2011]. Permafrost reaches depths 500 to 600 m [Romanovskii et al., 

2004] and the active layer thaws down to of 30 to 40 cm [Andreev et al., 2004]. Glacial 

periods during the mid to late Quaternary were characterized by permafrost aggregation while 

permafrost degradation took place during interglacial periods [Andreev et al., 2004, 2009; 

Wetterich et al., 2009, 2014]. Today Bol´shoy Lyakhovsky Island provides a unique paleo-

environmental archive covering deposits from two glacial-interglacial cycles. Since the late 

19
th

 century permafrost deposits of Bol’shoy Lyakhovsky Island have been studied and, 

therefore, the investigated samples of this study can easily be aligned into the existing 

permafrost stratigraphy [e.g. Schirrmeister et al., 2002; Meyer et al., 2002; Andreev et al., 

2004, 2009, 2011; Grosse et al., 2007; Wetterich et al., 2009]:  

Permafrost deposits from the Saalian glacial period (corresponding to marine isotope stage 

(MIS) 6 and 7) are summarized under the stratigraphic unit Yukaghir (Fig, 4-1c; Table 4-1). 

This period was characterized by intensive permafrost aggregation under cold, continental 

climate [Andreev et al., 2004]. The following Eemian interglacial (MIS5) deposits are 

exposed at the Krest Yuryakh suite (Fig, 4-1c; Table 4-1) and are characterized by warmer 

climatic conditions which resulted in extensive permafrost thaw with its related to 

thermokarst features and landscape changes [Andreev et al., 2004; Ilyashuk et al., 2006]. The 

last Early to Late Weichselian glacial period (MIS4 to MIS2) was dominated by cold 

temperatures, permafrost aggregation, increased OM accumulation, and syngenetic ice wedge 

growth [Wetterich et al., 2011]. During several interstadial and stadial periods the climate and 

environmental conditions differed. Deposits from the Early Weichselian (MIS4) are 

maintained within the Kuchchugui Suite (Fig. 4-1c, Table 4-1). Ice-rich and organic-rich 

permafrost formations which started in the Middle Weichselian are known as Yedoma 

deposits and are predominantly exposed in the eastern Siberian Arctic [Schirrmeister et al., 

2013]. Permafrost deposits from the Middle Weichselian (MIS3) are maintained within the 
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Molotkov horizon (Fig. 4-1c, Table 4-1), while the Late Weichselian deposits (MIS2) 

comprising the Last Glacial Maximum (LGM) are contained within the Sartan horizon (Fig. 

4-1c, Table 4-1) on Bol’shoy Lyakhovsky Island. 

 

 

Figure 4-1: (a) Position of Bol’shoy Lyakhovsky Island in the Siberian Arctic. (b) 

Study site on Bol’shoy Lyakhovsky Island, indicated by a black star, (c) and location of 

the exposed stratigraphic units investigated in this study (Table 1) modified after 

Wetterich et al. (2014) and Schwamborn and Wetterich (2015). 

 

 

4.3.1 Sampling 

Several permafrost exposures on the southern coast of Bol’shoy Lyakhovsky Island (Fig. 

4-1c) were sampled between July and August 2014 [Schwamborn and Wetterich, 2015]. In 

total eight samples from five exposures, covering different stratigraphic units were taken 

(Table 4-1). The surface height of the exposures was measured by a total station (Leica 

TP1200 system) in meter above sea level (m a.s.l.). The position of the samples in the 

exposure was determined by a tape measure. After exposures were described, sketched, and 

photographed, frozen deposits were sampled using a hammer and an axe. In the field, samples 

were stored frozen in plastic bags in an ice cellar at approximately -4 °C. For transport and 

until further processing, samples were stored at -18 °C. 
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Exposure Sample 
Height 
m a.s.l. 

Stratigraphic unit 
Age range 

ka 

OC 

% 
Deposits 

L14-07 BK2 6.5 Sartan horizon ca 22-29 2.0 
Ice Complex formation and 

paleosol 

L14-08 BK8 23.0 Molotkov horizon ca 30-55 1.4 
Ice Complex formation and 
paleosol 

L14-12 BK5 4.5 Krest Yuryakh Suite ~125 0.5 
Thermokarst and lake 
deposits 

L14-11 BK7 2.0 Yukaghir IC ~200 2.4 
Ice Complex formation and 
peat 

 

Table 4-1: Sample overview: chronology of exposures and stratigraphic units were based on 

previous work of [Schirrmeister et al., 2002; Andreev et al., 2004, 2009, 2011; Ilyashuk et al., 

2006; Wetterich et al., 2009, 2011, 2014].  

 

 

4.4 Methods 

4.4.1 Incubation 

All samples were thawed slowly in a refrigerator from -18 °C to 4 °C over a period of 24 h 

and transferred into a glove box with a nitrogen atmosphere. Samples were homogenized and 

subdivided into nine aliquots. One aliquot was harvested for biogeochemical analysis, while 

four aliquots were used for aerobic and for anaerobic incubation, respectively. Approximately 

40 g of thawed sediment were weight into glass flasks (4 flasks each for anaerobic and 

aerobic experiments). Flasks were sealed with a rubber stopper. Anaerobic samples were 

saturated with nitrogen-flushed CO2-free distilled water and the headspace was exchanged 

with molecular nitrogen. The headspace of aerobic samples was exchanged with synthetic air 

(20 % oxygen, 80 % nitrogen).  

Throughout the 136-day incubation period all flasks were stored in the dark at 4 °C and the 

production of CO2 and CH4 was measured every one to two weeks for the first 70 days of 

incubation, followed by once every four weeks until the end of the 136-day incubation period 

using gas chromatography (GC 7890 Agilent Technologies, Santa Clara, USA). The gas 

chromatograph was equipped with a nickel catalyst to reduce CO2 to CH4 and a flame 

ionizing detector (FID). Gases were separated on a PorapakQ column with helium as carrier 

gas. The amount of produced gas was calculated from the amount of gas in the headspace and 

the amount of gas dissolved in water. Solubility for CO2 and CH4 was calculated after Carroll 
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et al. (1991) and Yamamoto et al. (1976), respectively. To account for the dissociation of 

carbonic acid in water, the amount of dissolved inorganic carbon was calculated using the pH 

and dissociation constants from Millero et al. (2007). After 136 days of incubation, one 

aliquot from each aerobically and anaerobically incubated subsample was again harvested for 

biogeochemical analysis.   

 

4.4.2 Geochemical analyses  

Total carbon content [Vidal et al., 1999)] and total nitrogen content (TN) were measured 

before and after incubation with an element analyzer (VarioMAX, Elementar 

Analysensysteme GmbH, Hanau, Germany) after bulk samples were dried (70 °C) and milled. 

pH values were measured in a suspension of 5 g thawed sediment in 12.5 ml distilled water 

(CG820, Schott AG, Mainz, Germany). Water contents were calculated as the weight 

difference between wet and dried (105 °C) samples. The hydrogen index (HI) was determined 

by Rock-Eval pyrolysis by Applied Petroleum Technology AS (Kjeller, Norway) using a 

Rock-Eval 6 instrument. 

 

4.4.3 Biogeochemical analyses 

4.4.3.1 Sediment Extraction and Separation 

Approximately 10-30 g of these freeze-dried and grounded samples were extracted by 

using a flow blending system modified after Bligh and Dyer (1959) as described in Stapel et 

al. (2016). Subsequently, one half of the sediment extract was separated via column 

chromatography to obtain the phospholipid (PL) polar faction following the method described 

by Zink and Mangelsdorf (2004). The phospholipid polar fraction was evaporated to dryness 

and stored at -20 °C until PLFA analysis with gas chromatography - mass spectrometry (GC-

MS). The other half of the extract was stored at -20 °C until analysis with Fourier transform 

ion cyclotron resonance (FT-ICR) MS. 
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4.4.3.2 Detection of phospholipid fatty acids (PLFA) 

The phospholipid fatty acid (PLFA) side chains were obtained from the PL fraction using a 

saponification procedure described in Müller et al. (1998), the PLFAs were measured by gas 

chromatography-mass spectrometry (GC-MS). The GC-MS measurements were conducted on 

a Trace GC Ultra (Thermo Electron Corporation) coupled to a DSQ Thermo Finnigan 

Quadrupole MS (Thermo Electron Corporation). The GC was equipped with a cold injection 

system operating in the splitless mode and a SGE BPX 5 fused-silica capillary column (50 m 

length, 0.22 mm ID, 0.25 µm film thickness) using the following temperature conditions: 

initial temperature 50 °C (1 min isothermal), heating rate 3 °C/ min to 310 °C, held isothermal 

for 30 min. Helium was used as carrier gas with a constant flow of 1 ml/min. The injector 

temperature was programmed from 50 to 300 °C at a rate of 10 °C/s. The MS operated in the 

electron impact mode at 70 eV. Full-scan mass spectra were recorded from m/z 50 - 650 at a 

scan rate of 1.5 scans/s. Blanks did not contain any PLFA. 

 

4.4.3.3 Detection of the chemical composition of the sediment extract 

Sediment extract was used for ultra-high-resolution mass spectrometry (MS) analyses 

performed on a Bruker Solarix Fourier transform ion cyclotron resonance (FT-ICR) MS 

equipped with a 12 T refrigerated superconducting magnet. The negative-ion electrospray-

ionization (ESI-) operation conditions were as follows: capillary entrance 3000 V, dry gas 

(nitrogen) flow 4 l/min, and dry gas temperature 220 °C. With a flow rate of 150 µl/h, the 

sample solution was infused into the ESI source using a syringe pump (Hamilton). The 

spectrum was recorded in a broadband mode using four megaword data sets. A total of 200 

spectra were accumulated in a mass range from m/z 147 to 1000, but no ions with m/z values 

higher than 800 have been observed in the spectra. An external calibration was done using a 

calibration mixture of foe ESI negative mode containing modified polyethylene glycol 

sulfates (Shipkova et al., 2000) and FAs, followed by an internal calibration using a 

homologous FA series (CnH2n-5O2) with a quadratic calibration mode. The standard 

deviation error for all samples was between 0.008 and 0.007 ppm, and the signal-to-noise 

ratio was set ≤ 12. Formula assignment was done using elemental isotopes 1H, 12C, 13C, 

14N, 16O, 23Na, 32S,  and 56Fe, with the upper thresholds: H and C unlimited, N ≤ 2, O ≤ 
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10, Na ≤ 1, S ≤ 2 and Fe ≤ 1. Data analysis was done using Data Analysis 4.0 SP5 (Burker 

Daltonik GmbH, Germany). Elementar formulas were sorted according to the sort of 

heteroatoms (elemental class), to their number of heteroatoms (compound class), and to the 

number of double bonds equivalents (DBE class). Here, the DBE expresses the number of 

double bonds (with at least one carbon atom) and rings in a molecule, and is used as the 

degree of unsaturation [Poetz et al., 2014; Noah et al., 2015]. 

 

4.5 Results 

4.5.1 Biogeochemical results 

The highest TOC value of 2.4 dry wt% was measured in the Saalian sample (BK7) with a 

HI of 111 mg HC g
-1

 TOC, followed by 2 % TOC in middle Weichselian sample (BK8) with 

a HI of 100 mg HC g
-1

 TOC (Fig. 4-2a and b). The late Weichselian sample (BK2) had a TOC 

of 1.4 %, but revealed the highest HI of 170 mg HC g
-1

 TOC. The lowermost TOC values of 

0.5 dwt% was measured in the Eemian sample (BK5) with an HI of 65 mg HC g
-1

 TOC.  

The initial (before incubation) concentration of microbial PLFAs followed the trend of 

TOC concentrations with the highest values of 104.3 µg g sediment
-1

  in BK7, followed by 

61.1 µg gSed
-1

 in BK8 and 45.3 µg gSed
-1

 in BK2 (Fig. 4-2c). The lowest concentration was 

detected in BK5 with 23.4 µg gSed
-1

. After aerobic incubation (Fig. 4-2c) the PLFA 

concentration in BK2 was increased by 159 % towards 177.4 µg gSed
-1

, in BK8 by 116 % 

(132.5 µg g
-1

 dwt), in BK5 by 63 % (38.3 µg g
-1

 dwt), and in BK7 by 24 % (129.1 µg g
-1

 

dwt). The same trend was seen for the PLFA concentrations after anaerobic incubation (Fig. 

4-2c). In BK2 the concentration was increased by 66 % towards 75.5 µg g
-1

 dwt, in BK8 by 

34 % (81.5 µg g
-1

 dwt), in BK5 by 32 % (30.9 µg g
-1

 dwt), and in BK7 by 7 % (112.2 µg g
-1

 

dwt). Overall, after aerobic incubation the increase in the PLFA concentrations in the samples 

from glacial periods (BK2, BK8 and BK7) were 2.4 to 3.4 times higher than after anaerobic 

incubation. In the Eemian sample (BK5), the PLFA concentration after aerobic incubation 

was only ~ 1.9 times higher than after anaerobic incubation. CO2 production was observed in 

all samples, but the magnitude varied considerably between the samples (Fig 4-2d). 

Generally, about 2 to 7 times more OM was decomposed under aerobic than under anaerobic 

conditions. On a per gram OC basis, which reflects qualitative differences in the OM, the 

highest aerobic CO2 production was observed in BK7 (38 ± 1.3 mg CO2-C g
-1

 OC) and in 
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BK2 (37.4 ± 1.6 mg CO2-C g
-1

 OC), followed by the BK5 and BK8 (22.1 ± 0.8 and 20.3 ± 0.6 

mg CO2-C g
-1

, respectively). After anaerobic incubation highest CO2 production was 

measured in BK2 (20 ± 0.8 mg CO2-C g-
1
 OC), while BK5 and BK7 were of similar CO2 

production (13.3 ± 0.3 and 13.6 ± 0.9 mg CO2-C g
-1

 OC). The lowest CO2 production after 

anaerobic incubation was observed in BK8 (11.8 ± 1.4 mg CO2-C g
-1

 OC). Methanogenesis 

only occurred in BK5 and was with just 7.9 ± 0.5 µg CH4-C g
-1

 OC several orders of 

magnitude smaller than the CO2 production. 

 

 

 
 

Figure 4-2: Biogeochemical and basic organic parameters of four selected permafrost 

samples (y-axis) represented with respect to a, the initial (before incubation) total 

organic carbon content (Vidal et al.) in dwt%; b, the hydrogen index (HI) in mg HC g
-1

 

TOC; c, the concentration of phospholipid fatty acids (PLFA) in µg g
-1

 dwt before 

(black) and after aerobic (blue) and anaerobic (red) incubation; and d, the concentration 

of produced CO2 in mg CO2-C g
-1

 organic carbon (OC) after aerobic (blue) and 

anaerobic (red) incubation. 

 

The short chain-FA (12 to 16 C-atoms) to long chain-FA (>16 C-atoms) ratio revealed that 

the initial microbial community (PLFA) in the samples from glacial periods possessed higher 

concentrations of short-FA (40 to 65 %), especially in BK7 (Fig. 4-3a). BK5 had only 25.8 % 

of short-FAs. After aerobic incubation the ratio shifted towards lower proportions of short-

FAs in all samples (18 to 58 %), while after anaerobic incubation the proportion of short-FAs 

increased by 1.2 to 1.4 times compared to the initial short-FA concentrations in all samples 

(31 to 74 %). The ratio of saturated(sat)-FAs to unsaturated(unsat)-FAs (Fig. 4-3b) showed 
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that the samples from the glacial periods possess higher concentrations of unsat-FAs (14 to 35 

%) than the BK5 sample (4 %). After incubation the ratio shits towards higher concentrations 

of unsat-FAs (24 to 46 % in the glacial samples, and 18 % in BK5), whereas no differences in 

the ratio after aerobic or anaerobic incubation for the individual samples was seen. The 

branched-FA to saturated-FA ratio showed a similar initial PLFA composition for the samples 

representing glacial periods possessed of 18 to 25 % of branched-FAs, while sample BK5 was 

characterized by only ~ 10 % of branched-FAs (Fig. 4-3c). After aerobic incubation the 

proportions of branched-FAs in the PLFAs were decreased (8 to 17 %). Due to the anaerobic 

incubation the ratio shifted towards increased concentrations of branched-FAs in all samples 

(18 to 39 %), while the strongest shifts were observed within the BK7 samples. The anteiso 

(aiso)-FAs to iso-FAs ratio (Fig. 4-3d) varied between 38 to 41 % of aiso-FAs in each initial 

sample. After aerobic incubation the concentration of aiso-FAs in all four samples increased 

towards 43 to 47 %, while after anaerobic incubation that increase was even stronger observed 

(50 to 64 %). 

 

 

 

Figure 4-3: Relative proportion of different phospholipid fatty acid (PLFA) side chain 

groups: (a) short- to long-FAs and (b) sat- (saturated) to unsat- (unsaturated) FAs in %, 

(c) branched- to straight-FAs in %, (d) aiso- (anteiso) to iso-FAs in % (x-axis) for the 

samples before (BKX) and after aerobic (BKX-1) and anaerobic (BKX-2) incubation 

(left axis). 
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Figure 4-4: Summarized results from FT-ICR-MS analyses: Exemplary total sample 

composition of the initial BK 2 sample. 

 

 

4.5.2 Results from FT-ICR-MS 

The total composition of the solvable OM in all investigated samples did not reveal many 

differences; neither before nor after the incubation. In all samples 58.2 to 67.8 % of the total 

monoisotopic ion abundance (TMIA) is composed of the oxygen element class (O1-10). Other 

element classes such as O1-6 N1-2 (from 6.3 to 9.1 % TMIA), O1-8 S1 (from 0.8 to 1.9 % 

TMIA), O1-6 Na1 (19.7 to 24.9 % TMIA) and N1-2 S1-2 (0.25 to 0.56 % TMIA) were also 

identified within the single samples. However, 3.5 to 7.1 % TMIA of the peak within the 

samples could not be assigned (Fig. 4-4). Within all samples, the oxygen element class was 

manly composed of the O2 compound class with one DBE. The carbon number distribution of 

the O2 class at DBE 1 for the initial, aerobic and anaerobic samples reveal a typical FAs even-

over-odd pattern ranging from C10 to C35 (Fig. 4-5 a-d). To compare these patterns the relative 

abundance of the long chain FA were adjusted. After this normalization differences in the 

relative abundance of compounds with shorter carbon numbers (10 to 21) decreased in all four 

samples after incubation relative to the compounds with higher carbon numbers (> C21). 

While for samples BK8 and BK5 the decrease of short chain FAs after aerobic or anaerobic 

incubations is quite similar relative to the initial distribution (Fig. 4-5b,c), the decrease is 

significantly stronger after aerobic incubation in comparison to anaerobic incubation in 

samples BK2 and BK7 (Fig. 4-5a,d). 
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Figure 4-5: Summarized results from FT-ICR-MS analyses: Relative abundance 

diagrams for the carbon number distribution of the O2 class at DBE value 1 for BK2 

(c), BK8 (d), BK5 (e) and BK7 (f) of the initial (black), aerobic (green) and anaerobic 

samples.   

 

 

4.6 Discussion 

4.6.1 Impacts of thawing permafrost on the microbial community and 

microbial trace gas production 

The detection of phospholipid fatty acids (PLFAs) indicates a living bacterial community 

within all investigated permafrost deposits. Phospholipids and their fatty acid (FA) side chains 

are postulated to be used as molecular markers (biomarkers) for viable cells in permafrost 

deposits [e.g. Pautler et al. (2010); Bischoff et al. (2014); Stapel et al. (2016)]. The measured 

PLFA concentrations in the permafrost deposits before incubation (initial PLFA; Fig. 4-2c) 

showed a positive correlation with the TOC content (Fig. 4-2a). Thus, a higher accumulation 

of OM appears to support a larger bacterial community in permafrost deposits as observed for 
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all glacial samples (BK2, BK8 and BK7). Correlations between TOC and PLFA have already 

been observed in a permafrost-core study from another permafrost deposit in the region 

[Stapel et al., 2016]. Living microbial organisms in permafrost sediments are known to be 

successors of the living microbial community during time of deposition incorporated into the 

sediment [Bischoff et al., 2013]. 

PLFA concentrations increase after both aerobic and anaerobic incubation in all examined 

samples reflecting an increase in the abundance of the microbial community under changing 

temperature conditions (4 °C) during incubation. This increase in the PLFA concentrations 

demonstrates the relevance and impact of thawing permafrost deposits with increasing Arctic 

warming on the bacterial ecosystem. Generally, microbes feed on organic compounds 

composed of carbon, hydrogen and other elements [Peters et al., 2005], such as aliphatic low 

molecular weight organic acids [Chin and Conrad, 1995; Ganzert et al., 2007]. A higher 

proportion of aliphatic components and therefore a better OM quality in terms of 

biodegradability are indicated by higher HI values [Stapel et al., 2016]. The obtained data 

suggest that the increase of PLFAs after incubation in general depend on the quality (HI) and 

amount (TOC) of the OM (Fig. 4-2). The late Weichselian sample (BK2) with high HI and 

intermediate TOC showed a strong PLFA increase after incubation (Fig. 4-2c). On the 

contrary, the PLFA concentration in the Eemian sample (BK5) is only slightly increased due 

to low HI and low TOC. In addition, both the middle Weichselian sample (BK8) and the 

Saalian sample (BK7) possess moderate HI and high TOC; whereas after incubation the BK8 

sample showed a strong increase in PLFA concentration, but the Saalian sample is 

characterized by only a minor increase in PLFA concentration. Later indicates that besides HI 

and TOC, further factors effect on the increase of PLFAs (e.g. microbial community 

composition, sediment properties, availability of water and substrates). 

PLFAs do not only increase with permafrost thaw, but also change their cell-membrane 

composition (Fig. 4-3), which indicates adaptation of the microbial community due to altering 

climatic conditions by the modification of their cell-membrane lipids. Microorganisms adjust 

their membrane composition and structure to maintain their membrane fluidly by bringing the 

solid-liquid transfer temperature of the cell membrane below the ambient temperature 

[Rilfords et al., 1978; Russell, 1989]. Compared to the initial samples, higher proportions of 

long-, saturated- and straight-FAs in all samples after aerobic incubation indicate adaptation 
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to proper living conditions under less environmental stress, although the proportion of aiso-

FAs increased. On the other hand, after anaerobic incubation the cell membrane adaptation 

points to an increase of environmental stress on the microbial community. Here, the cell 

membranes are adjusted by incorporating higher proportions of branched-, short- and aiso-FA 

side chains compared to the initial and aerobic samples. However, a significant change in the 

PLFA diversity was not detected. 

Other than the increase in the PLFA concentration, the production of microbial CO2 seems 

to depend on the OM quality (HI) rather than on the TOC content. Therefore, based on gram 

OC, aerobic CO2 production was generally higher in the late Weichselian and Saalian samples 

(BK2 and BK7) (Fig. 4-2d). Consequently, relatively small amounts of microbial CO2 were 

produced from the middle Weichselian (BK8) and Eemian (BK5) sample. Generally, 

microbial CO2 production under anaerobic conditions was lower and only in the Eemian 

sample methanogenesis were observed. The Eemian sample was deposited in a lake, where 

anaerobic depositional conditions favored the growth of a microbial community, which is 

adapted to a low oxygen level. This incorporated microbial community encourages the 

anaerobically decomposition of the OM and the microbially methane production with 

permafrost thaw. However, under in-situ thaw conditions, more specialized microbial 

communities can migrate [Waldrop et al., 2010] and thus facilitate methanogenesis also 

within other thawing permafrost deposits, which may results in higher concentrations of 

microbially produced methane. However, the data indicate that future microbial greenhouse 

gas generation with ongoing permafrost thaw primarily depends on the quality of the OM as 

well as the concentration and composition of the incorporated microbial communities. 

 

4.6.2 Impacts of microbial degradation on the organic matter 

A detailed characterization of the complex mixture of the soluble fraction of the OM 

provides first information on the transformation of the OM due to microbial alteration. 

Although, the TOC, HI as well as the biomarkers and CO2 production reveal differences in the 

OM characteristics within all investigated samples, no differences in the extract composition 

between the four initial samples or the samples after incubation were observed (Fig. 4-4). 

However, FT-ICR-MS measurements revealed that the oxygen-containing compound class is 

dominating the extract composition in every sample. Especially compounds with two oxygens 
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and one DBE (O2 DBE 1), which are most likely representing the compound group of acyclic 

carboxyl acids, are preferentially ionized using FT-ICR-MS and therefore their signals 

predominate over other compound-classes (e.g. alcohols) in the analyzed spectra [Kujawinski 

et al., 2002]. Saturated FAs (acyclic carboxyl acids) with no double bonds between their 

carbon atoms are one of the main contributors to bacterial membranes [Kaneda, 1991]. The 

typical FA even-over-odd predominance pattern in the carbon number distribution of the O2 

class at DBE value 1 for all investigated samples (Fig. 4-5 a-d) is related to the biosynthesis 

of FAs [Kaneda, 1991] and illustrates differences between the samples. The short-chain 

carbons (C) from C14 to C20 are likely of microbial and/or algae origin, especially the C16 and 

C18 species [Russell, 1989]. On the other hand, long-chain compounds (> C20) are derived 

from plant waxes of terrestrial origin [Eglinton and Hamilton, 1967; Wiesenberg et al., 2008]. 

Especially, the high abundance of C24 and C26 are typical for grasses and mosses [Wiesenberg 

and Schwark, 2006], which are the predominantly vegetation in north-eastern Siberia, and are 

an indicator for plants as contributor to the soil OM [Noah et al., 2015; Wiesenberg et al., 

2004]. While the relative abundance of the long-chain C-patterns do not differ much within 

the investigated samples, the short-chain C-patterns reveal clear differences within the initial 

samples and after incubation. However, parallels between the initial PLFA concentration and 

the relative abundance of short-chain C-numbers in total are observable. For example, the 

Eemian sample (BK5) is not only characterized by low PLFA concentrations but also by a 

low relative abundance of short-chain C-numbers, while the Saalian sample (BK7) is 

characterized by a high concentration of PLFAs and a high relative abundance of short-chain 

C-numbers. This implies a correlation between the amount of living cells and the availability 

of short-chain FAs, which are easily degradable compounds [Wiesenberg et al., 2004, 2008] 

within the solvable proportion of the OM. 

Generally, the relative abundance of short-chain C-numbers decrease after aerobic and 

anaerobic incubation and hardly any differences in the short-chain C-numbers are shown for 

the middle Weichselian sample (BK8) and the Eemian sample (BK5) correlating with the 

results of the microbial CO2 production (Fig. 4-2). Moreover, in the late Weichselian sample 

(BK2) and in the Saalian sample (BK7) strong differences in the relative abundance of the 

short-chain C-numbers between aerobic and anaerobic incubation are observed revealing the 

same trend as seen within the microbial CO2 production. Even though, the changes in the 
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short-chain C-number cannot be exclusively assigned to specific molecules yet, the data 

suggest that to a specific extent of the OM was microbially degraded after incubation. 

Therefore, under thawing permafrost conditions organic molecules such as carboxyl acids are 

primarily degraded and consumed indicating fermentative degradation of the OM which then 

results into microbial greenhouse gas production after all. 

 

4.7 Conclusion 

The composition and survivability of living microbial cells (PLFAs) incorporated into the 

permafrost deposits depend on the amount of the OM (TOC), while the increase of PLFAs 

after incubation depends on the quality (HI) and amount of the OM. Changes in the microbial 

cell-membrane composition after incubation indicate proper living conditions for microbes 

under aerobic than under anaerobic conditions. The microbial CO2 production primarily 

depends on the OM quality as well as on the concentration and composition of the initial 

microbial community rather than on the amount of OM. 

The solvable fraction of the OM is strongly dominated by a compound class with two 

oxygens and one DBE, representing the compound group of acyclic carboxyl acids. 

Differences within their short-chain C-number pattern reveal parallels with the microbially 

produced CO2 and therefore indicate OM degradation due to permafrost thaw. 
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4.9 Additional section: methodical approach of ESI(-) FT-ICR-MS to detect 

OM composition changes in recent sediment deposits  

 

This chapter includes additional information on the laboratory experiments of chapter 4, but 

will not be part of the final research manuscript. 

 

4.9.1 Background 

Natural organic mixtures are comprised of compounds with polar (e.g. carboxylic acids or 

heteroatoms) and nonpolar functional groups (e.g. alkyl chains) with a wide variety of 

chemical properties [Kujawinski, 2002]. The combination of ESI negative
-
, a soft ionization 

technique [Oss et al., 2010], with FT-ICR-MS makes it possible to analyze these polar 

constituents from natural samples. Generally, the use of FT-ICR-MS alongside specific 

ionization methods is a powerful tool, which has resulted in major advances in the detailed 

characterization of complex mixtures of organic compounds, mainly of mature petroleum 

constituents [Barrow et al., 2004; Rodgers and McKenna, 2011; Noah et al., 2015]. At 

present, investigations of the characterization of complex molecular mixture of recent OM are 

rare, and the literature strongly focuses on dissolved organic carbon [e.g. Dittmar and 

Kattner, 2003; Nebbioso and Piccolo, 2013; Roth et al., 2014]. However, FT-ICR-MS in 

combination with ESI provides the opportunity to discern heteroatom-containing molecules 

that represent ecosystem activities and to elucidate carbon cycle processes [Singer et al., 

2012; Šantl-Temkiv et al., 2013].  

In this thesis, ESI(-) was used (i) to gain insights into the polar acidic constituents found in 

permafrost OM, and (ii) to track changes in the OM composition after incubation 

experiments. For this purpose, 12 permafrost samples (initial, aerobic and anaerobic samples; 

Chapter 4.5.2) were freeze-dried, grounded and extracted. The obtained organic extracts were 

measured using ESI(-) FT-ICR-MS (for details see Chapter 4.4.3). Based on the results and 

discussion of Chapter 4.6.2, all 12 analyzed spectra are strongly dominated by acyclic 

carboxyl acids (referred to as fatty acids in the following). In general, recent OM as 

permafrost OM is characterized by an elevated concentration of fatty acids (FAs) with respect 

to fossil OM [Han and Calvin, 1969]. In ESI(-) mode, the acidic functional groups (-COOH) 

of the FAs are easily de-protonated and therefore preferentially ionized, in contrast to 
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nitrogen-containing compounds [Kujawinski, 2002]. Therefore, it is likely that the signal of 

other compound-classes were either superimposed by the dominant FA-signals, or undetected 

due to their less favorable ionization character in ESI
-
 mode (e.g. alcohols [Kujawinski et al., 

2002]). In order to increase the resolution and enhance the detection of other compound-

classes, a methodical separation approach was applied to remove the dominating FAs and to 

gain more detailed information on the remaining OM inventory which might also be used as a 

substrate source for microorganisms.  

 

 
initial samples aerobic samples anaerobic samples 

  
BK

2 

BK

8 

BK

5 

BK

7 

BK

2 

BK

8 

BK

5 

BK

7 

BK

2 

BK

8 

BK

5 

BK 

7 

total number of 

detected peaks 
513 582 444 712 359 486 530 641 482 538 492 1202 

asg. peaks [%] 43.5 55.0 46.9 44.8 46.5 49.3 44.5 51.0 43.4 51.7 44.9 42.4 

asg. intensity 

[%] 
64.2 73.7 63.3 65.2 61.0 67.9 62.5 66.4 58.6 69.5 64.5 59.9 

element classes                         

O1-10 [%] 64.4 65.8 58.2 67.8 61.8 66.2 60.3 63.3 63.2 64.3 59.9 65.3 

O1-6 N1-2 [%] 8.5 9.1 8.1 6.3 8.6 7.6 7.9 7.6 8.3 8.1 8.2 7.1 

O1-8 S1 [%] 1.9 0.8 1.1 0.9 1.6 0.9 1.5 1.2 1.4 1.4 1.6 1.1 

O1-6 Na1 [%] 20.4 19.7 24.9 21.2 22.1 21.1 22.9 23.5 22.8 19.8 23.8 22.3 

N1-2 S1-2 [%] 0.2 0.4 0.6 0.3 0.4 0.4 0.5 0.3 0.5 0.3 0.4 0.3 

not asg. [%] 4.6 4.2 7.1 3.5 5.5 3.8 6.9 4.1 3.8 6.1 6.1 3.9 

 

Table 4-2: Summarized data for all 12 original samples including the elemental-class 

composition; initial samples: before incubation; aerobic samples: after aerobic incubation; 

anaerobic samples: after anaerobic incubation; asg.: assigned.  

 

 

4.9.2 Method and sample labelling 

After sediment extraction (see Chapter 4.4.3.1) a proportion of the organic extract was 

used to separate the FAs from the rest of the organic extract. A column chromatography with 

an alkaline impregnated silica gel as stationary phase was therefore applied; using 5 g of silica 

gel (Merck, 60) suspended in a mixture of 10 ml 0.5 N isopropanolic KOH and 20 ml 

dichloromethane via ultrasonic bath for 1 h. After the mixture was transferred onto a column 

and the organic extract was added, the FAs precipitated in form of their potassium salts on the 

alkaline silica gel and the neutral polar fraction was eluted with 150 ml of dichloromethane. 
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The neutral polar fraction (-OH fraction) was evaporated to dryness and stored at - 20 °C until 

samples were analyzed with FT-ICR-MS in ESI(-)
 
mode.  

The 12 original samples (no FA separation was conducted; Chapter 4) consist four 

different permafrost samples accumulated during different glacial and interglacial periods 

(initial samples). These four samples were incubated for 136 days under aerobic (aerobic 

samples) and anaerobic (anaerobic samples) conditions (Table 4-2). In an advanced step, 

these 12 samples were treated with alkaline column separation and the neutral polar fraction  

(-OH) was prepared for ESI
-
 FT-ICR-MS analysis. Therefore, these samples are labelled as 

samples-OH (initial samples-OH, aerobic samples-OH and anaerobic samples-OH; Table     

4-3). 

  initial samples-OH aerobic samples-OH anaerobic samples-OH 

  
BK2

-OH 

BK8

-OH 

BK5

-OH 

BK7

-OH 

BK2

-OH 

BK8

-OH 

BK5

-OH 

BK7

-OH 

BK2

-OH 

BK8

-OH 

BK5

-OH 

BK7

-OH 

total 

number 

of 

detected 

peaks 

1106 1432 1657 1645 1180 1346 1523 910 768 1577 1726 733 

asg. 

peaks 

[%] 

72.1 69.3 74.1 78.2 74.8 43.2 49.1 78.4 64.5 52.5 76.0 71.5 

asg. 

intensity 

[%] 

84.5 79.0 82.7 91.8 81.7 60.8 57.3 83.9 84.4 73.1 83.7 82.8 

element 

classes 
                        

O1-10 [%] 74.9 58.5 60.2 71.9 76.4 66 61.3 87.9 84.5 76.4 76.4 90.6 

O1-6 N1-2 

[%] 
2.2 13 6.0 6.6 2.6 2.3 10.0 3.0 0.7 1.9 3.7 1.1 

O1-8 S1 

[%] 
1.0 2.5 2.9 2.0 2.7 3.7 4.0 0.7 0.5 1.4 2.3 1.5 

O1-6 Na1 

[%] 
20.4 18.2 24.1 19.0 17.0 22.7 16.9 7.4 13.8 18.2 14.0 6.2 

N1-2 S1-2 

[%] 
0.5 2.0 4.3 0.3 0.2 4.2 2.5 0.1 0 1.1 0.2 0 

N [%] 0.8 5.0 1.9 0.1 0.8 0.8 4.4 0.8 0.3 0.7 3.0 0.4 

S [%] 0 0.6 0.4 0 0 0.2 0 0 0 0 0 0 

not asg. 

[%] 
0.2 0.2 0.2 0.1 0.3 0.1 0.9 0.1 0.2 0.3 0.4 0.2 

 

Table 4-3: Summarized data for all 12 treated samples (-OH) after alkaline column separation 

including the element-class composition; initial samples-OH: before incubation; aerobic 

sample-OH: after aerobic incubation; anaerobic samples-OH: after anaerobic incubation; 

asg.; assigned.  
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4.9.3 Results and Discussion 

After FA separation the total number of peaks within the FT-ICR-MS spectra of all the 

treated samples (samples-OH) was strongly increased (+ 43 to 104 %) and a higher 

heterogeneity in the extract composition compared to the original samples was observed 

(Table 4-3). Additionally compared to the extract with no FA separation, more peaks were 

assigned with their associated molecular formulas (+ 2 to 42 %), which represents about 57.3 

to 91.8 % of the total peak intensity. Furthermore, two additional element classes (N and S) 

were identified within the treated samples after alkaline column separation. 

Other than in the original samples (non treated), differences in the total compositions of the 

samples-OH were observed, which indicates differences in the OM composition of the 

different permafrost samples. Furthermore, the total composition of the aerobic samples-OH 

and anaerobic samples-OH differed clearly compared to the aerobic or anaerobic original 

samples, where no differences in the total composition were observed. Additionally, the 

percentage of compounds bearing O1-10 was increased (+ 3 to 11 %) after aerobic and 

anaerobic incubation. This increase was observed to be more pronounced after anaerobic 

incubation compared to aerobic incubation (Table 4-3). 

Alkaline column separation was performed to detach the contained FA from the rest of the 

organic extract. Therefore, after alkaline column separation FAs should no longer be part of 

the organic extract. However, a closer look into the O2 DBE1 class of all samples-OH 

revealed molecular structures bearing a -COOH functional group, typically for FAs [Han and 

Calvin, 1969], and therefore still mark the presence of FAs within the extract. The O2 DBE1 

class of all samples-OH was characterized by an even-over-odd predominance pattern (Fig. 4-

6) with FAs of high carbon numbers (up to 34). According to Wiesenberg et al. [2006] and 

[2008], this even-over-odd predominance pattern with FAs of high carbon numbers is 

characteristic for recent organic plant material. Therefore, this pattern indicates that these FAs 

are remnants of the original extract rather than due to contamination. Thus, the data suggest 

that not all FAs were precipitated on the silica gel during alkaline column separation, and 

therefore a small amount of FAs has ended up within the neutral polar fraction. Despite the 

very low concentration of FAs in the organic extract after alkaline column separation, the FAs 

in the extracted were probably detected due to their favorable ionization in ESI(-) mode. 
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Figure 4-6: Carbon number distribution with respect to the DBE (double bound 

equivalence) of the O2-compouned class exemplary for the initial BK8-OH. A clear 

even-over-odd predominance pattern of the O2-compouned class at DBE 1 is seen.   

 

In order to evaluate the method, and hence estimate the accuracy of the obtained data, the 

O2-classes at DBE 1 of the original samples and samples-OH were compared (Fig. 4-6). The 

results show that the applied methodical approach strongly reduced the relative concentrations 

of FAs within the organic extract (Fig. 4-7a). This is particularly pronounced in the range of 

long-chain FAs (> 18 carbons) where the relative concentrations of FAs were significantly 

reduced. In contrast, the short-chain FAs were less diminished after alkaline column 

separation. By comparing the initial samples-OH (before incubation) with the aerobic 

samples-OH and anaerobic samples-OH, the relative abundances of FAs were reduced after 

incubation, whereas the reduction was more pronounced after aerobic incubation than after 

anaerobic incubation (Fig. 4-7b). In contrast to the original samples (Fig. 4-5), a reduction in 

the concentrations of long-chain FAs after incubation was observed within all samples-OH 

after incubation. It therefore appears that, the reduction of FAs from the extract is a random 

and asymmetric procedure, which differently affected the detachment of FAs from the organic 

extracts within the individual samples.  

In conclusion, the applied alkaline column separation approach requires further refinement 

before it can provide more detailed insights into the composition and alteration of permafrost 

OM, which was not possible in this thesis because all sample material was already used for 

the current experiments. Therefore, refinement suggestions for future experiments are (1) to 

use a smaller amount of organic extract for alkaline column separation to assure that the 

alkaline column is not overloaded, (2) to use less amount of solvent (dichloromethane) when 

elute the neutral polar fraction from the alkaline column to avoid that FAs also might get 
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washed out, and (3) to repeat the column separation several times to improve FA removal 

and/or to derivatize the FAs to make them not detectable in ESI
- 
mode.  

 

 

 

Figure: 4-7: Carbon number distribution with respect to the relative intensity [%] of the 

O2-compouned class at DBE 1 exemplary for the Yedoma sample (BK8): (a) initial 

Yedoma sample before (BK8) and after alkaline column separation (BK8-OH); and (b) 

treated Yedoma sample (BK8-OH) before (initial) and after aerobic and anaerobic 

incubation.   
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5. Synthesis  

The scientific aim of this thesis is to improve understanding on the relevance of thawing 

permafrost OM from different times and regions with respect to future microbially induced 

GHG production. Investigations focused on the chemical characterization of the stored OM 

and the evaluation of its quality and potential for future microbial GHG generation. In order 

to deepen the insights into the significance of thawing permafrost OM within the global 

climate system, permafrost accumulation conditions have to be put into relation with the 

characteristics of the preserved OM and its potential for GHG emission under ongoing 

permafrost degradation. For this purpose, two cores from two different regions and four 

outcrop samples comprising of terrestrial permafrost deposits of different depositional ages 

were analyzed. Geochemical and biogeochemical approaches were used to (i) classify the 

freeze-locked OM, (ii) evaluate its potential to provide chemical substrates for microbial 

GHG generation, and (iii) characterize the past and present microbial communities with 

respect to changing environmental and climatic conditions. 

In the following synthesis chapters (5.1, 5.2 and 5.3) the main results and conclusions with 

respect to the objectives of this thesis are discussed and summarized by putting them in the 

context of the overarching research objectives (Chapter 1.7). Chapter 5.4 outlines the 

contribution of this work within the scope of the CarboPerm Project and cross-links the 

results presented here to those from other work packages. Additionally, perspectives for 

further research are provided in Chapter 5.5 (Outlook).  

 

5.1 How is permafrost OM characterized concerning the potential for 

microbial GHG generation? 

The characteristics of permafrost OM (source, quality and amount) are fundamental pieces 

of information needed to make a statement on its potential to serve as a substrate provider for 

future microbial GHG generation after thawing. For this purpose, a key aspect in this thesis is 

the characterization of permafrost OM: first on Buor Khaya Peninsula (Chapter 2) and 

secondly in comparisons with samples from Bol´shoy Lyakhovsky Island (Chapter 3). 

Therefore, a combination of different geochemical techniques and biomarker analysis were 

conducted.  
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An overall terrestrial origin of the stored OM in all of the investigated permafrost cores 

was documented using different proxies: Glycerol dialkyl glycerol tetraether (GDGT) 

biomarkers were applied as markers for a previously living microbial community in the past, 

as well as indicator for the environmental conditions in permafrost sediments at the time of 

deposition. Br-GDGTs with different numbers of methyl branches (br-GDGT-I, -II and -III) 

were present in the highest concentrations in all examined samples compared to iso-GDGTs, 

and indicated that the past bacterial community was predominantly terrestrial [Weijers et al., 

2006b]. The terrestrial character of the OM was also indicated by the BIT index (relative 

abundance of br-GDGTs and crenarchaeol as indicator for aquatic OM [Hopmans et al., 

2004]) and by the macromolecular OM composition (Larter-ternary diagram) obtained after 

OM pyrolysis, revealing terrestrial organic material (Type III OM) with a high phenol content 

derived from lignin precursor species. In addition, the TOC/TN ratio, the δ
13

Corg values, and 

the oxygen index (which indicates the proportions of oxygen-rich OM), all support that the 

OM found in the cores was derived from terrestrial plant material. In addition to the above 

evidences, typical terrestrial vegetation material (e.g. wood, grass and moss fragments) was 

incorporated in large amounts into the permafrost sediments, confirming a terrestrial OM 

source. A marine influence, for instance at the coastal near Buor Khaya Peninsula site, was 

not determined. 

Although proxy analysis indicated a terrestrial source for all investigated samples, the 

results revealed differences in the OM quality between the individual permafrost deposits. 

The hydrogen index (HI) was applied as a proxy of permafrost OM quality. Elevated HI 

values are known to indicate a high proportion of hydrogen-rich OM equal to an increased 

aliphatic character of the OM [Peters et al., 2005]. Therefore, with respect to OM degradation 

through GHG generating microorganisms, higher concentrations of aliphatic compounds in 

the OM resemble a better OM quality in contrast to an aromatic character [Schön, 1999]. The 

results from open-pyrolysis GC analysis (Horsfield-ternary diagram) supporting the use of HI 

as a proxy of OM quality in permafrost deposits. Moreover, the concentrations of the 

substrate proxies (free and bound acetate) correlated with the HI values and confirmed the HI 

as indicator for OM quality in terms of biodegradability. The substrate proxies were used as 

indicators for organic-acids, and hence for the ability of the permafrost OM to provide 

substrates for GHG generating microorganisms. 
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Generally, all examined samples within this thesis were characterized by a high proportion 

of OM, which lie within the range of expectation for terrestrial permafrost sediments [see 

Schirrmeister et al., 2008]. Furthermore, similar HI and TOC profiles indicated a relation 

between OM quality and amount. However, the HI increases showed some variability 

indicating that the amount of OM does not equal a high aliphatic character in all cases. 

Generally, the high OM content and high proportion of OM which remains in permafrost 

sediments is caused by rapid freezing of the OM [Kanevskiy et al., 2011] due to glacial and 

cold-climate conditions during permafrost accumulation. In addition, moisture increased 

conditions (e.g. water-saturated soils) during glacial periods positively affected OM 

accumulation due to the anaerobic soil conditions. The increasing aliphatic character of the 

OM might be caused by a higher proportion of algae material. Higher concentrations of 

archaeol and iso-GDGT-0 biomarkers are related to an increased abundance of methanogenic 

archaea [Koga et al., 1993; Pancost et al., 2000] and therefore supporting anoxic, water-

saturated soil conditions during the accumulation of permafrost, likely as part of a tundra 

landscapes. These tundra landscapes geomorphological features are widespread in the 

examined area, with low-centered polygons characterized by a raised polygon rim and a 

depressed polygon center of increased active layer thickness with increased moisture during 

thawing periods, which causes water-saturated anoxic conditions in the active layer [French, 

2007]. Tundra polygons have always been influenced by climatic and environmental changes, 

which results in wetting (e.g. water-saturated soils, formation of ponds and lakes, flooding) or 

drying of the area [Olefeldt et al., 2013; Treat et al., 2015] and therefore affect the 

composition of the microbial community.  

 

 

5.2 Do all permafrost units possess the same potential for future microbial 

GHG generation? 

Permafrost covers approximately one quarter of the land surface of the northern 

hemisphere [Zimov et al., 2009], and it is estimated that the high northern latitudes contain 

about 21 to 27 % of the global terrestrial organic carbon [Post et al., 1982; Raich and 

Schlesinger, 1992]. Russia possesses the largest extent of permafrost (11 million km² 

[Baranov, 1964]) and in some parts of Siberia permafrost has existed for several hundred 
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thousand years [Andreev et al., 2004]. Here, permafrost varies in thickness from a few 

centimeters to several hundreds of meters and its distribution is controlled by a number of 

factors, the most important being climate [French, 2007]. Changing climatic conditions 

during the last two glacial-interglacial cycles have resulted in the accumulation and 

degradation of permafrost deposits bearing different geochemical (e.g. OM quality and 

substrate potential for microbial GHG generation) and physical (e.g. thickness) properties. In 

the context of amplified warming in Arctic regions, this thesis investigated permafrost 

deposits which accumulated under different climatic conditions in order to evaluate their 

individual potential to serve as substrate providers for future microbial GHG generation.  

The results presented in this thesis reveal that not all permafrost deposits possess the same 

potential for microbial GHG generation. Climatic and environmental conditions during 

permafrost accumulation were the main factors determining the amount and quality of the OM 

(see Chapter 5.1), and therefore influenced the individual potential of permafrost deposits to 

serve as substrate providers for microbial GHG generation. The examined permafrost deposits 

from glacial periods, such as the Weichselian (marine isotope stage (MIS) 2 to 4) and the Late 

Saalian (MIS 6/7), are characterized by high OM amount and quality. The latter is due to the 

poorly degraded character of the OM; as a consequence of the cold and stable climate 

conditions during glacial periods, which favored rapid freezing and prevented OM 

degradation [Andreev et al., 2009; Knoblauch et al., 2013]. In addition, geochemical 

investigations conducted in this work on different permafrost deposits reveal a significant 

relationship between the amount of OM, its quality, and the organic substrates freeze-locked 

within the permafrost deposits. Thus, glacial permafrost deposits are not only characterized by 

high OM amount and quality, but also by an elevated availability of organic substrates, 

compared to e.g. non-glacial periods. 

It was found, that permafrost OM quality and its ability of providing organic substrates for 

microbial GHG generation were not only influenced by long-term climatic conditions (glacial 

vs. interglacial), but also by short-time environmental changes during the Weichselian glacial 

period (stadial vs. interstadial). Based on these short-time environmental changes, the quality 

of the OM and the substrate potential are of highest values in permafrost deposits which 

accumulated during the last interstadial period (MIS 3). In contrast to the last two stadial 

periods (MIS 2 and 4), in Siberia the MIS 3 was characterized by warmer and wetter 



5 SYNTHESIS 

94 
 

environmental conditions [Andreev et al., 2011] which increased the level of soil moisture. 

These humid conditions resulted in an increased aliphatic character of the OM (increased 

quality) and elevated concentrations of available organic substrates for microbial GHG 

generation. In contrast, during interglacial periods, such as the MIS 1 (Holocene) and 

especially the MIS 5e (Eemian), the results documented lower HI and lower concentrations of 

both free and bound acetate in the permafrost deposits, which indicate a lower OM quality 

and depleted substrate availability for microbial GHG generation. In Siberia interglacial 

periods, compared to glacial periods, were characterized by increased temperatures with 

unstable environmental conditions, which result in longer and deeper periods of permafrost 

thaw during the summer [Schirrmeister et al., 2002; Andreev et al., 2009]. 

Investigation of the permafrost cores from the two study sites reveal that permafrost 

deposits accumulated during the same glacial or interglacial epoch possess similar OM 

characteristics and have a similar potential to serve as a substrate provider for future microbial 

GHG generation. Both study sites belong to the zone of continuous permafrost with 

permafrost thicknesses of 500 to 600 m [Andreev et al., 2004; Romanovskii et al., 2004; 

Günther et al., 2013], and were selected in order to determine the significance of thawing 

permafrost deposits for the global carbon cycle. Each study site is dominated by Yedoma 

(Middle to Late Weichselian) deposits and comprises at least two different permafrost units: 

 

(1) Early - Mid Holocene deposits (MIS 1): This unit is characterized by 

intermediate to high OM quality. Matching acetate substrate concentrations were 

found in this unit at both study sites, reflecting the transition from the Weichselian 

glaciation into the Holocene interglacial period.   

(2) Mid - Early Weichselian glacial stage deposits (MIS 3 and 4): These deposits 

were identified at both study sites within Interval III of the BK8 core (from the 

Buor Khaya Peninsula), and on Bol´shoy Lyakhovsky Island, within the lower part 

of core L14-05 (below 5.5 m), in cores L14-02 and L14-03, and within the upper 6 

m of core L14-04. All investigated permafrost deposits revealed sequences of high 

OM quality and high concentrations of the substrate proxies, indicating an 

enriched future substrate pool for microbial GHG generation compared to other 

permafrost deposits.  
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(3) Eemian interglacial lake deposits (MIS 5e): These sediments were found in core 

L14-04 (Bol´shoy Lyakhovsky Island) at below 6 m depth, and were characterized 

by low OM quality and depleted substrate concentrations, which indicate a poor 

substrate pool in terms of microbial GHG production.  

(4) Saalian glacial stage deposits (MIS 6/7): Analysis identified that one sample 

(BK7; Bol´shoy Lyakhovsky Island) deposited during a glacial period is 

characterized by both high quality and amount OM, which provide evidences that 

Saalian permafrost deposits might be good substrate providers (Chapter 4).  

 

The complementary findings at both study sites indicate that the potential of the individual 

permafrost units to serve as substrate providers is not only a local, but a regional phenomenon 

in the north-eastern Siberian Arctic. Model projections which assume homogenous GHG 

production from thawing permafrost units suggest that GHG emissions from permafrost areas 

could add an additional 0.4 °C to the projected global mean surface air temperature by the 

year 2300 [Schneider von Deimling et al., 2015]. Today, carbon emissions from warming 

permafrost areas are accelerating climate change more than projected on the basis of 

emissions from human activities alone [Schuur et al., 2015]. 

Thus, this thesis provides important information required for more detailed projections of 

the carbon-climate feedback expected from Siberian permafrost thaw. For example, this work 

highlights that the impact of permafrost thaw on the global carbon cycle is controlled not only 

by the amount of OM, but more importantly by the biogeochemical character (OM quality and 

substrate potential) of the individual permafrost deposits exposed to degradation. Thus, the 

projected carbon-climate feedback from thawing permafrost units, which possess a reduced 

microbial GHG potential, may be smaller than current climate models suggest. The global 

importance of investigating the substrate potential for microbial GHG generation becomes 

clear when considering the global differences in thickness and extent of the individual 

permafrost units. For example, Yedoma deposits, which are the most widespread permafrost 

unit in north-eastern Siberia, possess the highest substrate potential for microbial GHG 

generation. These deposits are characterized by a thickness of about 10 to 60 m [Dutta et al., 

2006; Schennen et al., 2016], and cover an area of approximately 106 km² [Romanovsky, 

1993] in north-eastern Siberia. Although initial studies approximating the permafrost carbon 
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stock in Yedoma deposits [Tarnocai et al., 2009; Strauss et al., 2012; Hugelius et al., 2013] 

have been conducted, current estimates on the size of this carbon stock are accompanied by 

large uncertainties partly due to the inhomogeneous distribution of the different permafrost 

units [Hugelius et al., 2014]. However, Yedoma deposits are vulnerable to climate change 

[Strauss et al., 2012] and therefore, due to their extent and quality of OM accompanied by 

their high potential to serve organic substrates for microbial GHG generation, this regional 

permafrost deposits are indeed of global significance.  

 

 

5.3 Is thawed permafrost OM readily degradable for microorganisms?   

Permafrost systems constitute an extreme-temperature habitat for microorganisms, which 

is of relevance as temperature is one of the most important parameters which regulates the 

activity of microorganisms by controlling their metabolic activities [Herbert, 1996; Wagner et 

al., 2001]. The active layer (seasonally thawed layer above the permafrost table) in particular 

is characterized by extreme variations in temperature, ranging from around -12 °C in winter to 

+5 °C during summer [French, 2007]. These seasonal temperature variations in permafrost 

soils influence the availability of nutrients (e.g. acetate) and unfrozen water, with the latter 

being an essential biophysical requirement for the metabolism of microorganisms [Ostroumov 

and Siegert, 1996]. In permafrost soils, two main pathways of microbial energy-metabolism 

predominate: (i) the fermentation of acetate to CO2 and CH4, and (ii) the reduction of CO2 to 

CH4 [Wagner et al., 2001]. In this thesis biogeochemical approaches and incubation 

experiments were employed in order to (i) identify living cells in permafrost systems, (ii) 

track changes in substrate concentrations and OM composition due to microbial consumption, 

and (iii) reveal the role of microorganisms in light of GHG emission from thawing permafrost 

and its carbon-climate feedback. 

Living microbial cells were found in all examined active layers and permafrost deposits. In 

this thesis phospholipids (PLs) and phospholipid fatty acids (PLFAs) were applied as life-

markers in order to identify living cells in the active layer and in permafrost deposits. Both 

life-markers indicated considerably higher concentrations of living cells within the active 

layers compared to the permafrost deposits. Detailed PLFA inventory analysis (Chapter 2) 

revealed that microbial communities in the active layer were composed of different bacterial 



5 SYNTHESIS 

97 
 

groups, which adapted their cell membranes to the cold conditions by incorporating higher 

proportions of anteiso- and unsaturated fatty acids (FAs) [Rilfords et al., 1978; Russell, 1989]. 

Substantial microbial activity was indicated in the active layers by low concentrations of free 

substrates (e.g. acetate). As acetate is a required chemical compound for microbial 

methanogenesis and GHG generation [Ganzert et al., 2007], the observed decrease in 

concentration of free acetate in the examined active layers indicated not only microbial 

activity, but also the production of microbial CO2 and CH4 [Wagner et al., 2001].  

Evidence for a low concentration of living cells and extremely low microbial activity in 

permafrost deposits included low life-marker concentrations and comparably high free acetate 

concentrations, particularly in permafrost sections with elevated OM content. A low ratio of 

iso- to anteiso-FAs cell-membrane adaption in the microbial communities revealed the 

presence of living cells [Russell, 1989] adapted to the permanent cold-temperature conditions 

in the permafrost deposits. Additionally, incubation experiments (Chapter 4) found that 

microbial GHG production in permafrost samples commenced upon permafrost thaw, which 

again confirms microbial activity, and moreover indicates that the embedded microbial 

communities can be “re-activated” on thaw.  

In addition to freely available small organic substrates, microbes also degrade the large 

organic molecules, such as carboxylic acids with extended chain length, which are part of the 

solvable proportion of the OM in thawed permafrost deposits. In cultivation experiments with 

thawed permafrost deposits of different age, detailed analyses of the organic extracts using 

FT-ICR-MS revealed after 136 days of incubation (Chapter 4) changes in the composition of 

the oxygen-element classes (especially oxygen-element class O2 at DBE 1) in responds to 

either aerobic or anaerobic cultivation conditions. Generally, no visible change in the relative 

abundance of long-chain (> C20) carboxylic acids (O2-compound class at DBE1) was found, 

but the relative abundance of short-chain (C14-C20) carboxylic acids decreased after both 

aerobic and anaerobic incubation indicating active turnover of these compounds. Moreover, 

the decrease of short-chain carboxylic acids was more pronounced under aerobic than under 

anaerobic conditions pointing towards a more efficient microbial turnover under aerobic 

conditions. The amplitude of decrease of short-chain carboxylic acids correlated with the 

amount of microbially produced CO2 and therefore indicating fermentative degradation of the 

OM which can result into microbial greenhouse gas production. 
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Based on biogeochemical investigations, it was found that the in-situ concentration of 

living cells in permafrost deposits depends on the amount of stored OM. It was found from 

incubation experiments (Chapter 4) that permafrost thaw not only reactivates the embedded 

microbial communities resulting in microbial GHG production, but also strongly increases the 

concentration of living cells (PLFAs) due to better living conditions, especially in an aerobic 

environment. The findings reveal that the observed increase in PLFA concentrations in 

thawing permafrost deposits is influenced more by the quality of the stored OM rather than its 

amount. Furthermore, a relationship between the increase of PLFAs and the production of 

microbial GHG could be observed. However, in an in-situ environment microbes migrate 

[Waldrop et al., 2010], which is likely to enhance microbial GHG generation from permafrost 

deposits of increased OM quality compared to those of low OM quality. In conclusion, 

permafrost deposits with a high quality and amount of OM not only possess high substrate 

potential as discussed in Chapter 5.2, but are also characterized by high concentrations of 

PLFAs, which results in enhanced microbial GHG production upon permafrost thaw. 

 

 

5.4 Findings of this thesis in relation to the CarboPerm network 

As part of the work package “microbial transformation”, this thesis contributes to the scope 

of the CarboPerm project (Fig. 5-1) and provides information on:  

(i) the relation between OM quality, past environmental depositional conditions and 

the potential to provide substrates for future microbial GHG generation, 

(ii) the relevance of different permafrost units in north-eastern Siberia to serve as a 

substrate provider for future microbial GHG generation with respect to the global 

carbon cycle, and 

(iii)  the distribution and adaptation of living microorganisms in permafrost sediments 

as well as the response of the microbial community to permafrost thaw.  
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Figure 5-1: Superordinate causal chain of figure 1-6 (Chapter 1.5) with the embedded 

relevance of the depositional conditions (environment and climate) during glacial and 

interglacial periods, which differently affects the quality of the OM. The quality of OM 

significantly influences the microbial communities and therefore the production of the GHG 

carbon dioxide and methane.  

 

Analysis of the HI, employed as a proxy for OM quality in terms of biodegradability, 

indicates a higher OM quality (higher aliphatic character) in the permafrost deposits which 

accumulated during glacial periods and under wetter conditions. DNA and pollen 

investigations convey the relation between higher OM quality and a wetter environment 

[Zimmermann et al., 2016]. The authors analyze data obtained from the Bour Khaya (BK 8) 

core, which reveal a diverse low-centered polygon plant community including aquatic pond 

vegetation and indicates a local depositional environment with recurring water-bodies.  

By using GDGTs combined with HI and TOC as proxies for the past depositional 

environment, different depositional conditions within the Holocene and the last glacial period 

were indicated in the study of the BK8 core (Chapter 2). Here, the data suggested an 

interstadial period with increased temperatures and moisture during deposition (Interval III). 

A multi proxy approach combined with 
14

C
 
dating conducted by scientists at the AWI 

confirms this interpretation [Schirrmeister et al., 2016]. The authors also describe that these 

permafrost deposits were accumulated during an interstadial period characterized by increased 

temperatures and changing environmental conditions (MIS 3).  

Permafrost accumulated under glacial conditions, and especially during an interstadial 

period (MIS 3, Yedoma deposits), generally possesses high OM quality (Chapter 3) and hence 
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a high potential to serve as a substrate provider for microbial GHG generation (Chapter 3 and 

4). These interpretations are supported by multiple incubation studies [Walz et al., 2017], 

which find that different rates of microbially produced CO2 and CH4 upon permafrost thaw 

indicate past environmental conditions (e.g. climate) and influence the amount and quality of 

OM (e.g. differences in vegetation source).  

It was found within this thesis, that the Yedoma deposits in north-eastern Siberia 

accumulated during the MIS 3 and 4 possess the highest potential for future microbial GHG 

generation, and are therefore of high relevance in light of Arctic climate change. A 3D model 

implemented for the study site on Bol´shoy Lyakhovsky Island [Schennen et al., 2016] reveals 

the thickness of Yedoma deposits (Fig. 5-2) and highlights the significance of Yedoma 

deposits as part of the global carbon cycle. 

 

 

Figure 5-2: 2D cryostratigraphic model modified after Schennen et al., [2016].  

 

Life marker (lipid-biomarker) analysis (PL and PLFA) indicated an increased abundance 

of microbial life within the active layer relative to that found in the permafrost deposits, 

which reflects different environmental living conditions. Microbiological analysis carried out 

by the Geomicrobiology Section of the GFZ (Prof. Dr. Dirk Wagner and Patryk Krauze; 

personal communication) on the permafrost cores from Bol´shoy Lyakhovsky Island supports 

these interpretations. For example, the relative abundances of detected bacteria phyla reveal a 

microbial community shift from the active layer to the underlain permafrost deposits, which 

represents changes in microbial living conditions (e.g. temperature).  
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5.5 Outlook: perspectives for further research   

The subject of permafrost OM and its fate within the context of global warming is an 

important topic in current climate change research [Knoblauch et al., 2013; Hodgkins et al., 

2014; Mu et al., 2014]. Nevertheless, both the timing and magnitude of the carbon flux which 

will be released due to permafrost thaw and degradation, are still associated with large 

uncertainties [Hugelius et al., 2014]. For this propose, further research is necessary to 

precisely evaluate and predict the carbon feedback from continuously thawing permafrost in 

the Arctic region.   

In this study permafrost deposits from two locations within the zone of continuous 

permafrost in north-eastern Siberia were examined using geochemical and biogeochemical 

approaches to (i) characterize the stored OM in terms of its biodegradability, and (ii) to 

evaluate the potential for future microbial GHG generation. The analyses reveal relations 

between the quality of OM, its potential to provide organic substrates for microbial GHG 

generation, and the dominant climatic and environmental conditions during permafrost 

accumulation. Therefore, different permafrost units possess different GHG potentials of 

global relevance, especially within the widespread interstadial Siberian Yedoma deposits. 

However, additional research is needed to enhance understanding of the importance of 

permafrost OM in relation to the global carbon cycle: 

 

(i) Additional study sites should be sampled in order to confirm the regional 

significance of increased OM quality in glacial deposits. In combination with 

extensive 3D-ground models, this would allow the global relevance of permafrost 

thaw to be evaluated much more precisely.  

(ii) More permafrost sample material from the Eemian interglacial should be analyzed 

with respect to its OM biodegradation history and future biodegradability. This 

would refine the predictions made for permafrost OM becoming bioavailable again 

due to increased permafrost thaw. 

(iii) The results of this thesis show that old permafrost OM is degraded and altered by 

microorganisms when permafrost thaws. In order to better understand the process 

of microbial degradation, further investigations with the FT-ICR-MS are needed. 

For this purpose, advantages in the methodological preparation and processing 
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associated with this technique are required. A more detailed analysis of the 

molecular composition of the OM would refine the characterization of the OM, 

and contribute to answering the question: To what extend is permafrost OM 

microbially degradable? This approach should be combined with in-situ 

experiments; placing old OM of increased OM quality from permafrost deposits 

into the active layer, and tracking microbial GHG generation, changes in the 

microbial community, as well as alteration of the OM composition. 

(iv) Incubation experiments in combination with geochemical and biogeochemical 

analysis have shown that specific amounts of CO2 and CH4 are generated due to 

permafrost thaw and microbial activity. In-situ experiments in permafrost 

landscapes would both refine and complement these measurements and improve 

the evaluation of the microbial carbon flux resulting from permafrost thaw.  

 

Within the framework of the CarboPerm project, interdisciplinary techniques (e.g. 

sediment description, dating, seismic ground detection, biogeochemical and microbiological 

analysis, incubation experiments) have been combined and applied to reveal the relevance of 

permafrost organic carbon for the global carbon cycle in responds to ongoing permafrost 

thaw. Many important data have been generated, which have contributed to advances in 

scientific knowledge. As part of a global perspective, it would be of interested to apply OM 

characteristic studies at a border scale (e.g. to the Canadian Arctic) and, in the best case 

scenario, to identify specific regions which are of significant relevance for future climate 

warming.  
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Abbreviations 

 

Notation  Meaning 

°C   degree Celsius 

°E   longitudinal position in degree east of the prime median 

°N   latitudinal position in degree north of equator 

%   percent (number as a fraction of 100) 

‰   per mile (number as a fraction of 1000) 

~   approximately  

<   less than 

>   greater than 

+   plus sign 

-   minus sign/ dash 

±   plus-minus sign 

2,3-DMThio  2,3-dimethylthiophen 

a   anno (lat. year) 

AK   Alaska 

AL   active layer 

APCI   atmospheric pressure chemical ionization 

asg.   Assigned 

AWI   Alfred-Wegener-Institute for polar and marine research 

BIT index  branched and isoprenoid tetraether index 

BK8   Buor Khaya (core 8) 

BP   before present  

br-   branched 

C   carbon  

Ca   calcium  



ABBREVIATIONS 
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c.a.   circa  

CBT index  cyclization of branched tetraethers index 

cm   centimeter 

CH4   methane  

CO2   carbon dioxide 

DBE   double bond equivalent  

DEM   Digital Elevation Model 

DNA   deoxyribonucleic acid 

E   Eemian 

e.g.   exempli gratia (lat. for example) 

ECHAM  atmospheric general circulation model of the Max Planck Institute   

ESI   electrospray ionization 

ESI
-
   negative electrospray ionization mode 

et al.   et alii (lat. and other) 

eV   electron volt 

FA   fatty acid 

Fe   iron 

FID   flame ionization detector 

Fig.   figure 

FT-ICR-MS  Fourier transform ion cyclotron resonance mass spectrometry  

g   gram 

GC   gas chromatography  

GDGT   glycerol dialkyl glycerol tetraether 

GFZ   German Research Centre for Geoscience  

GHG   greenhouse gas 

Gt   gigatonne  

h   hour 



ABBREVIATIONS 
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H   hydrogen or Holocene  

HC   hydrocarbon 

HCL   hydrochloric acid 

HI   hydrogen index 

HPLC   high performance liquid chromatography  

i.e.   id est (lat. that is) 

IC   ion chromatography 

IPCC   Intergovernmental Panel on Climate Change  

iso-   isoprenoid 

ka   kilo annus (lat. thousand years) 

kg   kilogram 

km
2
   square kilometer 

KOH   potassium hydroxide 

kV   kilovolt 

l   liter 

L14   Bol’shoy Lyakhovsky cores (sampled 2014) 

LGM   Last Glacial Maximum 

LMWOA   low molecular weight organic acid 

LP   Late Pleistocene 

m   meter or mass 

m
2
   square meter 

m³   cubic meter 

m a.s.l.   meter above sea level  

m b.s.   meter below surface  

MBT index  methylation of branched tetraether index 

mg   milligram 

min   minute 
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MIS   marine isotope stage  

ml   milliliter 

mm   millimeter 

MPLC   medium pressure liquid chromatography  

MS   mass spectrometry  

m/z   molecular-mass to charge-number-of-the-ion ratio (in MS) 

n   variable number 

ng   nano-gram 

N   nitrogen or amount of substance (chemical amount) 

Na   sodium 

NSO   nitrogen, sulphur and oxygen containing faction  

O   oxygen  

OC   organic carbon 

OI   oxygen index 

OM   organic matter 

p   probability  

PC   phosphatidylcholine 

PE   phosphatidylethanolamine 

Pg   pentagram 

PG   phosphatidylglycerol 

pH   potentia Hydrogenii(lat .power/weight of hydrogen) 

PL   phospholipid 

PLFA   phospholipid fatty acid 

ppm   parts per million 

Py   pyrolysis 

qPCR   quantitative polymerase chain reaction 

R
2
   root mean square error 
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rpm   rounds per minute 

rRNA   ribosomal ribonucleic acid 

s   second 

S   sulphur 

TC   total carbon 

TMIA   total molecular ion abundance 

TN   total nitrogen 

TOC   total organic carbon 

UHH   University of Hamburg  

v   volume 

V   Volt 

VPDB   Vienna-Pee Dee Belemnite 

vs.   versus (lat. opposed) 

wt%   per cent by weight 

x g   times gravity 

µg   microgram 

µl   microliter 

µm   micrometer 

∂
13

Corg   stable TOC isotope ratio 
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Appendix I: Molecular structures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure I-1: Phospholipid fatty acids (PLFAs) and archaeol 
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Figure I-2: Phospholipids (PLs) 
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Figure I-3: Isoprenoid gglycerol dialkyl glycerol tetraethers (GDGTs) 
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Figure I-4: Branched gglycerol dialkyl glycerol tetraethers (GDGTs) 
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Appendix II: Core and sampling descriptions  

 

 

Figure II-1: Core description BK 8 (from Buor Khaya Peninsula)  
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No. 
GFZ-  

ID 
Sample Name 

depth 

[m] 

mean depth  

[m] 
visible organic color grain size cryostructures 

borehole 

temp. [°C] 

1 G013527 BK-8-bm-1-0.15-0.43 0.15-0.43 0.29 
red brownish spots, 

roots 
grey brown silty fine sand fine and coarser lenses -10 

2 G013529 BK-8-bm-2-0.65-0.75 0.65-0.75 0.7 roots grey brown silty fine sand coarse lens like reticulated -12 

3 G013531 BK-8-bm-3-1.48-1.60 1.48-1.60 1.54 
single organic 

remains 
grey brown silty fine sand 

irregular vertical ice veins  

(1-4 mm thick) 
-17 

 
G013533 BK-8-bm-4-1.94-2.04 1.94-2.04 1.99 

single organic 

remains 
grey brown silty fine sand coarse lens like reticulated -17 

5 G013535 BK-8-bm-5-2.25-2.33 2.25-2.33 2.29 
single organic 

remains 
grey brown silty fine sand 

coarse lens like reticulated,  

ice rich 
-16.5 

6 G013537 BK-8-bm-6-2.74-2.85 2.74-2.85 2.79 
single organic 

remains 
grey brown silty fine sand 

very ice rich 

coarse lens like reticulated 
-16 

7 G013539 BK-8-bm-7-3.07-3.30 3.07-3.30 3.18 few organic remains grey brown silty fine sand 
ice rich; coarse to very 

coarse lens like reticulated 
-15.5 

11 G013545 BK-8-bm-11-8.65-8.75 8.65-8.75 8.7 few organic remains grey brown silty fine sand coarse lens like reticulated -10.5 

12 G013547 BK-8-bm-12-9.35-9.58 9.35-9.58 9.46 organic remains grey brown silty fine sand 
coarse lens like reticulated  

 
-10 

13 G013549 BK-8-bm-13-9.97-10.11 9.97-10.11 10.04 no plant remarks grey brown silty fine sand 
all kind of ice veins and 

lenses 
-9.8 

14 G013551 BK-8-bm-14-11.13-11.28 11.13-11.28 11.2 
no plant remarks 

iron oxides 
grey brown silty 

very ice rich (>50%),  
horizontal ice lenses 

vertical ice vein 

-9.5 

15 G013553 BK-8-bm-15-11.58-11.70 11.58-11.70 11.64 plant remains grey brown 
finely graveled 

(fine sand) 
fine and coarser lenses -9.5 

16 G013555 BK-8-bm-16-11.95-12.10 11.95-12.10 12.02 
numerous plants 

woody roots 
grey brown silty fine sand fine and coarser lenses -9.5 

17 G013557 BK-8-bm-17-12.55-12.80 12.55-12.80 12.67 no plants remarks 
brownish 

grey 
silty 

fine ice lenses (< 1mm),  

deeper: medium to coarser 
lenses lightly networked 

-9.5 

18 G013559 BK-8-bm-18-13.50-13.70 13.50-13.70 13.6 few organics grey brown silty fine sand coarse lens like reticulated -9.5 

19 G013561 BK-8-bm-19-14.05-14.18 14.05-14.18 14.11 few organics grey brown silty fine sand lens like reticulated -9 

20 G013563 BK-8-bm-20-14.45-14.73 14.45-14.73 14.59 
few organics 

woody remains 
grey brown silty fine sand coarse lens like reticulated -9 

21 G013565 BK-8-bm-21-15.03-15.20 15.03-15.20 15.11 few organics grey brown silty fine sand coarse lens like reticulated -8.5 

22 G013567 BK-8-bm-22-16.70-17.00 16.70-17.00 16.85 few organics grey brown silty fine sand 
fine and medium lens like 

reticulated 
-9 

23 G013569 BK-8-bm-23-17.95-18.26 17.95-18.26 18.1 
few organics 

woody remains 
grey brown silty fine sand lens like reticulated -9.5 

 

Table II-1: Core description BK 8 (from Buor Khaya Peninsula) 
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Figure II-2: Core description of the Bol´shoy Lyakhovsky Island cores 
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Table II-2: Core description of core L14-05 (Bol´shoy Lyakhovsky Island) 

 

 

core depth  

range [m] 

core units 

[m] 
unit 

actual depth 

[m] 

mean sample  

depth [m] 

sample  

name  

sampling  

date 

sample weight 

[g] 

0.00-0.10 

0.00-0.46 I 

          

0.10-0.31 0.20-0.31 0.15 L14-02-01 12.03.2015 267.86 

0.31-0.46           

0.46-0.57 

0.46-1.03 II 

          

(0.57-0.65) core 

loss 
          

0.65-0.72           

0.72-0.80           

0.80-1.03 0.44-0.57 0.5 L14-02-02 12.03.2015 229.7 

1.03-1.27 1.03-1.27 III           

1.27-1.55 

1.27-2.32 IV 

          

1.55-1.86 1.55-1.70 1.62 L14-02-03 12.03.2015 219.79 

1.86-2.32           

2.32-3.05 

2.32-3.77 V 

          

3.05-3.22           

3.22-3.77 3.05-3.22 3.13 L14-02-04 12.03.2015 277.48 

core depth  

range [m] 

core units 

[m] 
unit 

actual depth 

[m] 

mean sample  

depth [m] 

sample  

name  

sampling  

date 

sample weight 

[g] 

0.00-0.33 0.00-0.33 I 0-0.24 0.12 L14-05-01 10.03.2015 160.86 

0.33-0.65 

0.33-1.04 II 

0.39-0.56 0.47 L14-05-02 10.03.2015 205.01 

0.65-0.85           

0.85-1.04           

1.04-1.39 

1.04-2.45 III 

          

1.39-1.95 2.10-2.30 2.2 L14-05-03 11.03.2015 119.334 

1.95-2.45           

2.45-3.25 2.45-3.25 IV 2.65-2.76 2.7 L14-05-04 11.03.2015 146.88 

3.25-3.35 

3.25-5.30 V 

3.25-3.35 3.3 L14-05-05 11.03.2015 167.17 

3.35-4.35 4.55-4.75 4.65 L14-05-06 11.03.2015 212.65 

4.35-5.30           

5.30-5.44 
5.30-6.71 VI 

          

5.44-6.71 5.40-5.57 5.48 L14-05-07 11.03.2015 159.96 

6.71-7.26 
6.71-7.89 VII 

6.96-7.16 7.06 L14-05-08 11.03.2015 203.55 

7.26-7.89           
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3.77-4.27 

3.77-5.03 VI 

4.16-4.27 4.21 L14-02-05 12.03.2015 243.42 

4.27-5.03           

5.03-5.67 

5.03-6.23 VII 

5.12-5.26 5.19 L14-02-06 12.03.2015 219.64 

5.67-6.23           

6.23-6.62 

6.23-7.07 VIII 

6.92-6.98 6.95 L14-02-07 12.03.2015 124.61 

6.62-7.07           

7.07-7.77 

7.07-8.70 IX 

7.77-7.97 7.87 L14-02-08 12.03.2015 173.78 

7.77-8.70           

8.70-9.57 

8.70-10.92 X 

8.89-9.02 8.95 L14-02-09 12.03.2015 250.44 

9.57-10.12           

10.12-10.92 10.12-10.32 10.22 L14-02-10 12.03.2015 300.95 

10.92-11.17 

10.92-11.26 XI 

          

11.72-11.26           

11.26-11.78 

11.26-20.2 XII 

          

11.78-12.35           

12.35-12.97           

12.97-13.52           

13.52-13.72 incl. 
sediment 

          

13.72-14.22           

14.22-14.71           

14.71-15.15           

15.15-15.28           

15.28-15.91 icl. 
sediment 

          

15.91-16.48 ice          

16.48-16.94           

16.94-17.50           

17.50-17.84           

17.84-18.07           

18.07-18.67           

18.67-18.95           

18.95-19.20           

19.20-19.41           

19.41-19.64           

19.64-19.83           

19.83-20.02           

 

Table II-3: Core description of core L14-02 (Bol´shoy Lyakhovsky Island) 
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core depth  

range [m] 

core units 

[m] 
unit 

actual depth 

[m] 

mean sample  

depth [m] 

sample  

name  

sampling  

date 

sample weight 

[g] 

0.00-0.65 0.00-0.65 I 0.10-0.24 0.17 L14-03-01 26.01.2015 251 

0.65-0.90 0.65-1.12 II 0.55-0.68 0.61 L14-03-02 26.01.2015 273 

1.12-1.45 

1.12-1.98 III 

1.28-1.48 1.38 L14-03-03 26.01.2015 221 

1.45-1.66           

1.66-1.98           

1.98-2.42 1.98-2.42 IV 1.98-2.07 2.02 L14-03-04 26.01.2015 180 

2.42-2.82 
2.42-3.49 V 

2.54-2.58 2.56 L14-03-05 27.01.2015 177 

2.82-3.49 3.31-3.49 3.4 L14-03-06 27.01.2015 202 

3.49-4.14 
3.49-4.89 VI 

          

4.14-4.89 4.70-4.80 4.75 L14-03-07 27.01.2015 174 

4.89-5.42 
4.89-6.02 VII 

          

5.42-6.02 5.72-5.82 5.77 L14-03-08 27.01.2015 210 

6.02-6.67 6.02-6.67 VIII 6.36-6.46 6.41 L14-03-09 27.01.2015 110 

6.67-7.35 

6.67-8.43 IX 

          

7.35-8.13 7.20-7.35 7.27 L14-03-10 27.01.2015 233 

8.13-8.51           

8.51-9.34 
8.51-9.64 X 

8.73-8.90 8.81 L14-03-11 27.01.2015 217 

9.34-9.89           

9.89-10.44 
9.64-10.89 XI 

10.20-10.40 10.1 L14-03-12 28.01.2015 295 

10.44-10.89           

10.89-11.60 
10.89-11.90 XII 

          

11.60-12.10 11.20-11.37 11.28 L14-03-13 28.01.2015 280 

12.10-12.82 11.90-12.60 XIII 12.30-12.55 12.42 L14-03-14 28.01.2015 306 

12.82-13.02 
12.60-13.30 XIV 

          

13.02-13.70           

13.70-14.43 13.30-14.43 XV 13.70-13.90 13.8 L14-03-15 28.01.2015 424 

14.43-15.10 14.43-15.10 XVI           

15.10-15.41 
15.10-15.49 XVII 

          

15.41-15.49           

 

Table II-4: Core description of core L14-03 (Bol´shoy Lyakhovsky Island) 
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core depth  

range [m] 

core units 

[m] 
unit 

actual depth 

[m] 

mean sample  

depth [m] 

sample  

name 

sampling  

date 

sample weight 

 [g] 

0.00-0.67 0.00-0.45/0.45-0.67 I/II 0.10-0.32 0.2 L14-04-01 28.01.2015 266 

0.67-0.89 
0.67-1.12 III      

0.89-1.12 
     

1.12-1.52 

1.12-2.00 IV 

     

1.52-1.71 
     

1.71-2.00 
     

2.00-2.50 

2.00-4.24 V 

2.35-2.50 2.42 L14-04-02 28.01.2015 242 

2.50-2.95 
     

2.95-3.50 
     

3.50-4.06 
     

4.06-4.24 3.87-4.06 3.96 L14-04-03 28.01.2015 226 

4.24-4.50 

4.24-4.89 VI 

     

4.50-4.64 
     

4.64-4.89 
     

4.89-5.07 

4.89-6.43 VII 

5.24-5.42 5.33 L14-04-04 29.01.2015 157 

5.07-5.67 
     

5.67-6.43 6.25-6.43 6.34 L14-04-05 29.01.2015 198 

6.43-7.22 
6.43-8.10 VIII 

7.12-7.32 7.22 L14-04-06 29.01.2015 120 

7.22-8.10 7.42-7.66 7.54 L14-04-07 29.01.2015 156 

 

Table II-5: Core description of core L14-04 (Bol´shoy Lyakhovsky Island) 
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Appendix III: Published data  

GFZ-No. 

sample ID 

Mean core  

depth [m] 

TOC 

[wt %] 

Hydrogen index 

[mg HC g-1 TOC] 
TOC/TN 

Oxygen index 

[mg CO2 g
-1 TOC] 

∂13Corg  

[‰] 

Free acetate 

[mg l-1] 

Bound acetate 

[mg l-1] 

Sulfate 

[mg l-1] 

Nitrate 

[mg l-1] 

G013527 0.3 5.6 331 11.4 151 -27.7 3.7 64.5 1.4 0.5 

G013529 0.7 3.5 174 12.0 175 -27.5 5.9 46.1 4.2 3.0 

G013531 1.5 2.9 236 11.7 190 -27.4 23.5 29.2 1.7 1.5 

G013533 2.0 4.0 225 10.6 178 -27.2 25.2 68.4 1.4 0.5 

G013535 2.3 4.0 197 11.0 195 -27.2 55.9 46.3 2.9 1.7 

G013537 2.8 4.8 231 11.9 164 -27.3 80.6 21.9 14.9 1.3 

G013539 3.2 2.9 182 12.1 195 -26.6 55.0 61.2 38.4 0.5 

G013545 8.7 2.2 189 10.7 197 -26.7 66.7 41.7 105.6 0.5 

G013547 9.5 1.6 238 10.2 165 -27.8 95.5 33.0 25.5 0.5 

G013549 10.0 1.9 287 9.3 167 -28.1 169.0 32.8 83.4 2.5 

G013551 11.2 1.0 137 8.7 232 -26.1 168.6 25.2 187.7 1.4 

G013553 11.6 2.2 208 9.3 211 -26.6 153.7 45.0 0.0 0.7 

G013555 12.0 3.1 217 10.1 205 -26.7 474.8 55.6 25.1 2.1 

G013557 12.7 2.5 191 11.6 231 -25.3 196.2 73.6 8.9 2.0 

G013559 13.6 3.0 217 12.0 209 -26.9 318.2 66.5 4.4 2.0 

G013561 14.1 3.5 249 11.7 208 -27.2 342.2 70.3 8.8 2.4 

G013563 14.6 3.8 213 12.0 208 -26.3 290.5 74.0 39.1 0.0 

G013565 15.1 3.8 207 12.3 213 -26.1 256.9 71.4 9.1 3.5 

G013567 16.9 1.4 104 9.7 249 -25.1 60.8 44.9 150.9 1.0 

G013569 18.1 1.7 125 8.6 208 -25.2 73.2 40.1 466.9 0.0 

 

Table III-1: Data for figure 2-3 
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Table III-2: Data for figure 2-4 

 

GFZ-No. 

sample ID 

Mean 

core  

depth [m] 

PLs 

[µg g-1 

sed.] 

PLFAs 

[µg g-1 

sed.] 

iso FA/ 

(iso+ ai 

FA) 

sat FA/ 

(sat+ 

unsat FA) 

Br-GDGTs 

[ng g-1 sed.] 

Archaeol 

[ng g-1 

sed.] 

GDGT-0 

[µg g-1 

sed.] 

Archaeol/ 

(Archaeol+ 

Crenarchaeol) 

G013527 0.3 33.36 96.76 0.53 0.56 3292.40 264.57 10.77 1.00 

G013529 0.7 1.50 12.10 0.73 0.64 135.85 17.72 0.79 1.00 

G013531 1.5 0.67 2.74 0.61 0.87 522.85 27.35 1.50 1.00 

G013533 2.0 2.97 10.23 0.64 0.66 630.14 42.01 2.35 1.00 

G013535 2.3 3.25 8.62 0.63 0.66 453.09 30.94 1.97 0.99 

G013537 2.8 4.44 9.09 0.58 0.66 551.06 50.14 3.06 0.99 

G013539 3.2 4.37 7.37 0.63 0.78 216.73 37.05 3.31 0.96 

G013545 8.7 2.19 6.90 0.62 0.73 218.92 44.54 4.44 0.92 

G013547 9.5 1.86 4.18 0.68 0.71 238.56 82.27 4.62 1.00 

G013549 10.0 2.46 9.22 0.67 0.74 406.14 133.01 6.96 1.00 

G013551 11.2 4.99 11.98 0.51 0.95 261.63 27.09 2.98 0.96 

G013553 11.6 4.59 7.14 0.66 0.67 318.32 21.00 4.70 0.88 

G013555 12.0 2.81 8.19 0.67 0.81 316.11 29.93 5.35 0.93 

G013557 12.7 3.83 10.78 0.67 0.75 130.24 8.69 4.19 0.64 

G013559 13.6 3.94 8.78 0.66 0.70 598.05 92.25 14.09 0.96 

G013561 14.1 3.47 8.50 0.63 0.70 522.26 95.94 12.09 0.98 

G013563 14.6 4.14 10.24 0.70 0.62 359.51 13.94 4.86 0.73 

G013565 15.1 3.84 9.23 0.68 0.66 282.41 11.86 3.68 0.60 

G013567 16.9 0.92 9.97 0.68 0.68 21.82 10.36 3.32 0.68 

G013569 18.1 2.22 7.05 0.65 0.73 76.05 11.66 4.95 0.55 

 

 Table III-3: Data for figure 2-5 

 

 

GFZ-N0. 

sample ID 

Mean core  

depth [m] 

m,p-xylene 

[%] 

n-octene 

[%] 

Phenol 

[%] 

C1-C5 

[%] 

C6-C14  

[%] 

C15+ 

[%] 

G013527 0.3 24.91 26.19 48.90 54.61 20.74 24.66 

G013549 10.0 25.50 20.01 54.50 63.30 21.08 15.61 

G013551 11.2 39.09 13.29 47.62 84.76 12.04 3.20 

G013561 14.1 18.65 9.97 71.39 77.23 14.50 8.27 

G013567 16.9 43.00 9.94 47.07 91.58 7.53 0.89 
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GFZ-No. 

sample ID 

Mean 

core  

depth [m] 

TOC 

[wt %] 
TOC/TN 

Hydrogen index 

[mg HC g-1 

TOC] 

PLFAs 

[µg g-1 

sed.] 

Branched 

GDGTs 

[ng g-1 sed.] 

Iso GDGTs 

+ archaeol 

[ng g-1 sed.] 

Free 

acetate 

[mg l-1] 

Bound 

acetate 

[mg l-1] 

G015181 0.1 1.5 9.9 236 84.17 849.15 22.02 1.5 44.6 

G015182 0.5 0.2 2.4 71 12.28 30.23 10.19 2.2 10.7 

G015183 2.2 1.7 7.4 194 27.04 369.76 65.10 2.0 48.2 

G015184 2.7 1.5 7.1 152 23.01 22.42 10.51 2.9 38.3 

G015185 3.3 1.7 8.2 168 14.15 83.58 17.26 106.3 36.0 

G015186 4.7 1.6 7.6 147 11.69 236.94 45.02 65.2 44.7 

G015187 5.5 1.8 7.7   13.73 160.55 33.48 48.3 29.8 

G015188 7.1 4.8 12.8 316 32.73 2070.40 224.57 51.3 58.9 

G015171 0.2 2.3 8.2   149.32 53.02 5.24 8.8 64.2 

G015172 0.5 1.4 6.3   35.62 34.24 6.36 0.9 32.8 

G015173 1.6 4.7 11.8 322 23.75 591.17 19.07 412.0 93.7 

G015174 3.1 2.5 10.9   11.16 192.50 37.72 157.5 35.4 

G015175 4.2 3.6 11.9   16.48 147.72 14.03 755.5 86.8 

G015176 5.2 2.0 9.5   16.68 32.09 4.62 110.9 49.1 

G015177 7.0 1.0 8.1   12.97 3.66 2.74 13.8 29.2 

G015178 7.9 1.0 8.3 126 16.68 4.71 4.56 65.1 11.7 

G015179 9.0 1.5 8.8   23.00 13.56 6.25 97.1 42.3 

G015180 10.2 1.2 8.4   20.41 20.88 1.62 159.5 34.5 

G015057 0.2 2.1 8.4   86.34 27.01 6.59 16.7 59.8 

G015058 0.6 2.7 9.2   27.13 87.33 5.16 106.5 56.4 

G015059 1.4 1.9 9.7 388 30.45 208.08 42.35 72.2 20.8 

G015060 2.0 2.1 8.6   35.83 149.02 32.93 68.2 45.8 

G015061 2.6 2.6 9.2 226 20.35 48.30 7.88 193.2 61.8 

G015062 3.4 0.7 4.4   12.41 20.41 4.78 70.3 40.9 

G015063 4.8 1.7 7.8   19.43 128.00 13.08 152.7 23.6 

G015064 5.8 1.4 10.5   19.52 74.02 6.38 628.5 44.7 

G015065 6.4 0.6 5.0   7.04 30.23 5.99 129.5 17.5 

G015066 7.3 0.7 5.4   7.38 26.98 5.38 59.2 20.0 

G015067 8.8 0.7 4.9 80 7.42 25.30 7.33 123.9 12.2 

G015068 10.1 0.5 4.1   9.01 14.31 4.33 15.2 22.0 

G015069 11.3 0.5 2.6   5.30 13.69 3.47 35.2 23.8 

G015070 12.4 1.2 6.1 256 8.90 28.17 5.67 96.0 16.9 

G015071 13.8 0.1 0.5   5.63 0.02 0.61 18.5 6.8 

G015072 0.2 2.5 11.1   37.88 196.97 7.50 1.5 61.2 

G015073 2.4 2.4 9.0   19.25 294.04 8.87 72.0 41.2 

G015074 4.0 1.8 8.6 276 8.03 174.99 19.45 68.8 44.7 

G015075 5.3 0.5 4.6   14.55 34.22 18.11 31.0 12.1 

G015076 6.3 0.6 3.7 65 5.10 22.49 5.35 12.5 19.6 

G015077 7.2 0.6 4.6 81 4.58 21.77 4.42 66.0 0.5 

G015078 7.5 0.6 5.0 78 4.74 27.14 7.39 89.5 9.8 

Table III-4: Data for figure 3-2 
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GFZ-No. 

sample ID 

Sample 

name 

2,3 DMThio 

[%] 

O-xylene 

[%] 

n-C9:1 

[%] 

C1-C5 

[%] 

C6-C14  

[%] 

C15+ 

[%] 

G015059 LP4 3.49 58.31 38.20 61.79 17.35 20.86 

G015061 LP5 5.21 60.81 33.98 74.87 14.94 10.19 

G015067 LP6 5.57 78.37 16.06 92.85 6.25 0.90 

G015070 LP7 16.90 54.86 28.25 70.13 18.40 11.47 

G015074 LP8 2.87 58.22 38.91 65.57 16.68 17.75 

G015076 E1 0.00 90.64 9.36 93.18 6.03 0.79 

G015077 E2 0.00 84.49 15.51 95.86 4.14 0.00 

G015078 E3 0.00 89.76 10.24 92.39 6.72 0.89 

G015173 LP2 8.54 44.53 46.92 66.88 16.62 16.50 

G015178 LP3 3.14 75.13 21.74 91.50 7.13 1.36 

G015181 AL 7.98 43.39 48.63 66.35 18.47 15.18 

G015182 H1 0.00 84.97 15.03 91.22 7.60 1.18 

G015183 H2 6.02 72.70 21.28 81.95 13.03 5.02 

G015184 H3 8.47 69.63 21.89 82.51 13.48 4.01 

G015185 H4 10.87 72.24 16.89 83.49 12.41 4.10 

G015186 H5 8.18 70.53 21.28 85.50 11.73 2.76 

G015188 LP1 6.76 40.93 52.32 58.17 17.42 24.40 

Table III-5: Data for figure 3-3 

 

Table III-6: Data for figure 4-2 

 

 

 

 

 

GFZ-Number 

sample ID 

Sample  

name 

TOC 

[wt %] 

Hydrogen index 

[mg HC g-1 TOC] 

PLFAs 

[µg g-1 sed.] 

PLFAs-aerob 

[µg g-1 sed.] 

PLFAs-anaerob 

[µg g-1 sed.] 

CO2-aerob  

[mg CO2 -C g-1 

OC] 

CO2-anaerob  

[mg CO2 -C g-1 

OC] 

G016162/70/78 BK2 1.4 170 45.33 117.41 75.45 37.4317 20.331 

G016160/68/76 BK8 2 100 61.12 132.47 81.47 20.2911 11.8794 

G016165/73/81 BK 5 0.5 65 23.35 38.29 30.92 22.0778 13.2618 

G016167/75/83 BK7 2.4 111 104.27 129.11 112.16 38.0029 13.6623 
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Table III-7: Data for figure 4-3 

 

 

 

 

element class 

name 

element class 

[%] 

Ox 64.33 

OxNy 8.47 

OxSz 1.91 

OxNa1 20.41 

NySz 0.25 

non id. 4.6 

Table III-8: Data for figure 4-4 

 

 

 

 

 

Sample Name 
short-FAs  

[%] 

long-FAs  

[%] 

branched-FAs  

[%] 

straight-

FAs 

[%] 

saturated-FAs 

[%] 

unsaturated-FAs 

[%] 

iso-FAs 

[%] 

aiso-FAs 

[%] 

BK2 50.3 49.7 24.1 75.9 85.8 14.2 59.9 40.1 

BK2-1 44.6 55.4 17.3 82.7 69.8 30.2 56.1 43.9 

BK2-2 65.5 34.5 30.6 69.4 70.3 29.7 46.8 53.2 

BK8 42.7 57.3 17.8 82.2 80.2 19.3 59.9 40.1 

BK8-1 38.9 61.1 15.5 84.5 75.1 24.9 55.7 44.3 

BK8-2 50.9 49.1 20.8 79.2 74.7 25.3 52.3 47.7 

BK5 25.8 74.2 10.6 89.4 96.3 3.7 61.5 38.5 

BK5-1 18.2 81.8 8.3 91.7 81.4 18.6 56.5 43.5 

BK5-2 31.9 68.1 17.4 82.6 81.7 18.3 50.2 49.8 

BK7 64.3 35.7 20.1 79.9 64.4 35.6 58.5 41.5 

BK7-1 58.1 41.9 16.2 83.8 53.7 46.3 52.6 47.4 

BK7-2 74.2 25.8 39.5 60.5 54.3 45.7 35.3 64.7 
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GFZ 

No. 
G016160 G016168 G016176 G016162 G016170 G016178 G016165 G016173 G016181 G016167 G016175 G016183 

Carbon 

No. 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

O2, 

DBE1  

[%] 

11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.04 

12 0.14 0.10 0.10 0.00 0.00 0.10 0.00 0.00 0.05 0.21 0.11 0.12 

13 0.14 0.08 0.10 0.11 0.00 0.16 0.13 0.08 0.06 0.40 0.09 0.16 

14 0.84 0.55 0.52 0.49 0.32 0.61 0.47 0.29 0.25 1.84 0.63 1.36 

15 2.13 0.75 0.70 0.85 0.46 1.42 0.92 0.44 0.40 4.37 0.91 3.38 

16 6.40 3.00 2.87 3.70 1.69 3.03 1.93 1.21 1.10 15.27 5.93 10.88 

17 1.68 0.43 0.54 1.21 0.38 1.20 0.76 0.36 0.29 2.58 0.68 2.09 

18 2.58 1.83 1.61 2.54 1.26 1.66 1.49 1.09 0.92 3.06 1.56 2.79 

19 1.25 0.32 0.75 0.94 0.32 0.79 0.54 0.41 0.33 1.19 0.51 0.79 

20 2.67 1.89 2.22 3.19 1.49 2.21 2.17 1.89 1.70 2.98 2.52 2.73 

21 1.40 1.02 1.24 1.25 0.96 0.91 1.33 1.26 1.01 1.02 0.89 1.01 

22 6.94 6.96 7.08 7.35 6.90 7.42 6.50 7.03 6.82 6.61 6.35 6.68 

23 4.26 3.64 4.09 4.27 4.96 4.92 4.89 4.96 4.42 3.33 3.05 3.24 

24 10.99 11.00 11.04 12.02 12.02 12.09 12.72 12.74 12.75 9.92 9.91 9.63 

25 3.19 3.24 3.27 2.95 3.16 3.14 2.75 2.87 2.77 2.18 2.34 2.75 

26 10.18 11.39 10.42 9.18 9.96 10.05 7.91 8.10 8.32 6.53 6.43 6.46 

27 1.42 1.55 1.51 1.20 1.38 1.48 1.41 1.54 1.46 0.89 0.90 0.95 

28 4.36 5.13 4.62 4.60 4.71 5.22 4.76 4.78 4.91 2.99 2.81 2.88 

29 0.68 0.74 0.70 0.54 0.71 0.82 0.64 0.63 0.62 0.47 0.45 0.46 

30 1.59 1.79 1.64 2.08 1.90 2.32 1.37 1.40 1.29 1.18 1.03 1.04 

31 0.27 0.33 0.31 0.27 0.28 0.38 0.26 0.28 0.24 0.19 0.20 0.19 

32 0.70 0.82 0.71 0.79 0.75 0.95 0.48 0.56 0.44 0.55 0.52 0.55 

33 0.11 0.12 0.11 0.00 0.13 0.16 0.10 0.08 0.07 0.00 0.00 0.08 

34 0.24 0.29 0.24 0.17 0.28 0.36 0.16 0.19 0.14 0.10 0.11 0.11 

Table III-9: Data for figure 4-5 
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Carb No. 
O2, DBE 1 

[%] 

O2, DBE 2 

[%] 

O2, DBE 3 

[%] 

5 0.00 0.00 0.00 

6 0.00 0.00 0.00 

7 0.00 0.00 0.00 

8 0.00 0.00 0.00 

9 0.00 0.00 0.00 

10 0.00 0.00 0.00 

11 0.05 0.00 0.00 

12 0.35 0.03 0.07 

13 0.17 0.04 0.04 

14 0.70 0.07 0.04 

15 0.66 0.08 0.03 

16 2.36 0.31 0.05 

17 0.56 0.11 0.06 

18 1.41 0.39 0.09 

19 0.21 0.18 0.04 

20 0.35 0.14 0.06 

21 0.18 0.17 0.07 

22 0.37 0.18 0.05 

23 0.22 0.20 0.04 

24 0.61 0.27 0.05 

25 0.24 0.25 0.04 

26 0.77 0.50 0.04 

27 0.14 0.19 0.00 

28 0.62 0.21 0.00 

29 0.09 0.11 0.00 

30 0.23 0.10 0.00 

31 0.07 0.06 0.00 

32 0.11 0.05 0.00 

33 0.04 0.00 0.00 

34 0.06 0.04 0.00 

35 0.00 0.00 0.00 

Table III-10: Data for figure 4-6 
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GFZ No. G016160 G016160-OH 
G016160-OH 

initial 

G016160-OH 

aerob 

G016160-OH 

anaerob 

Carb No. 
O2 class  

[%] 

O2 class  

[%] 

O2, DBE 1 

[%] 

O2, DBE 1 

[%] 

O2, DBE 1 

[%] 

12 0.11 0.35 0.90 0.38 0.82 

13 0.11 0.17 0.45 0.20 0.34 

14 0.67 0.70 1.82 0.92 1.57 

15 1.69 0.66 1.72 0.80 1.70 

16 5.08 2.36 6.12 3.68 8.55 

17 1.33 0.56 1.45 0.58 1.69 

18 2.05 1.41 3.65 1.73 6.15 

19 0.99 0.21 0.55 0.17 0.70 

20 2.12 0.35 0.91 0.50 1.54 

21 1.11 0.18 0.48 0.20 0.42 

22 5.51 0.37 0.95 0.87 1.35 

23 3.38 0.22 0.57 0.33 0.60 

24 8.72 0.61 1.58 1.58 1.57 

25 2.53 0.24 0.62 0.36 0.75 

26 8.08 0.77 1.99 1.16 2.33 

27 1.13 0.14 0.35 0.16 0.42 

28 3.46 0.62 1.61 0.75 1.25 

29 0.54 0.09 0.24 0.10 0.36 

30 1.26 0.23 0.60 0.26 0.63 

31 0.21 0.07 0.17 0.08 0.32 

32 0.55 0.11 0.28 0.13 0.37 

33 0.09 0.04 0.11 0.05 0.17 

34 0.19 0.06 0.15 0.07 0.25 

35 0.00 0.00 0.00 0.00 0.08 

36 0.07 0.00 0.00 0.00 0.12 

Table III-9: Data for figure 4-7 
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