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Abstract 

 I 

Abstract 

Permafrost regions, and especially thermokarst lakes, play a major role in the global carbon 

cycle and in the context of global warming. Thermokarst lakes and lagoons are sources of 

methane to the atmosphere. This process is restricted by an ice cover during the winter. 

However, the fate of methane below and in the ice of shallow thermokarst lakes, lagoons 

and coastal waters is poorly understood.  

This study focuses on winter ice from two different water bodies in a region of thawing 

permafrost in northeast Siberia. One is a shallow thermokarst lagoon and the other a bay 

underlain by submarine permafrost. The two water bodies are semi-closed and open water 

systems, respectively, with different stages of permafrost degradation. Ice cores were used 

as records of the freezing process and methane pathways. Hydrochemical parameters, as 

stable water isotope composition, electrical conductivity, dissolved organic carbon and 

temperature as well as methane concentrations and stable carbon isotopic signature in the 

ice were analyzed.  

Measured parameters differed between and within the two water bodies. The hydrochemical 

parameters indicated freezing in a semi-closed system for the thermokarst lagoon, where ice 

growth eventually cuts off exchange between the lagoon and the sea. In the bay, 

hydrochemistry indicated an open system. Ice on both water bodies was mostly methane-

supersaturated with respect to the atmospheric equilibrium concentration. Methane 

concentration in the ice of the Lagoon varied greatly with highest concentrations at the ice-

water interface. Stable isotope signatures indicated that methane above the ice-water 

interface was oxidized to concentrations close to or below the calculated atmospheric 

equilibrium concentration. In comparison to the Lagoon, the Bay ice had generally lower 

methane concentrations. Nevertheless, methane oxidation in ice is a potentially effective 

process in decreasing methane concentrations in shallow thermokarst lagoons during the 

winter.  

As further warming of the Arctic shortens the duration of ice cover, methane pathways will 

probably shift. An understanding of the limits of methane oxidation in lake and sea ice is 

critical to understand their role in mitigating Arctic feedbacks to global warming. 
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Zusammenfassung 

Permafrostgebiete und insbesondere Thermokarst Seen spielen eine wichtige Rolle bei der 

Betrachtung des globalen Kohlenstoffkreislaufs und im Zusammenhang mit der globalen 

Erwärmung. Thermokarst Seen und Lagunen sind Quellen für Methan in der Atmosphäre. 

Dieser Prozess ist im Winter durch Eisbedeckung eingeschränkt. Allerdings ist der Verbleib 

von Methan, welches sich über den Winter unter und im Eis flacher Thermokarst Seen, 

Lagunen und Küstengewässer akkumuliert, kaum erforscht. Diese Arbeit befasst sich mit 

der Wintereisbildung von zwei unterschiedlichen Gewässern, einer flachen Thermokarst 

Lagune und einer Bucht in einem submarinen Permafrostgebiet. Die Lagune stellt ein 

teilweise geschlossenes und die Bucht ein offenes System dar und die Gewässer zeigen 

unterschiedliche Stadien der Permafrostdegradierung. Um die Prozesse während der 

Eisbildung und Änderungen in der Methankonzentration nachzuverfolgen, wurden Eiskerne 

genutzt, die diese Prozesse über den Winter aufzeichnen. Hydrochemische Parameter, wie 

stabile Wasserisotope, elektrische Leitfähigkeit, gelöster organischer Kohlenstoff und 

Temperatur, als auch Methankonzentrationen und stabile Kohlenstoffisotopie des Methans 

wurden analysiert. Die gemessenen Parameter unterscheiden sich zwischen und innerhalb 

der Gewässer. Die hydrochemischen Parameter zeigen das Gefrieren in einem teilweise 

Geschlossenen System für die Thermokarst Lagune, wobei durch das Eiswachstum die 

Verbindung zwischen der Lagune und der Bucht geschlossen wird. Die Bucht ist hingegen 

ein offenes System, was auch die hydrochemischen Parameter wiederspiegeln. Das Eis der 

beiden Gewässer zeigt meist Methanübersättigung gegenüber der atmosphärischen 

Gleichgewichtskonzentration. Die Methankonzentrationen im Eis der Lagune zeigen große 

Schwankungen mit den höchsten Konzentrationen an der Eis-Wasser Grenzfläche. Die 

Signatur der stabilen Kohlenstoffisotope zeigt Methanoxidation oberhalb der Eis-Wasser 

Grenzfläche, teilweise bis hin zu Konzentrationen wie die berechnete atmosphärische 

Gleichgewichtskonzentration. Die Eiskerne der Bucht zeigen im Vergleich zur Lagune 

generell geringe Methankonzentrationen. Methanoxidation ist potenziell ein effektiver 

Prozess um Methankonzentrationen in Thermokarst Lagunen über den Winter zu verringern. 

Die zunehmende Erwärmung der Arktis verkürzt die Eisbedeckungszeit, wodurch eine 

Veränderung der Methanflüsse zu erwarten ist. Das Verständnis von Methanoxidation im 

Eis arktischer Gewässer ist wichtig um ihre Rolle der arktischen Rückkopplung auf die 

Klimaerwärmung zu verstehen.   
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1 Introduction 

1.1 Relevance of the topic  

Methane (CH4) is, after water vapor and carbon dioxide (CO2), the most abundant greenhouse 

gas in the troposphere (Wuebbles & Hayhoe, 2002). When averaged over a 100 year timescale, 

the warming effect of CH4 per unit mass is 28 times higher than that of CO2 (IPCC, 2013). 

Permafrost regions are of particular concern when considering future climate, as large 

reservoirs of organic carbon resides therein. Especially the Yedoma (windblown dust 

deposition during the glacial age in Siberia and Central Alaska), is a large storage of carbon as 

it is rich in organic materials (Zimov et al., 2006). Therefore, those regions play an important 

role in the global carbon cycle and for the processes of global warming (Schuur et al., 2008).  

The warming of the Arctic is causing permafrost throughout the Arctic to thaw, leading to the 

release of greenhouse gases such as CH4 and CO2 (Koven et al., 2011). As a result of warming 

temperatures the organic carbon stored in permafrost becomes available for microbial 

decomposition and the production of greenhouse gases (Schuur et al., 2015). This Arctic source 

in particular may contribute to Arctic amplification of global warming as significant greenhouse 

gas emissions into the atmosphere may generate positive feedbacks to global warming (ICCP, 

2013).  

Warming also leads to further formation of thermokarst lakes in ice-rich permafrost regions 

which are significant sources of CH4 (Karlsson et al., 2013; Walter et al., 2007a). These lakes 

have particularly high emissions because they release CH4 produced from organic matter 

previously sequestered in permafrost (Walter et al., 2007b).  

The amount of CH4 emitted from Arctic lakes to the atmosphere is uncertain but is expected to 

increase as a result of arctic warming (Bastviken et al., 2004; Boereboom et al., 2012; Cole et 

al., 2007; Walter et al., 2006). As there is strong evidence that seasonally ice-covered northern 

lakes are globally abundant, they are expected to play an important role in the global carbon 

cycle (Karlsson et al., 2013). Zimov et al. (1997) state that Siberian Lakes act as a large winter 

source for CH4. Therefore greater understanding of annual CH4 emission budgets from northern 

water bodies is necessary to better simulate future climate scenarios (Zhou et al., 2014).  

Surprisingly, CH4 concentrations at 65° to 70°N are highest from March to April (Fung et al., 

1991). Studies in recent years have illustrated the importance of the winter period for annual 

CH4 and CO2 emission budgets of northern lakes, as they certainly produced CH4 over winter, 

but the processes contributing to CH4 and CO2 dynamics in this period are barely understood 
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(Denfeld et al., 2018; Powers & Hampton, 2016). Since Arctic waters are covered with ice for 

9-10 months, the ice-covered period dominates the year. This emphasize the relevance of winter 

studies for Artic regions. 

1.2 Previous research and gaps 

Previous work has focused on CH4 bubbles in lake ice (Walter et al., 2006; Wik et al., 2011) 

and CH4 accumulation under lake ice (Boereboom et al., 2012; Langer et al, 2015). Several 

studies suggested CH4 ebullition from the sediments to the water-ice interface in lakes over 

winter, as the bubbles are trapped in the ice (Sasaki et al., 2009; Walter Anthony et al., 2010; 

Walter et al., 2008; Walter et al., 2006; Walter, et al., 2007; Wik et al., 2011). Remote sensing 

was effectively used for detecting CH4 bubbles in thermokarst lake ice from Alaska (Lindgren 

et al., 2016). However, limited studies have focused on the fate of CH4 accumulation under the 

ice over winter. 

Some studies have used ice as a natural environmental record of CH4 concentrations to draw 

inferences about winter processes and to compare water bodies. CH4 distribution in ice cores 

and under ice were analysed in shallow ice-covered tundra lakes in Alaska (Phelps et al., 1998). 

Boereboom et al. (2012) examined CO2 and CH4 in the ice of four different lakes in a 

discontinuous permafrost area. In both studies the accumulation of CH4 under the ice during 

winter was investigated.  

Other studies show that a high CH4 emission rate occurs during ice melt in spring of high 

latitude lakes (Karlsson et al., 2013; Michmerhuizenet al., 1996). However, CH4 oxidation may 

limit the CH4 amount emitted from the water to the atmosphere during ice melt (Ricão Canelhas 

et al., 2016). CH4 oxidation processes are also observed in Arctic shelf waters (Damm et al., 

2005; Mau et al., 2013), as well as in lakes (Bastviken et al., 2002; Lidstrom & Somers, 1984) 

and at the water-ice interface (Martinez-Cruz et al., 2015; Ricão Canelhas et al., 2016). While 

Phelps et al. (1998) suggest that methanotrophic activity is inhibited in cold waters, CH4 is also 

oxidized at temperatures as low as 2°C (Ricão Canelhas et al., 2016). The internal CH4 flux in 

water bodies is dominated by CH4 production (methanogenesis) and CH4 consumption 

(oxidation) (Denfeld et al., 2018). Shallow lakes, i.e. thermokarst lakes seem to be CH4 sources 

throughout the whole year (Wik et al., 2016). CH4 is assumed to be produced mainly in the 

anoxic sediments (e.g. Rudd & Hamilton, 1978). The pathways from the sediments to the water 

column are diffusion and ebullition (Bastviken et al., 2008). The production of CH4 is 

temperature dependent (Kelly & Chynoweth, 1981; Zeikus & Winfrey, 1976), but CH4 

ebullition and accumulation under ice suggest CH4 production continues during winter (Walter 
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Anthony et al., 2010). In shallow lakes, a large amount of CH4 is bubbling from the sediments 

to the water column surface (Zimov et al., 2006). Gas may easily escape from the water to the 

atmosphere in summer, whereas an ice cover forms a barrier in winter. Thus, bubbles get 

trapped in or under the ice (Walter et al., 2008). This enhances CH4 oxidation at the ice-water 

interface (Ricão Canelhas et al., 2016; Rudd & Hamilton, 1978), but the circumstances in which 

CH4 oxidation occurs at the ice-water interface are poorly understood (Ricão Canelhas et al., 

2016). Furthermore, differences between CH4 accumulation in ice on different types of Arctic 

water bodies (e.g. ponds, lakes, lagoons, coastal waters) have not been studied yet. The fate of 

CH4 for ice covered water bodies of coastal permafrost regions (i.e. shallow thermokarst lakes, 

lagoons and coastal waters) is highly unknown. As these regions are highly vulnerable to 

warming, it is important to fill this knowledge gap in order to predict CH4 emissions in a 

warming climate.  

Only few studies compare ice from different Arctic water bodies. As the internal CH4 fluxes in 

lakes are coupled to their limnological and geomorphological characteristics (Bastviken et al., 

2008; Bastviken et al., 2004; Boereboom et al., 2012; Denfeld et al., 2018), studies of different 

water bodies are needed and offer a means to compare and understand CH4 fluxes in different 

limnological systems.  

1.3 Objectives of this study 

The aim of this study is to investigate the CH4 distribution of floating ice from two different 

water bodies in a region of thawing permafrost in northeast Siberia and to discuss the influence 

of freezing processes and oxidation on CH4 accumulation in the ice. The following research 

questions are discussed: 

 

1) What influenced the freezing processes in the two water bodies? 

2) Is the freezing process a crucial factor for the CH4 concentration in the ice? 

3) What role does CH4 oxidation play in the two water bodies? 

4) What are the causes of differences in CH4 concentrations and stable carbon isotopic 

signature of CH4 (
13CCH4) between water body types? 
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2 Study Area 

The study area is the southern coast of the Bykovsky Peninsula between 71° 40’ - 71° 80’ N 

and 129° 00’ - 129° 30’ E, in northern Siberia. The two investigated coastal water bodies are 

Polar Fox Lagoon and Tiksi Bay (Figure 1). The Bykovsky Peninsula is located north-east of 

the harbor town of Tiksi (Lantuit et al., 2011) and approximately 20 km southeast of the Lena 

River Delta (Grosse et al., 2006). 

 

 

Figure 1: Map of the study area and ice core locations (green squares) for Polar Fox Lagoon (31, 32) and Tiksi 

Bay (27 - 30) (mapped by M. Angelopoulos). 

Geology and geomorphology  

The region’s surface deposits belong to a Pleistocene accumulation plain (Schirrmeister et al., 

2010). This area is part of the recent coastal lowland of the Laptev Sea (Grosse et al., 2005) and 

characterized by continuous, ice-rich permafrost (Meyer et al., 2002). The continuous 

permafrost zone reaches depths of 500 - 600 m in the region. The thickness of the active layer 

reaches up to 50 cm (Grosse et al., 2005). The Bykovsky Peninsula is characterized by the Ice 

Complex, a stratigraphic unit formed by polygonal ice wedges with very ice-rich sediments 

(Schirrmeister et al., 2002). Therefore, this region is subject to thermo-erosion (erosion due to 

melting of ground ice) and thermokarst (land surface subsidence due to the melting of ground 

31 
32 

30 

29 

 
28 

27 
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ice) (Günther et al., 2013; Günther et al., 2015). The high ice content leads to thermo-abrasion 

of the coast (Günther et al., 2015; Lantuit et al., 2011). Today, the Ice Complex is preserved in 

elevated erosional remnants in thermokarst landscapes called Yedoma hills as well as on 

cryoplanation terraces (Schirrmeister et al., 2010). The land surface elevation of Bykovsky 

Peninsula is dominated by flat elevated areas up to 40 m a.s.l., as well as thermokarst 

depressions down to sea level (Grosse et al., 2006) (Figure 2). The material is organic-rich, as 

the deposits contain buried cryosols and peat horizons (Schirrmeister et al., 2010). 

Numerous thermokarst lakes have formed on the Bykovsky Peninsula due to the thawing of the 

Ice Complex. The transformation of thermokarst lacustrine depressions into thermokarst 

lagoons occurs when a connection between the lacustrine depression and the open sea is made, 

probably as a result of thermokarst processes (Romanovskii et al., 2000).  

Polar Fox Lagoon is such a thermokarst lagoon, and it is evident from its morphology that it 

formed in a thermokarst depression (alas). At the exposed shoreline, it is evident that the lower 

extent of the ice-rich sediments and the thermokarst lake beds lie below sea level. This matches 

observations along the Bykovsky Peninsula coastline, where the Ice Complex also extends 

downward below modern sea level (Günther et al., 2015). Polar Fox Lagoon remains connected 

to Tiksi Bay by a shallow (< 50 cm deep) channel. Thermokarst lacustrine depressions that are 

transformed into thermokarst lagoons may be subsequently affected by seawater, at least 

intermittently, during high water events such as storm surges, resulting in changes to their 

temperature and salinity regimes (Romanovskii et al., 2000). 

Tiksi Bay is a relatively shallow bay in the south of the peninsula, at the east partially underlain 

by submarine permafrost (Overduin et al., 2012). The bay is located south of the Bykovskaya 

Channel, the major discharge mouth of the Lena River, and is therefore influenced by the spring 

discharge of the Lena River. About 25 % of the Lena’s spring discharge exits the delta through 

the south-eastern Bykovskaya Channel (Fedorova et al., 2015). This causes the presence of 

brackish water in the bay (Lantuit et al., 2011) with measured electrical conductivity over 

Figure 2: Schematic sketch of the Bykovsky Peninsula morphology (Schirrmeister et al., 2010). 
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10.0 mS cm-1 for the eight months of low-temperature water at the outlet of the Bykovskaya 

Channel. Tiksi Bay belongs to the Buor Khaya Bay region, where the water column is usually 

stratified, with a colder, more saline water underlying the brackish surface layer (Overduin et 

al., 2015b). The depth of the pycnocline varies between 4 and 10 m and the stratification can 

be disturbed by storm events. The sea level at Tiksi Bay is also influenced by storm events. On 

average, maximum wave heights are about 1.1 m during storms in the Tiksi Bay. Tidally-based 

sea-level oscillations have little influence on the height of storm surges, as the tidal regime in 

the Bykovsky Peninsula region is micro-tidal (Lantuit et al., 2011). 

Climatology  

In the region, large seasonal temperature variations occur, with mean annual temperatures of 

–12 °C (Lantuit et al., 2011). It is a highly continental climate with January as the coldest month 

(mean temperature –31.1 °C) and July as the warmest month (mean temperature 7.8 °C) (Meyer 

et al., 2002). In the southern Laptev Sea, the sea ice season extends on average from middle 

October to middle June (Lantuit et al., 2011). 
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3 Methods 

3.1 Sampling in the field 

The ice cores were taken with a Kovacs Mark II ice coring system (9 cm diameter), between 

the 5th of April and the 12th of April 2017. Cores were collected in triplicate from each sampling 

site. One core was used for temperature measurements, one was collected for genetic studies, 

and the third was used in this study. Immediately after sampling, temperature was measured by 

drilling holes into one of the cores and inserting a digital thermometer. Cores were wrapped in 

sealed plastic tubes and packed in thermally insulated boxes for the transport to Germany. When 

they arrived in Germany, most cores were missing three sections, which had previously been 

sampled in the field at the Research Station Samoylov Island in the Lena Delta (Boike et al., 

(eds), in prep.). 10 cm had been removed from the top and middle and the lowermost 30 cm of 

the cores were removed. Further information about the field work and the sampling can be 

found in the Bykovsky 2017 spring expedition report (Boike et al., (eds), in prep.).  

3.2 Sample processing 

The ice cores were processed in Potsdam from the 4th until the 15th of December 2017. In a 

–15°C cold room of the Geoforschungszentrum Potsdam the ice cores were cut with a band saw 

approximately every 10 cm and stored for melting in gas-tight TEDLAR bags. The closed bags 

were evacuated with a vacuum pump. The samples were left outside at 4 - 7 °C to melt 

overnight and during the next day. Due to warmer outdoor temperatures, the second set of cores 

was melted in a 4 °C cold room. After melting, the bags were shaken and water was filled 

gently, without producing bubbles, into 100 mL glass bottles for the analysis of CH4 

concentrations and 13C in CH4. The remaining water was distributed into other sample bottles 

for hydrochemical measurements of pH, electrical conductivity (EC), dissolved organic carbon 

(DOC), δ18O and δD isotopes of water, as well as major anion and cation concentrations.  

3.3 Hydrochemistry in ice 

The hydrochemical parameters were measured at the laboratory for hydrochemistry at the 

Alfred Wegener Institute in Potsdam.  

EC and pH were measured with a WTW Multilab 540 measuring device as soon as possible 

after bottling. The salinity was calculated from the values of the electrical conductivity after 

MacDougall & Barker (2011). The samples for DOC were filtered with 0.7 µm pore size glass 

fiber filters (the filters were first rinsed with 20 mL of the sample), filled in 20 mL glass-

headspace vials and closed with aluminum crimp caps. For preservation, 50 µl of 30 % HCl 
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supra-pure were added to the sample before closing the vials, which were stored at 4 °C until 

measuring. DOC was measured with a Shimadzu Total Organic Carbon Analyzer (TOC-

VCPH). The average of three to five injections per sample was used as the measured value. The 

detection limit for the DOC measurement is 0.25 mg L-1 and the uncertainty of the measurement 

is ± 10 % of the measured value, for values higher than 1.5 mg L-1 and for values lower than 

1.5 mg L-1 ± 15-20 %.  

For cation and anion concentrations the samples were filtered with 0.45 µm pore size cellulose 

acetate filters (the filters were first rinsed with 5 - 10 mL sample). 15 mL of the sample was 

filled in centrifuge tubes and preserved with 100 µl of 65 % HNO3 supra-pure (cations), also 

stored at 4 °C until measuring, and 8 mL was filled in H/LDPE wide mouth bottles (anions) 

without any preservation and frozen until measuring. Anion concentrations were analyzed with 

ion chromatography (IC) using a DIONEX/Thermo ICS-2100 measuring device. For the 

analyses of the cation concentrations the samples were measured with inductively coupled 

plasma optical emission spectrometry (ICP-OES) on a Perkin Elmer Optima 8300DV.  

Stable water isotopes (δ18O and δD) were measured at the laboratory for stable water isotopes 

at the Alfred Wegener Institute in Potsdam. To measure stable water isotopes, 10 mL of the 

untreated water sample was filled in 10 mL PE narrow neck bottles. Samples with higher 

salinity were measured with an Isotope Ratio Mass Spectrometer (IRMS: Delta-S (DIFE)), 

whereas samples with low salinity were measured with an Ultra High-Precision Isotopic Water 

Analyzer (PICARRO L2130-i). 

3.4 Dissolved methane concentration 

Meltwater from the TEDLAR bags was filled until overflowing in 100 mL glass bottles, sealed 

with butyl stoppers and crimped with aluminum plugs. The samples were kept cold (4 °C) and 

dark until the measurements were done at the lab (max. 2 months between sampling and 

measurement). CH4 concentrations were measured at the Alfred Wegener Institute in 

Bremerhaven during the periods 29th January to the 2nd of February 2018 and 19th to the 21st of 

February 2018. For the CH4 concentration, 5 mL of N2 was added into the vials, and then 

equilibrated for 1 hour at room temperature. Normally, 1.5 mL of a sample was injected into a 

gas chromatograph (GC; Agilent 8900) with a flame ionization detector (FID). For gas 

chromatographic separation, a packed column (Porapac Q 80/100 mesh) was used. The GC was 

operated isothermally (60°C) and the FID was held at 250 °C. Standards of 1.665, 4.99, 10, 

24.97, 50.09 and 100 ppm gas mixture were used for calibration, with triplicate measurements 



Methods 

9 

of each standard. Figure 3 shows the calibration line for the 30th of January 2018. The standard 

deviations on this date were 0.017, 0.531, 0.026, 0.144, 0.052 and 0.309 ppm, respectively.  

 

 

 
Figure 3: Calibration line for the GC of the 30th January 2018 with the peak area versus the concentration of 

methane in ppm. 

We calibrated the GC on the 30th of January and the 19th of February. Between the 

measurements, we repeated the 1.665 ppm and 4.99 ppm standard three times to check the 

calibration. The GC precision had an error of 1 %. 40 % (n = 28) of the samples had CH4 

concentrations below the lowest standard of 1.665 ppm (ranging from 0.7 ppm to 1.6 ppm), 

while 3 % (n = 2) had concentrations exceeding the highest standard (ranging from 105 ppm to 

2723 ppm). 

3.5 Carbon isotopic signal of methane  

The 13CCH4 values were measured on the same day as the CH4 concentrations. After measuring 

the CH4 concentration, 20 mL N2 was added to the sample bottle to increase the headspace of 

the bottle for stable carbon isotope measurements. The bottle was shaken for at least 30 minutes. 

20 mL gas was removed with a glass syringe by adding 20 mL of Milli-Q water at the same 

time to equilibrate pressure. The δ13CCH4 values were determined using a Delta XP plus 

Finnigan mass spectrometer. The extracted gas was purged and trapped with PreCon equipment 

(Finnigan) to pre-concentrate the sample. All isotopic ratios are relative to the Vienna Pee Dee 

Belemnite (VPDB) standard using the conventional δ-notation. The analytical error of the 

analyses is ± 1.5 ‰ for δ13CCH4 values. 
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Calculation of the methane concentration in nM 

The calculation of the CH4 concentration in nM is based on the method presented in Wiesenburg 

& Guinasso (1979). By known volumes of the gas and water phase in the bottle the CH4 

concentrations for both phases were calculated from the measured ppm values. The Bunsen 

solubility coefficient (ln ß), was used to calculate the CH4 concentration in the water (CW) in 

liter, from measured CH4 concentrations in the headspace of the sample bottles (Cm) in ppm, 

assuming water-air equilibrium between the water and headspace in the sample bottles. The 

Bunsen coefficient is given by 

    𝑙𝑛 ß = 𝐴1 + 𝐴2(
100

𝑇
) + 𝐴3 𝑙𝑛(

𝑇

100
) + 𝑆[𝐵1 + 𝐵2(

𝑇

100
) + 𝐵3(

𝑇

100
)2] (1) 

where A1, A2, A3, B1, B2, and B3 are constants described in Wiesenburg & Guinasso (1979), T is 

the temperature in Kelvin during the measurement of the sample and S is the salinity in parts 

per thousand. To calculate the concentration of CH4 in the water phase (CW), the Bunsen 

solubility coefficient ln ß was multiplied by Cm in ppm *10-6 and the volume of the water sample 

(VW): 

 𝐶𝑊 = ln 𝛽 𝐶𝑚𝑉𝑊 × 10−6 (2) 

The CH4 concentration in the gas phase (Cg) was calculated by Cm in ppm *10-6 multiplied by 

the volume of the headspace (Vh) in liter: 

 𝐶𝑔 = 𝐶𝑚 × 10−6 × 𝑉ℎ (3) 

The total CH4 concentration in water and air from the sample bottle, n in mol, was computed 

by the use of the ideal gas law, with laboratory conditions of p (101.325 Pa) and T (293.15 K), 

and calculated in nM (Ctot):  

 𝑛 =
𝑝(𝐶𝑔+𝐶𝑤)

 𝑅𝑇
  (4) 

 𝐶𝑡𝑜𝑡 = ( 
𝑛

𝑉𝑤
) × 109 (5) 

which is the concentration of CH4 in the ice reported in this study. 
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3.6 Data treatment 

The data are compared within ice cores as a function of depth below the ice surface and between 

the cores of one water body (Polar Fox Lagoon or Tiksi Bay). For a simple comparison between 

ice cores and the two water bodies, mean values and the range (min., max. values) were 

calculated for every core (Table 2, Table 3).  

In addition, existing data on water temperature, EC, stable isotope composition and CH4 

concentrations available from the literature or reports of other expeditions to the region were 

used to discuss the data. 
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4 Results 

4.1 Description of the ice cores  

For the results of this study, six ice cores were recovered in total: two from Polar Fox Lagoon 

and four from Tiksi Bay. The cores from Polar Fox Lagoon were both from the middle of the 

lagoon. The cores from Tiksi Bay were taken in a transect with differing distances to the shore 

(27 - 30, Figure 1). Table 1 lists the length of the recovered samples for each core. Some 

sections were already cut in the field from the top, middle and bottom of each core (except for 

core 32) so that the top 10 cm, 10 cm in the middle and the lowermost 30 cm are missing from 

cores 27, 28, 29, 30 and 31. Only stable water isotope measurements and temperature data exist 

for all depths from all cores. As the cores were sampled in approximately 10 cm sections and 

samples were well-mixed, one data point in the figures represents a mean value for a section of 

10 cm of one ice core. A table with all measured values is shown in the appendix (Table 4). 

The cores were divided into three portions with depth – upper, lower and bottom – as these 

represent different freezing times. The upper portion illustrates the oldest, first formed ice. The 

lower portion was formed afterwards. The bottom ice shows the youngest ice.  

 

Table 1: Overview of the length and recovered sample sections for the analyzed ice cores.  

Core Total length (cm) Samples recovered (cm) 

27 155 
10-20, 20-30, 30-40, 40-50, 50-60, 60-70, 80-90, 90-

100, 100-110, 110-120 

28 151 
10-19, 19-30, 30-42, 42-51, 51-60, 60-69, 80-90, 90-

100, 100-110, 110-121 

29 135 10-20, 20-30, 30-42, 42-50, 50-58, 71-80, 80-95, 95-105 

30 143 
10-20, 20-30, 30-38, 42-50, 50-60, 60-70, 80-88, 88-95, 

95-105, 105-115 

31 167 
10-20, 20-30, 30-40, 40-50, 50-60, 60-70, 70-80, 90-

100, 100-110, 110-120, 120-130, 130-140 

32 164 

10-20, 20-30, 30-40, 40-52, 52-62, 62-72, 72-82, 82-93, 

93-104, 104-114, 114-122, 122-131, 131-140, 140-148, 

148-156, 156-164 
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4.2 Hydrochemistry in the ice of Polar Fox Lagoon 

Stable water isotopes  

The stable water isotopic signal of the two cores of the Polar Fox lagoon were in a comparable 

range (Figure 4, Table 2). The measured values of both cores were between –17.1 ‰ and 

–15.0 ‰ for δ18O and –129.1 ‰ to –114.3 ‰ for δD (Table 2). The values of both, δ18O and 

δD, showed a different trend between the upper (0 – 60 ± 2 cm) and the lower ice (> 60 ± 2 cm) 

(Figure 4, left and middle). In the upper portion of the ice, δ18O values changed to slightly 

lighter values from –16.0 ‰ to –16.6 ‰ (core 32), but δ18O values were almost stable with 

–16.5 ‰ and –16.6 ‰ (core 31) from 0 - 10 cm to 10 - 20 cm, whereas the δD values decreased 

slightly in both cores, with –124.5 ‰ to –127.4 ‰ (core 32) and –126.6 ‰ to –127.7 ‰ (core 

31). Between 10 - 20 cm and 50 - 60 ± 2 cm the oxygen and hydrogen isotopes increased 

towards values of –15.2 ‰ (δ18O, core 31) and –15.0 ‰ (δ18O, core 32), as well as –116.2 ‰ 

(δD, core 31) and –114.3 ‰ (δD, core 32). In contrast, the stable water isotopic composition 

decreased in the lower portion, below the depth of 60 ± 2 cm towards the bottom of the ice 

cores. For both cores (core 31, 32), the lowest values occurred at the bottom, with about –17 ‰ 

(δ18O) and –129.5 ‰, (δD) for the depths 147 - 157 cm, 157 - 167 cm and 148-156 cm, 

156 - 164 cm, respectively.  

The deuterium excess (d-excess) is defined as d-excess = δD - 8 δ18O (Dansgaard, 1964) and 

ranged from 3.9 ‰ to 8.7 ‰ (Table 2) for both cores. Figure 4 (right) presents the distribution 

of the d-excess with depth. Between 0 - 10 cm and 10 - 20 cm, the d-excess was almost stable 

with values of 5.1 ‰ and 4.7 ‰ for core 31 and increased from 3.9 ‰ to 5.3 ‰ for core 32. 

With values about 5 ‰, the d-excess was almost stable between 0 - 90 cm (core 31) and 

20 - 82 cm (core 32). Below the depth of 80 - 90 cm (core 31) and 72 - 82 cm (core 32), the d-

excess increased with depth from 5.5 ‰ to 7.2 ‰ (core 31) and ~7.6 ‰ (core 32) in the lower 

portion of the ice, except for higher values of 7.3 ‰ and 7.6 ‰ at core 31 (110 - 120 cm, 

120 - 130 cm) and 8.7 ‰ at core 32 (131 - 140 cm).  

Electrical conductivity and salinity 

The EC of Polar Fox Lagoon ranged from 101 µS cm-1 to 3630 µS cm-1 for both cores (Table 2). 

In both cores, EC varied similarly: a general trend of increase with depth (Figure 5, left). The 

EC was lower in the upper portion of the ice and highest at the bottom.  

Core 31 had the lowest values for the EC with 101.2 µS cm-1 at the depths of 10 - 20 cm and 

ranged to 645 µS cm-1 in 20 - 30 cm. Values between 1056 µS cm-1 and 1836 µS cm-1 occurred 

at the depths between 20 - 30 cm and 70 - 80 cm. The EC was even higher with values from 
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2492 µS cm-1 to 3630 µS cm-1 between the depths of 80 - 90 cm and 130 - 140 cm. The highest 

value appeared with 3630 µS cm-1 at the depth of 120 - 130 cm but the EC of the last measured 

depth (130-140 cm) was almost the same with values of 3610 µS cm-1. The EC of core 32 

ranged from 101.5 µS cm-1  to 860 µS cm-1 between the depths from 0 - 40 cm, but with a higher 

value of 797 µS cm-1 at the depth of 0 - 10 cm than at the depths of 10 - 20 cm and 20 - 30 cm 

(101.5 µS cm-1 and 577 µS cm-1). Between the depths of 40 - 104 cm, EC values were higher 

and ranged from 1144 µS cm-1 to 2252 µS cm-1. Values above 2500 µS cm-1 occurred from 

104 - 164 cm, with the highest value of 3520 µS cm-1 at the bottom of the core (156 - 164 cm).  

The salinity was lower than 0.5 PSU at the depths from 10 - 40 cm (core 31) and 0 - 40 cm 

(core 32), whereas PSU values higher than 0.5 PSU were measured at the depths below 80 cm 

for both cores. At the depths between 80 - 140 cm (core 31) and 82 - 164 cm (core 32), values 

above 1 PSU occurred, whereas the salinity values of the depths of 120 - 130 cm, 130 - 140 cm 

(core 31) and 156 - 164 cm (core 32) were about 2 PSU. Salinity values are listed in Table 4 in 

the appendix. 

Temperatures  

As the temperature was measured every 10 cm along the cores exactly where the cores have 

been cut (Table 4, appendix), average temperature values are calculated from the top and 

bottom depths of 10 cm sample pieces. Figure 5 (middle) depicts the average temperature 

values for Polar Fox Lagoon. For both cores, the temperature ranged from –15.1 °C (first 

10 cm) to values about –0.6 °C (bottom depths), with mean values of –6.24 °C (core 31) and 

–6.73 °C (core 32) (Table 2). The temperature of both ice cores increased with depth. 

Temperatures warmer than –5 °C were recorded at depths ≥ 60 cm for core 31 and ≥ 120 cm 

for core 32, whereas temperatures warmer than –1.5 °C occurred in depths ≥ 150 cm for both 

cores.  

Dissolved organic carbon  

The DOC concentrations for core 31 and 32 of the Polar Fox Lagoon also followed a similar 

pattern in Figure 5 (right). DOC concentrations varied in the upper portion of the ice cores and 

showed an increase with depth until the measured bottom depth. From 10 - 40 cm, 

concentrations ranged between 1.05 mg L-1 and 3.04 mg L-1 (core  31) and from 0.66 mg L-1 to 

3.31 mg L-1 for the depths from 0 - 30 cm (core 32) (Figure 5, right). The concentrations were 

between 0.66 mg L-1 and 3.55 mg L-1 for both cores, with a mean value of 2.34 mg L-1 (core 

31) and 2.66 mg L-1 (core 32) (Table 2). 
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Anions  

The EC indicated a higher total ion content in the lower portion of the ice cores (> 3000 µS cm-1 

at the depth > 110 cm). Figure 6 shows concentrations of chloride (Cl-) and sulfate (SO4
2-). The 

concentrations of Cl- and SO4
2- showed the same trend among each other and the EC, therefore 

they do not indicate a change by other processes. The concentrations for both cores were 

comparable and ranged from 23.4 mg L-1 to 936 mg L-1 for Cl- and 4.56 mg L-1 to 149 mg L-1 

for SO4
2- (Table 2).  
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4.3 Hydrochemistry in the ice of Tiksi Bay 

Stable water isotopes  

For the four cores of the Tiksi Bay transect, δ18O and δD values ranged from –16.7 ‰ to 

–14.7 ‰ and –128 ‰ to –114 ‰, respectively (Table 2). The stable water isotopes were in the 

same range as the δ18O and δD values of Polar Fox Lagoon (see section 4.2), with a slight offset 

to heavier values. However, variations of stable isotopes with depth in the ice cores of Tiksi 

Bay were relatively similar to each other and changed in the upper and lower portion (Figure 7). 

While the values in the upper portion (until approximately 80 - 90 cm) were quite stable, except 

for the top of the ice, values decreased in the lower portion (> 80 - 90 cm). Between 10 – 20 cm 

and the middle of each core, the δ18O and δD values were almost stable for all cores. In the 

upper portion the mean values (± standard deviation) are –15.0 ± 0.2 ‰ and –115.4 ± 1.1 ‰ 

(10 - 20 cm to 70 - 80 cm, core 27), as well as –15.2 ± 0.1 ‰ and –116.4 ± 0.4 ‰ (10 – 20 cm 

to 51 - 60 cm, core 28), –15.3 ± 0.2 ‰ and –117.5 ± 1.4 ‰ (10 - 20 cm to 70 - 80 cm, core 29) 

and –15.3 ± 0.1 ‰ and –117.6 ± 0.9 ‰ (between 0 - 10 cm and 80 - 88 cm core 30). 

At the top of the ice, from 0 - 10 cm to 10 - 20 cm, the δ18O and δD values increased slightly. 

In core 27 and 28, the values increased from –15.3 ‰ to –14.9 ‰ and –15.7 ‰ to –15.2 ‰ 

(change of 0.4 ‰ and 0.5 ‰) for δ18O, as well as from –118.6 ‰ to –115.0 ‰ and –120.8 ‰ 

to –116.8 ‰ (change of 3.6 ‰ and 4 ‰) for δD. There is a similar but smaller increase in core 

29 (from –15.5 ‰ to –15.2 ‰ and –119.9 ‰ to –116.7 ‰ (for δ18O and δD, respectively). The 

values were also stable at the top of the ice core 30 (from–15.3 ‰ to –15.2 ‰ and from 

–117.4 ‰ to –117.0 ‰, for δ18O and δD, respectively).  

In all cores, δ18O and δD values decreased in the lower portion of the ice, from mid-core 

downward. While the water isotopic components of core 27 and 30 started to decrease from a 

depth of 80 - 90 cm, the δ18O and δD values of core 28 and 29 began to decrease from 

90 - 100 cm and 70 - 80cm respectively. The values were lowest in each case at the bottom of 

the ice cores. Core 27, the longest core and furthest from the shore, had a slightly larger range 

for δ18O and δD values than the other cores (Table 2).  

The d-excess also varied slightly more at core 27. Generally the d-excess was was quite stable 

with a range from 3.5 ‰ to 5.7 ‰ for all four cores (Table 2). Inter-core variability was larger 

in the upper portions of the cores, whereas all cores had a value of 5.5 ± 0.1 ‰ at the ice-water 

interface. For the cores of Tiksi Bay, no strong trend of the d-excess with depth along the cores 

was visible (Figure 7, right). 
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Electrical conductivity and salinity 

The transect of Tiksi Bay indicated EC values from 414 µS cm-1 to 2065 µS cm-1 for all cores 

(Table 2). All four cores showed a similar trend: the EC mainly increased with depth in the 

upper portion (until approximately 80 - 90 cm), whereas in the lower portion of the cores 

(> 80 - 90 cm) the EC decreased (Figure 8, left). At the bottom of all cores, the last 20 cm or 

30 cm, the decrease is about 800 µS cm-1 or even greater (Figure 8, left and Table 4, appendix).  

In the depths from 10 - 20 cm to ~40 - 50 cm, the EC increased from 1064 µS cm-1 to 

1724 µS cm-1 (core 27) and from 1304 µS cm-1 to 2065 µS cm-1 (core 28). For core 29 and 30, 

the EC increased from 1111 µS cm-1 to 1485 µS cm-1 and from 1581 µS cm-1 to 1731 µS cm-1, 

respectively between 0 - 10 cm and 40 - 50 cm. The EC decreased slightly from 1724 µS cm-1 

to 1460 µS cm-1 (core 27, 40 - 50 cm to 80 - 90 cm), from 2065 µS cm-1 to 1238 µS cm-1 (core 

28, 42 - 51 cm to 90 - 100 cm), from 1485 µS cm-1 to 1455 µS cm-1 (core 29, 42 - 50 cm to 

71 - 80 cm), and from 1731 µS cm-1 to 1400 µS cm-1 (core30, 42 - 50 cm to 80 - 88 cm). In the 

lower portion of the ice cores, the EC was lower than 900 µS cm-1 (Figure 8, left and Table 4, 

appendix). 

The salinity was higher than 0.5 PSU in the depths between 10 - 20 cm to 80 - 90 cm (core 27), 

10 – 20 cm to 90 - 100 cm (core28), 10 - 20 cm to 71 - 80 cm (core 29) and 10 - 20 cm to 

80 - 88 cm (core 30). Salinity values lower than 0.5 PSU were found at depths from 90 - 100 cm 

to 110 - 120 cm (core 27), 100 - 110 cm and 110 - 121 cm (core 28), 80 - 95 cm and 

95 – 105 cm (core 29), and 88 - 95 cm to 105 - 115 cm (core30). Salinity values higher than 

1 PSU occurred only at core 28, between 30 - 42 cm to 51 - 60 cm. Salinity values are listed in 

Table 4, appendix. 

Temperature 

Ice temperature ranged from values warmer than –8 °C (first 10 cm) to values about –1 °C in 

upper and lower portion of the cores (Table 2). The temperature for all ice cores of Tiksi Bay 

increased with depth, but for core 28 the temperature decreased slightly again in the last 30 cm. 

Figure 8 (middle) shows the average temperature values for Tiksi Bay. Temperatures were 

warmer than –5 °C at depths ≥ 50 cm (core 27), ≥ 42 cm (core 28), ≥ 30 cm (core 29) and 

≥ 60 cm (core 30). Ice was warmer than or equal to –1.5 °C at depths ≥ 125 cm (core27), 

≥ 80 cm (core29), at 90-100 cm (core 28) and ≥ 123 cm (core 30). 
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Dissolved organic carbon  

The DOC concentration of the four cores ranged from 1.00 mg L-1 to 2.93 mg L-1 (Table 2). 

The concentrations increased slightly with depth in the upper portion of the cores. At the lower 

portion the concentrations decreased, but in the bottom depths they increased again. 

Figure 8 (right) shows the DOC profile of Tiksi Bay.  

Core 27 showed increased DOC concentrations in the depths between 10 - 20 cm and 

80 - 90 cm from 1.56 mg L-1 to 2.93 mg L-1, values increased from 1.71 mg L-1 (10 - 19 cm) to 

2.45 mg L-1 (42 - 51 cm) for core 28, where the DOC concentrations of core 29 increased from 

1.56 mg L-1 (10 - 20 cm) to 2.10 mg L-1 (71 - 80 cm). The concentrations at core 30 ranged from 

1.88 mg L-1 (20 - 30 cm) to 2.26 mg L-1 (60 - 70 cm). The concentrations of core 27 decreased 

from 2.93 mg L-1 (80 - 90 cm) to 1.47 mg L-1 (100 - 110 cm), for core 28 from 2.45 mg L-1 

(42 - 51 cm) to 1.00 mg L-1 (100 - 110 cm), values for core 29 were lowest in the depths of 

80 - 95 cm and 95 - 105 cm, with 1.21 mg L-1 and 1.51 mg L-1, respectively. In the lowermost 

sample (110 - 120 cm), the concentration was greater (2.16 mg L-1 in core 27 and 1.36 mg L-1 

in core 28). For core 30 the concentrations were greater in the lowest three samples (88 - 95 cm, 

95 - 105 cm, and 105 - 115 cm), with values of 1.04 mg L-1, 1.42 mg L-1 and 1.82 mg L-1, 

respectively.  

Anions 

Concentrations for the whole cores ranged from 23.4 mg L-1 to 924 mg L-1 for Cl- and from 

4.6 mg L-1 to 147 mg L-1 for SO4
2-. Figure 9 shows the concentrations of Cl- and SO4

2- with 

depth. The pattern for both anions is the same: an increase in concentration with increasing 

depths. Both anions thus mirror the variations in EC. 
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4.4 Methane in the ice of Polar Fox Lagoon 

Dissolved methane concentrations 

CH4 concentrations for Polar Fox covered a wide range, with values from 2.59 nM to 539 nM 

(Table 3). The concentrations in the two ice cores were similar. Figure 10 (left) shows the 

distribution of CH4 concentrations with depth. In the upper 50 cm of the ice, the CH4 

concentrations were more variable than in the rest of the ice cores. In the lower portion of the 

cores, the concentrations were consistently lower than in the upper portion. In the bottom 

portion, where only data for core 32 exist, the concentrations increased.  

At depths from 10 - 20 cm to 30 - 40 cm, concentrations were between 85.6 nM (10 - 20 cm) 

and 194 nM (20 - 30 cm) (core 31) and ranged from 20.1 nM (10 - 20 cm) to 161 nM 

(0 - 10 cm) for the depths from 0 - 10 to 20 - 30 cm (core 32). The CH4 concentrations 

decreased from 194 nM (20 - 30 cm) to 3.02 nM (60 - 70 cm) for core 31 and from ~129 nM 

(20 - 30 cm and 30 - 40 cm) to 2.89 nM (52 - 62 cm) for core 32. Generally lower 

concentrations occurred between 3.02 nM (60 - 70 cm) and 7.26 nM (70 - 80 cm) for core 31 

as well as between 2.59 nM (62 - 72 cm) and 6.84 nM (131 - 140 cm) for core 32 in the lower 

portion of the ice. Concentrations increased from 10.3 nM to 539 nM in the last three measured 

depths of core 32 (140 - 148 cm to 156 - 164 cm). 

Stable carbon isotopic signature of methane 

The δ13CCH4 values ranged from –79.7 ‰ to –31.8 ‰ for both cores (Table 3). The two cores 

indicated a similar pattern, with carbon isotopes more enriched in 13C in the lower portion of 

the cores than in the upper portion (Figure 10, right). In the bottom depths, where 

measurements for core 32 exist, the stable δ13CCH4 values decreased. The pattern is similar but 

inverse to the CH4 concentrations. The δ13CCH4 most depleted in 13C occurred at the top of the 

ice cores, with values from –77.5 ‰ (10 - 20 cm) to –57.1 ‰ (30 - 40 cm) for core 31 and 

–79.7 ‰ (0 - 10 cm) to –63.0 ‰ (30 - 40 cm) for core 32 in the upper 40 cm. The δ13CCH4 

values increased between 20 - 30 cm to 90 - 100 cm, from –77.0 ‰ to –31.8 ‰ (core 31) and 

between 30 - 40 cm to 72 - 82 cm, from –63.0 ‰ to –38.0 ‰ (core 32). In the lower portion of 

the cores, where the lower CH4 concentrations were detected, the values ranged from –31.8 ‰ 

(90 - 100 cm) to –47.9 ‰ (50 - 60 cm) between 40 - 50 cm and 130 - 140 cm for core 31; and 

from –38.0 ‰ (72 - 82 cm) to –48.0 ‰ (131 - 140 cm) between 52 - 62 cm and 131 - 140 cm 

for core 32. In the last three measured depths of core 32 (between 140 - 148 cm and 

156 - 164 cm), an increase towards higher isotopic values, enrichment in 12C, with depth is 

reflected in the values from –52.2 ‰ to –69.5 ‰. But the δ13CCH4 is with –48.0 ‰ already 

slightly increased in the depth before (131 - 140 cm). 
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4.5 Methane in the ice of Tiksi Bay 

Dissolved methane concentrations 

The CH4 concentrations of the cores from Tiksi Bay were with values from 3.48 nM to 8.44 nM 

in a small range compared to Polar Fox Lagoon (Table 3). Figure 11 (left) presents the CH4 

concentrations for the ice cores of Tiksi Bay. The concentrations were quite stable in the upper 

portion of the ice cores. No trend was visible in the depths until ~ 80 - 90 cm, but all cores 

indicated a trend of decrease of CH4 concentrations from the depth above 80 - 90 cm, except 

core 28, where the concentrations decreased from a depth of 100 - 110 cm. For core 27 and 30, 

the CH4 concentration slightly increased in the last measured depth again, whereas the 

concentration of core 29 further decreased. 

For core 27, concentrations ranged from 5.10 nM (40 - 50 cm) to 6.11 nM (60 - 70 cm) in the 

depths between 10 - 20 cm and 60 - 70 cm and decreased to values of 3.69 nM and 3.85 nM 

(90 - 100 cm and 100 - 110 cm, respectively). The concentration in the last measured depth is 

with 4.50 nM (110 - 120 cm) slightly higher again. 

The concentrations of core 28 were between 5.47 nM (30 - 42 cm) and 6.75 nM (60 - 69 cm) 

in the depths from 10 - 20 cm to 90 - 100 cm. In the depths of 100 cm to 121 cm, the 

concentration decreased with values of 5.14 nM (100 - 110 cm) and 4.97 nM (110 - 121 cm).  

At core 29, concentrations from 5.43 nM (20 - 30 cm) to 7.21 nM (10 - 20 cm) occurred in the 

depths between10 - 20 cm and 70 - 80 cm. The concentration decreased in the depths of 

80 - 95 cm and 95 - 105 cm to 4.06 nM and 3.48 nM, respectively. 

Core 30 showed concentrations from 6.55 nM to 8.44 nM in the depths between 10 - 20 cm and 

60 - 70 cm. In the depths from 80 - 88 cm to 95 - 105 cm, the concentrations decreased to 

6.05 nM. In the last measured depth of 110 - 115 cm, the concentration increased slightly to 

7.64 nM. 

Stable carbon isotopic signature of methane  

The δ13CCH4 values for the cores of Tiksi Bay were with values ranging from –51.9 ‰ to 

–36.9 ‰ also in a smaller range than the δ13CCH4 values for the cores of Polar Fox Lagoon 

(Table 3). Figure 11 (right) shows the δ13CCH4 values for the ice cores of Tiksi Bay. The trend 

is similar but inverse to the CH4 concentrations from Tiksi Bay, δ13CCH4 values were almost 

stable in the upper portion of the cores. From the depth of 80 - 90 cm, the δ13CCH4 values for 

the cores 27, 28 and 30 was higher in the lower portion of the cores and decreased with depth.  

At core 27, in the depths between 10 - 20 cm and 60 - 70 cm the values were between –51.9 ‰ 

(50 - 60 cm) and –49.4 ‰ (10 - 20 cm), whereas in the depths from 80 - 90 cm to 110 - 120 cm 
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higher values occurred. The δ13CCH4 values in these depths ranged from –48.1 ‰ 

(110 - 120 cm) to –36.9 ‰ (80 - 90 cm), but decreased with depth.  

For core 28, the values were in a range from –48.3 ‰ (42 - 51 cm) to the highest value of 

–39.2 ‰ (90 - 100 cm). From the depths of 90 - 100 cm to 100 - 121 cm the values range from 

–39.2 ‰ to –44.6 ‰ and decreased with depth. 

Core 29 did not show a clear trend in the δ13CCH4 values. The lowest value was –50.9 ‰ 

(30 - 42 cm) and the highest value –44.7 ‰ ± 0.1 ‰ (50 - 58 cm, 42 - 50 cm, and 95 - 105 cm). 

For core 30, the value ranged from –50.9 ‰ to –44.6 ‰ in the depths from 20 - 30 cm to 

60 – 70 cm. With values between –43.7 ‰ and –40.2 ‰ the δ13CCH4 was enriched in 13C in 

depths between 80 - 88 cm and 95 - 105 cm. In the depth of 105 - 115 cm, the δ13CCH4 values 

decreased to –49.6 ‰ again.  

Table 3: Table with mean [Min –Max] values for the analyzed CH4 concentrations and δ13CCH4 values. Listed by 

all cores, Tiksi Bay (27-30) and Polar Fox lagoon (31-32).   

Core 
CH4 

(nM) 

δ13CCH4 

(‰) 

27 
5.11 

[3.69 - 6.11] 

–46.8 

[–51.9 - –36.9] 

28 
5.93 

[4.97 - 6.75] 

–45.0 

[–48.3 - –39.2] 

29 
5.79 

[3.48 - 7.21] 

–46.8 

[–50.9 - –44.8] 

30 

7.23 

[6.05 - 8.44] 

–45.6 

[–50.9 - –40.2] 

31 
39.9 

[3.02 - 194] 

–48.2 

[–77.5 - –31.8] 

32 

65.2 

[2.59 - 539] 

–53.0 

[–79.7 - –38.0] 
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5 Discussion 

This study focuses on the floating ice cover of two water bodies, one of which is a semi-closed 

water body (Polar Fox Lagoon, no winter exchange of water with other water bodies) and the 

other open (Tiksi Bay, perennially connected to Buo Khaya Bay and the Arctic Ocean). The ice 

cores of this study offer a record from approximately October 2016, when the ice started to 

form, until the beginning of April 2017, when the ice cores were taken. Therefore, the data are 

influenced by temporal changes from the beginning of the ice formation over the winter period 

until the time when the ice cores were collected. These changes were presumably dependent on 

processes in the water before and during freezing, as well as processes in the ice after freezing. 

Since the ice grows by freezing at the ice-water interface, the ice cores record changes in the 

water along their length, cores were about 150 ± 15 cm long. The results presented here use the 

ice cores as an archive for winter ice-water processes. In the following, processes taking place 

during freezing and processes changing the concentration of CH4 enclosed therein will be 

discussed in detail for both, the semi-closed and open system. 

First, freezing and hydrochemical changes coupled to the freezing are discussed. The stable 

water isotopic composition and the salinity were used to analyse these processes. Second, the 

CH4 distribution in the ice is discussed in the context of processes during freezing and 

modifications after the freezing. This part of the discussion is based on the CH4 concentrations 

and the 13C values in the ice cores. Finally, the semi-closed (Polar Fox Lagoon) and open 

system (Tiksi Bay) are compared to emphasize the main similarities and differences in terms of 

the discussed processes.  

5.1 Water composition during freezing 

The freezing process is driven and influenced by air and water temperatures, inflow or 

circulation of water and the growing ice thickness, which changes the water volume and the 

composition of the water underneath the ice (Adams & Lasenby, 1985). A snow layer on the 

ice can slow the freezing process by insulating the underlying ice from the cold air (Sturm & 

Massom, 2010). For energy and gas fluxes, it is important to distinguish between bedfast ice 

(ice frozen to the ground) and floating ice (Antonova et al., 2016). 

Variations in the water isotopic composition and the salinity are expected to be conservative 

and reflect differences in the hydrological processes, such as a change in water masses and 

water inflow or outflow (Morimoto et al., 2010). Differences in isotopic fractionation are also 

visible in the water isotopic composition (e.g. O’Neill, 1968). 

 

https://www.linguee.de/englisch-deutsch/uebersetzung/emphasize.html


Discussion 

31 

A semi-closed system – Polar Fox Lagoon 

The analyzed ice cores of Polar Fox Lagoon were floating ice, with similar water depth 

remained beneath the ice (core 31: 2.81 m, core 32: 2.61 m) (Boike et al., (eds), in prep.). As 

Polar Fox is a thermokarst lagoon located in a permafrost region (see chapter 2), this water body 

is expected to be unaffected by groundwater inflow during winter. Besides a talik (unfrozen 

sediments under the lagoon due to heat transfer from the water), the ground surrounding the 

lagoon was frozen during winter (Schirrmeister et al., 2018). Polar Fox drains into Tiksi Bay 

through a wide, shallow and winding channel. Storm surges and high water events in the 

summer force sea water, driftwood and sediment into Polar Fox Lagoon (Overduin, 2018, 

personal communication). This channel, which is roughly 0.5 m deep where it exits the lagoon, 

no longer connects the lagoon to the bay during the winter when the ice in the channel freezes 

to the bed (bedfast ice). Thus, the lagoon changes from a semi-closed to a closed system at 

some point in the winter. In a closed system, the water body is isolated from water inflow or 

outflow. The timing when Polar Fox Lagoon changes to a closed water body depends on the 

rate of freezing and the depth of the channel and probably varies from year to year. 

When freezing begins, the drainage channel still allows water exchange between the Lagoon 

and the Bay. This is reflected in the water isotopic composition. In depths between 30 and 

60 cm in the ice, the isotopic signal of Polar Fox Lagoon ice clearly increased towards the 

isotopic signal of the water from the bay. The 18O value increased from –16 ‰ to –15 ± 0.2 ‰ 

and the D value increased from –123.4 ± 0.2 ‰ to –115.2 ± 1 ‰, whereas the d-excess did 

not changed in the upper 60 cm of the ice (Figure 4, chapter 4). The electrical conductivity in 

the upper 30 cm (< 1000 µS cm-1) is lower than the conductivity in the ice of the bay (Table 4, 

appendix), but reaches the conductivity of the bay at a depth of 50 - 60 cm.  

Isotopic fractionation may also affect 18O and D values. During freezing, the heavy isotopes 

are preferentially incorporated into the solid ice phase (Gibson & Prowse, 1999, 2002). If the 

reaction rate is constant (in this case phase change), equilibrium isotopic fractionation occurs 

(Gibson & Prowse, 1999). Gibson & Prowse (1999) summarized equilibrium fractionation, 

commonly expressed as isotopic separation factor, from other studies: experimental values of ε 

in freshwater systems are about 2.8 to 3.1 ‰ for oxygen (Suzuoki & Kimura, 1973; O’Neill, 

1968) and 17.0 ‰ to 20.6 ‰ for hydrogen (Kuhn & Thürkauf, 1958; Arnason, 1969) at 0 °C 

and natural freezing rates (< 2 mm/hr). Isotopic fractionation is predicted to vary with the rate 

of freezing (Gibson & Prowse, 1999). The freezing rate for floating ice generally decreases with 

depth (Anderson, 1961). Thus, isotopic changes in the first 20 cm of Polar Fox with < 1 ‰ for 

oxygen and < 5 ‰ for hydrogen might be explained by variations in isotopic fractionation due 
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to freezing rate changes and are therefore lower than the changes given in the literature for 

equilibrium fractionation. I expect the freezing rate to change in the first 20 cm due to a rapid 

freezing of the first centimetres of the ice, when the water temperatures fall to the freezing 

point. The later formed ice is determined by slower freezing rates, especially after the ice is 

covered with snow. Furthermore, non-equilibrium processes during ice formation may affect 

isotopic variation (Suzuoki & Kimura, 1973). Which are also dependent on the freezing rate 

and the mixing rate of the water under the ice. An isotopic gradient is established in the water 

near the ice-water interface, if the freezing rate is high compared to the water mixing rate and 

results in non-equilibrium fractionation (Lehmann & Siegenthaler, 1991). Non-equilibrium 

fractionation can be further influenced by trapped liquid water during crystal growth (Suzuoki 

& Kimura, 1973). As these effects usually reduce the isotopic fractionation compared to 

equilibrium fractionation, fractionation effects are usually weaker under natural conditions than 

under experimental conditions. 

In the lower portion of the ice, the data of this study showed a clear shift in the isotopic signal 

to decreasing values in the ice below 60 cm. The isotopic composition matches that of 

fractionation in a closed system (Gibson & Prowse, 1999). Freezing in a closed system leads to 

a reduction of water volume beneath the ice and a concentration of dissolved constituents, since 

further freezing results in the loss of liquid water. As the heavy isotopic species are 

preferentially incorporated into the ice phase, the remaining water in closed systems becomes 

more and more depleted in heavy isotopes (Gibson & Prowse, 2002). This causes a decrease in 

the 18O and D values towards the bottom of the ice. This fractionation effect was also shown 

in the increased d-excess values. If d-excess values exceed 10 ‰, less than 50 % of the residual 

water is left (Lacelle, 2011). This was not the case for Polar Fox Lagoon, where the d-excess 

values were consistently lower than 10 ‰ (Figure 4, chapter 4). Polar Fox had a mean depth 

of about 1.5 m with lower depths towards the lake shore and greater depths in the interior of the 

lake. As the ice thickness was about 1.6 m I expect the outer lake area frozen to the bed and 

probably more than 50 % of the whole lagoon area to be frozen. But in the middle of the lagoon, 

where the cores were taken, water depth of 2.71 ± 0.1 m remained beneath the about 1.6 m thick 

ice. Considering this ratio of ice and water, more than 50 % of the water column is not froze in 

this area of the lake.  

As freezing proceeds, the concentration of dissolved salts is demonstrated in the continuous 

increase of the electrical conductivity (EC) towards the bottom of the analyzed ice cores from 

Polar Fox, which increases the permeability of the ice (Cottier et al., 1999). The dissolved 

organic carbon (DOC), Cl- and SO4
2- concentrations increased in the lower portion of the ice as 
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well (Figure 5, Figure 6, chapter 4) and point to the accumulation of organic material and 

anions in the remaining water.  

Figure 12 shows an 18O versus D plot for Polar Fox Lagoon, with least squares best-fit linear 

regression lines for the upper and lower portions of the ice cores (semi-closed and closed 

system, respectively). The D-18O slope is characteristic of the freezing process (Souchez & 

Jouzel, 1984). Slope values in the range of 6 to 7.3 can be interpreted as freezing under 

equilibrium conditions (Lacelle, 2011). The samples of the lower portion of the ice, under 

totally closed system conditions, plots along a regression slope of 6.1 (D = 6.1 18O–24.4). In 

contrast, the samples of the upper portion of the ice, semi-closed system conditions, plot along 

a regression line of 8.1 (D = 8.1 18O+7.2) and indicate a different freezing process. As the 

upper freezing was influenced by mixing of the initial water with a different water mass, water 

from the bay, probably no equilibrium freezing occurred.  

 

Figure 12: Isotope composition and linear regressions for Polar Fox Lagoon ice cores. Samples are classified as 

semi-closed (depths 0-60 cm, D = 8.1 18O + 7.2, r2=0.98, n=10, red dashed line) or closed (depths 60-164 cm, 

D = 6.1 18O -24.4, r2=0.97, n=14, dark red solid line) Values for the Lena River (n=16) and Laptev Sea (n=6) 

are mean summer values (Meyer, 2018, personal communication). With the global meteoric water line (GMWL, 

δD = 8 * δ18O + 10; (Craig, 1961), black dotted line). 

An open system – Tiksi Bay 

In contrast to Polar Fox, Tiksi Bay is an open bay and characterized by the mixing of freshwater 

runoff from the Lena River and the surrounding catchment in spring and from Laptev Sea 

marine water. Lena water flushes into the bay during the spring floods, which occur on average 

River 
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between May and July and constitute approximately 60 % of the annual discharge volume 

(Magritsky et al., 2018). It is likely that little Lena water flows into Tiksi Bay during the winter, 

since discharge volumes are smaller and the flow is restricted beneath the sea ice. The stable 

low-water season of Lena-runoff over winter starts in late October and reaches minimal water 

discharge in April (Alekseevskii et al.,2014; Magritsky et al., 2018). The differences in densities 

of Lena’s comparatively warm freshwater discharge and cold Laptev seawater result in a 

stratified water column. Measurements along a profile across Tiksi Bay in summer 2016 show 

an increase of EC at about four meters depth (Overduin et al., 2017). The upper water layer in 

Tiksi Bay is therefore fresh and with low salinity in summer. The saline, dense seawater 

accumulates under the brackish, less saline and less dense water. The water column may 

become mixed through cooling or storms during fall (Janout et al., 2016).  

Satellite images from SENTINEL Hub (2018) indicated that the ice of the bay started to form 

later than the ice of Polar Fox Lagoon (approximately at the end of October). As I expect bay 

water flashing into the lagoon in the first period of the freezing, caused by storm events or high 

waters, those events are expected to be reflected in the ice of Tiksi Bay as well. Storm events 

are expected to result in well mixing of the upper waters. In an open system, where the stable 

water isotopes circulate freely beneath the ice cover, the ice composition remains constant with 

depth (Gibson & Prowse, 1999). Appropriately, a stability of the water isotopic composition 

and salinity values is shown until a depth of approximately 80 - 90 cm, except at the top of the 

ice (Figure 7, Figure 8, chapter 4). The variation of the stable water isotopic signal at the top 

might be due to isotopic fractionation variant with a change of the freezing rate.  

Surprisingly, an increased Lena river water proportion is indicated by the data in the lower 

portion of the ice (> 80 - 90 cm). The stable water isotope composition decreased to 18O and 

D values of –16.7 ‰ and –128 ‰, with d-excess about 5.1 ‰ (Lena river water summer mean 

values were 18O: –17.8 ± 0.03 ‰ and D: –137 ± 0.3 ‰ with a d-excess of ~ 5.9 ‰ (Meyer, 

2018, personal communication), simultaneously the EC, as well as Cl- and SO4
2- concentrations 

are decreased.  

Figure 13 shows an 18O versus D plot for Tiksi Bay, with regression lines for the upper and 

lower ice. The regression lines clearly demonstrate differences in the two portions of the ice. 

The samples of the upper portion of the ice, demonstrating open system freezing, plot along a 

regression slope of 6.9 (D = 6.9 18O–11.9), indicating equilibrium freezing (Lacelle, 2011). 

In contrast, the samples of the lower portion of the ice, open system influenced by water mixing, 

plot along a regression line of 7.9 (D = 7.9 18O+3.7). The exchange of the water below the 
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ice might have disturbed an equilibrium freezing process, as it changed the isotopic composition 

of the initial water. 

 

Figure 13: Isotope composition and linear regressions for Tiksi Bay ice cores. Samples are classified as open 

(depths ≤ 80-90 cm, D = 6.9 18O -11.9, r2=0.94, n=32, blue solid line) or open influenced by water mixing 

(depths > 80-90 cm, D = 7.9 18O+3.7, r2=0.99, n=22, dark blue dashed line) Values for the Lena River (n=16) 

and Laptev Sea (n=6) are mean summer values (Meyer, 2018, personal communication). With the global meteoric 

water line (GMWL, δD = 8 * δ18O + 10; (Craig, 1961), black dotted line). 

A comparison of Polar Fox and Tiksi Bay 

Polar Fox Lagoon and Tiksi Bay clearly differ in their freezing processes. In both systems 

changes are shown between the upper and the lower portion of the ice. Polar Fox Lagoon was 

affected by water from Tiksi Bay in the first period of the winter, whereas later in winter, when 

the channel was frozen Polar Fox Lagoon resulted in a closed freezing system.  

Tiksi Bay was a permanently open freezing system. Here, the processes are additionally 

influenced by water mixing indicated by an increase in the amount of freshwater during the 

advanced winter period. 

5.2 Freezing processes, ice permeability and methane concentration in ice 

At the beginning of the freezing period, when the ice cover is not totally closed, an exchange 

of gases between the water and the atmosphere is still possible (Bastviken et al., 2004). Later 

on, when the ice cover is totally closed, the ice is a physical barrier for gases (Parmentier et al., 

2013). The gas exchange primarily depends on the permeability of the ice (Thomas, 2012). 

Hence, restricted gas exchange enhanced the uptake of CH4 in lake ice during ongoing freezing. 

River 
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Indeed, the ice, covering the two investigated water bodies (Polar Fox Lagoon and Tiksi Bay), 

is mostly supersaturated in CH4 relative to the atmosphere, where the concentrations are almost 

2 ppm (NOAA, 2018), which corresponds to a calculated equilibrium concentration of about 

5 nM related to the temperature and salinity of the lagoon and bay water, calculated after 

Wiesenburg & Guinasso (1979). 

CH4 supersaturation in the ice might create a CH4 flux from the frozen lake to the atmosphere, 

following the partial pressure gradient. However, this flux is suspended for impermeable ice. 

The permeability of the ice is mainly depended on the salinity and temperature of the ice 

(Lovely et al., 2015; Thomas, 2012). Both water bodies, lagoon and bay, are characterized by 

brackish water. Thus the salinity in both lakes is comparable and lower than 2 PSU. Therefore, 

the permeability varies mainly by differences in temperature. Ice with temperatures higher than 

–1.5 C is permeable, while ice with temperatures lower than –1.5°C is impermeable and gas 

migration is inhibited (Gosink et al., 1976). As described in the previous section, the freezing 

processes in Tiksi Bay and Polar Fox Lagoon differ from each other. The lagoon is a semi-

closed system. The upper ice was influenced by water from the bay while the lower portion of 

the ice was formed during freezing in a closed system. By comparison, Tiksi bay is an open 

system and the ice was consequently characterised by an open freezing process, the lower ice 

portion was additionally affected by water mixing.  

A semi-closed system – Polar Fox Lagoon 

As discussed in the previous chapter, the water composition of Polar Fox showed clearly 

different freezing processes between the upper portion of the ice (0 - 60 cm) and the lower 

portion of the ice (> 60 cm). Polar Fox Lagoon was transformed into a closed system during 

freezing (see previous section). Remarkable is, that the CH4 concentration changed 

contemporaneously. In the depth between 0 - 60 cm, i.e. formed in a still open system but 

tending towards a closed system, concentration was highest at the top of the ice and increased 

between 30 and 60 cm (Figure 10, chapter 4). Compared to this upper 60 cm section, constantly 

lower concentrations occurred between 60 - 140 cm in the ice, i.e. in a closed freezing system. 

The strong increase in CH4 concentration in ice, at depths > 140 cm (Figure 10, chapter 4) is 

not accompanied by a change in the freezing processes. In addition to the increased CH4 

concentration, the temperatures increased towards the bottom of the ice (Figure 5, chapter 4). 

The increase in temperature clearly points to a higher permeability in this portion. Temperatures 

above –1.5°C occurred only in the lowest 24 cm of the ice (Table 4, Appendix) and give 

evidence that CH4 is transported from the water into this portion of the ice. This is corroborated 

by the concentration maxima (about 540 nM) at the bottom ice. Enhanced CH4 concentration at 
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the ice-water interface during winter is also shown by (Boereboom et al., 2012). During winter, 

much of the ebullition bubbles were trapped in and beneath the ice, as dissolved gases were 

stored under the ice (Walter Anthony et al., 2010).  

An open system – Tiksi Bay 

Tiksi Bay is connected to the Laptev Sea and therefore classified as an open water body with 

water depths about 4 - 10 m (Lantuit et al., 2011). In comparison to the semi-closed Polar Fox 

Lagoon, ice from the Tiksi Bay reflects freezing in an open system. Using the 18O/D 

signatures and EC, the ice cores from Tiksi Bay can be distinguished in an upper part 

(≤ 80 - 90 cm) and lower part (> 80 - 90 cm). The upper part clearly reflects freezing from 

brackish bay water, whereas the lower part reveals a higher amount of Lena river water to the 

frozen bay water (see previous chapter).  

In the same way, methane concentrations were homogenously slightly supersaturated in the 

upper ice. In the lower ice, methane concentrations decreased slightly compared to the upper 

ice (Figure 11, chapter 4) and were partly lower than the saturation concentration of ~5 nM. 

An influence of methane uptake from the water into the ice cannot be precisely determined, as 

there were no methane data for the last 30 cm of the ice. However, temperatures warmer than 

–1.5°C for the last 40 cm of the ice occurred for core 29 (Table 4, appendix) indicating 

permeability for the whole last part of the ice here. Therefore, these concentrations might be 

still influenced by methane diffusion from the water into the ice. The methane concentrations 

slightly decreased further in the last, permeable two measured depths of core 29 (Figure 11, 

chapter 4). This suggested similar or even lower methane concentrations in the water under the 

ice as in the ice cores. Hence, accumulation of methane in the water under the ice was probably 

not as important in Tiksi Bay as it was in Polar Fox Lagoon. 

To summarize, in both systems freezing processes and methane concentrations are correlated. 

The simultaneous change of freezing and concentration of methane is more evident in Polar 

Fox Lagoon than in Tiksi Bay. A considerable aspect is that both, the freezing processes as well 

as the solubility of methane, is depended on salinity and temperature. Also the permeability of 

the ice plays an important role for the methane dynamics in the ice. Furthermore, the methane 

concentration was affected by methane oxidation in the ice after freezing. This process will be 

discussed in detail in the following section.  
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5.3 Bacterial methane oxidation in bottom ice 

The process of oxidation is shown in the depletion of 12C, due to the favoured bacterial 

consumption of 12C. This leads to an increase in the carbon isotopic signal of CH4 (δ
13CCH4) 

(Whiticar, 1999). For both water bodies, a Rayleigh distillation model of the type discussed by 

Coleman et al. (1981) and used by Damm et al. (2015) and Damm et al. (2005) was calculated: 

 𝛿13𝐶𝐶𝐻4 =  1000 ∗  (
1

𝛼
  −  1) ∗ ln 𝑓  +   (𝛿13𝐶𝐶𝐻4)0 (6) 

where α is the isotope fractionation factor, f is the fraction of the CH4 remaining and (δ13CCH4)0 

is the initial isotopic composition.For the Rayleigh model it is assumed that bacterial oxidation 

is the only sink of CH4, no further inputs and mixing occur, which would affect the isotopic 

composition of CH4 (Mook, 1994). For Polar Fox Lagoon and Tiksi Bay α was determined as 

1.004, whereas in marine environments α is 1.008 (Damm et al., 2005; Mau et al., 2013). This 

means that CH4 consumption in Polar Fox Lagoon and Tiksi Bay occurred with a slightly lower 

increase of δ13CCH4 than in marine environments.  

Oxidation in the semi-closed system 

Figure 14 shows the CH4 concentrations versus the δ13CCH4 values and the Rayleigh curves 

(lines) for the top and bottom ice of Polar Fox Lagoon. The Rayleigh curves show the same 

trend as the values of the ice strongly suggesting an oxidation process at the bottom of the ice. 

An oxidation signal is also clearly shown in the lower portion of the ice, where the δ13CCH4 of 

CH4 reached a maximum of approximately –32 ‰. In the lower portion of the ice 

(60 – 140 cm), low concentrations of ~ 3 nM indicate threshold values (Figure 10, chapter 4). 

This threshold values are the CH4 concentration remaining when oxidation ceases. Oxidation 

for concentrations < 10 nM is slow (Cowen et al,, 2002; Valentine et al., 2001) and threshold 

values in nature are less than 10 nM (Hanson & Hanson, 1996) while (Valentine et al., 2001) 

investigated thresholds higher than 10 nM CH4 in pure cultures of methanotrophs. 
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Figure 14: Methane oxidation in the Polar Fox Lagoon ice cores calculated by a Rayleigh fractionation model 

(see text). The curves show the prospective δ13CCH4 signatures modified by oxidation. The methane consumed by 

oxidation was calculated by the initial, highest concentration detected at the bottom of the ice core (450 nM, dark 

red, solid line) and at the top (195 nM , red, dotted line). The initial isotopic signature was –80 ‰ (red, dotted line) 

and –70 ‰ (dark red, solid line). For both fraction curves α = 1.004 fit best, i.e. the oxidation efficiency was 

comparable. 

In contrast, ice between 0-60 cm had values between ~ 11 nM  (50 - 60 cm) and about 194 nM 

(20 - 30 cm) (Table 4, Appendix). This shows that totally efficient oxidation started from the 

ice depth of 60 cm, where the freezing process of Polar Fox Lagoon changed. The Polar Fox 

Lagoon ice clearly points to an increased uptake of CH4, likely from gas bubbles in the bottom 

ice. The bottom ice offers a protected environment and good conditions for bacteria. 

Temperatures increased to almost –0.5°C at the bottom of the ice, the ice was in contact with 

the water and permeable, permitting migration of gases and nutrients. For sea ice, most bacteria 

are located in the lowest centimetres of the ice (Krembs & Engel, 2001). As the ice grows, its 

growth rate decreases (Anderson, 1961). With decreasing ice growth rate, there is more time 

and space for CH4 oxidizing bacteria to metabolize, as subsequent ice forms more slowly. 

Hence, the progress of freezing facilitates the oxidation process in the ice. The process of CH4 

uptake from the water into the bottom of the ice and its oxidation there may continue over the 

winter until the ice break-up, but this process is linked to the dissolved concentrations of 

oxygen. During winter, in shallow lakes with a small water volume and a small oxygen storage, 

CH4 accumulation in the water is likely due to the lack of oxidation (Juutinen et al., 2009). DOC 

may also be a potential source for CH4 production in lake waters (Striegl & Michmerhuizen, 
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1998) and could contribute to CH4 accumulation. DOC was available at Polar Fox Lagoon. 

DOC concentrations increased with depth in the ice, with values up to 3.55 mg L-1. In the upper 

ice, DOC concentrations were highly variable and ranged from 0.66 mg L-1 to 3.31 mg L-1 

(0 - 60 cm) (Figure 5, chapter 4). CH4 concentrations were variable in this portion as well and 

indicated a similar pattern as DOC concentrations (Figure 5, Figure 10, chapter 4). For Tiksi 

Bay DOC concentrations ranged from 1.00 mg L-1 to 2.93 mg L-1 (Table 2, chapter 4) and 

showed a similar trend as CH4 concentrations in the ice (Figure 8, Figure 11, chapter 4), which 

suggest that the mixing of water (see 5.1, Tiksi Bay), may have had an influence on both DOC 

and CH4 concentrations. However, DOC and CH4 concentrations do not indicate a significant 

correlation for the different portions of the ice at Polar Fox Lagoon or Tiksi Bay. The 

transformation from DOC to CH4 is therefore neither confirmed nor falsified by the data of this 

study and requires further investigation. 

Oxidation in the open system  

In contrast to the closed system (Polar Fox), the open system (Tiksi Bay) is more dynamic, as 

it is influenced by mixing and dilution of different waters and potentially oxidation therein. A 

large amount of CH4 can be oxidized at the sediment surface or in the water column (Bussmann 

et al., 2017; Juutinen et al., 2009). Potential environments for CH4 oxidation are the sediments, 

the water column and the ice. The study of Overduin et al. (2015a) examined CH4 oxidation in 

the submarine permafrost in the East Sibirian Arctic shelf region (Buor Khaya Bay, central 

Laptev Sea) and other studies (e.g. Damm et al., 2007; Mau et al., 2013; Valentine et al., 2001) 

investigated CH4 oxidation in coastal or shelf waters. In addition, the data of Polar Fox Lagoon 

demonstrated the bottom of the ice as a further potential environment for CH4 oxidation. 

However, in Tiksi Bay the concentrations < 10 nM were in the range of CH4 surface water 

concentrations (2.1 nM to 28.2 nM) from the East Siberian Arctic shelf (Shakhova & 

Semiletov, 2007) and for Buor-Khaya Bay, with medium concentrations of 26 - 33 nM 

(Bussmann, 2013). The water concentrations were lower than sediment concentrations, with a 

mean CH4 concentration in overlying unfrozen sediment layers of 7.1 ± 24.9 μM and 

380.6 ± 354.9 μM in the underlying frozen sediments with simultaneously occurred mean 

13CCH4 values of –36.9 ± 9.3 ‰ and –62.4 ± 6.5 ‰, respectively (Overduin et al., 2015a). 

These results show CH4 oxidation in the sediments as well as in the water column. Moreover, 

CH4 values in the ice were comparable to but slightly higher than values in other surface shelf 

waters (Damm et al., 2005), where the mean concentration of the surface- and subsurface waters 

was 3.3 nM and the 13CCH4 value –44.5 ‰. Also the permeable ice in core 29 of Tiksi Bay 

indicated no diffusion from the water into the ice. These findings suggest low CH4 
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concentration in the water under the ice, either due to low original CH4 concentrations and/or 

to oxidation in the water column.  

Figure 15 shows the Rayleigh distillation model for Tiksi Bay. The CH4 concentrations and 

13CCH4 values varied just slightly and the lower ice section (≥ 80 - 90 cm) was slightly more 

depleted in 12C. Furthermore, the values scattered around the calculated oxidation curve. This 

indicated that other processes, such as dilution or mixing, affected the isotopic composition. 

This influence was stronger in the lower ice section than in the upper ice section. Lower 

concentrations with the same 13CCH4 value indicate dilution (Damm et al., 2005). The dilution 

effect was more recognizable with increased distance from the shore, and increased water depth 

(core 30: 2.84 m, core 29: 3.87 m, core 28: 3.3 m, core 27: 4.21 m). The CH4 concentrations 

were generally highest in core 30, which was closest to the shore (mean: 7.23 nM) and lowest 

in core 27, furthest from shore (mean: 5.11 nM). The 13CCH4 values were similar for all cores, 

with mean values of –45.6 ‰ (core 30) and –46.8 ‰ (core 27) (Table 3, chapter 4). In general, 

the results suggest a homogeneous oxidation process over winter, with a slight change to lower 

concentrations when mixing with fresher water occurred and a distinct but slight increasing 

dilution signal with distance from shore.  

 

Figure 15: Methane oxidation in the Tiksi Bay ice cores calculated by a Rayleigh fractionation model (see text). 

The curve shows the prospective δ13CCH4 signatures modified by oxidation. The methane consumed by oxidation 

was calculated by the initial, highest concentration (8.5 nM). The initial isotopic signature was –48 ‰. Also for 

this fraction curve α = 1.004 fits best, like for Polar Fox. 
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Comparison of the two systems  

In contrast to Polar Fox Lagoon, CH4 concentrations of Tiksi Bay varied only over a small 

range. Therefore, the process of bacterial CH4 oxidation could only be clearly identified in the 

ice of Polar Fox Lagoon. In the closed and shallow lagoon, CH4 that had accumulated under 

the ice presumably enhanced the potential for CH4 oxidation. In contrast, CH4 concentrations 

in the ice of the open bay were influenced by mixing and dilution before freezing. Oxidation 

likely occurred in the sediments and the water column, decreasing the potential for CH4 

oxidation to occur.  

Error analyses and limitations of the research 

A number of limitations may have influenced the results of this study. One issue was the time 

intervening between the field sampling and analyses. It took about half a year for sample 

transport from the field site to the laboratory, i.e. between coring and analysis. Another point is 

the representation of the data. Repeated measurements from multiple cores from one location 

or even comparing measurements from more samples for one parameter from one core and at 

different locations in the lagoon would improve the database and allow a reliable statistical 

evaluation.  

In total, these sources of error suggest improvements to ice core handling and sampling for 

future studies. In particular, multiple cores from some sites should be collected to control for 

spatial variability and allow for sampling after different storage times. If possible, the time 

period between coring and sectioning should be reduced to control for post-sampling changes 

to measured parameters.  

If changes took place, they probably did not affect the results sufficiently to change our 

interpretation, since the concentrations and stable isotope signatures of the cores, taken in the 

context of the freezing processes evident from the stable isotopes of water and hydrochemistry, 

clearly indicate the presence of significant amounts of CH4 and of its oxidation. The changes 

in the data are reasonable and do not suggest that the time period between the sampling and 

analyses or the handling influenced the results significantly.  
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6 Conclusions 

In this thesis, CH4 concentrations were studied in Polar Fox Lagoon, a coastal lagoon connected 

to the sea during summer, and in offshore waters of Tiksi Bay, Siberia. Polar Fox Lagoon is a 

semi-closed system, with seawater influx during the open water season but isolated and with 

significant water volume reduction during the winter. On the other hand, Tiksi Bay is open to 

the central Laptev Sea throughout the winter and shares its stratified water column. 

Differences between the two systems influenced the CH4 concentrations observed in the ice. In 

Polar Fox Lagoon, CH4 concentrations in the ice varied greatly, whereas Tiksi Bay showed 

generally low CH4 concentrations and reflected water background CH4 concentrations and 

δ13CCH4 values. 

Assuming consistently high CH4 concentrations in the lagoon water over the winter, CH4 

concentration and the δ13CCH4 values in the ice cover of Polar Fox Lagoon showed the effect of 

CH4 oxidation. Bacterial oxidation thus reduces the CH4 concentrations during the winter at 

Polar Fox Lagoon. The oxidation depleted dissolved CH4 at the ice-water interface, where ice 

temperatures are warmest, the water-ice environment provides a habitat for organisms and gas 

migration into the ice and the water column provides a source of dissolved CH4. Continuing ice 

growth during freezing separates older ice from interaction with the water column. When the 

older ice becomes impermeable, CH4 is frozen into the ice, archiving an oxidation signal, even 

if no further oxidation occurs.  

These results permit calculation of CH4 production (methanogenesis) and CH4 consumption 

(oxidation) budgets, which could help to quantify the efficacy of CH4 oxidation during winter 

for Polar Fox Lagoon and coastal lagoons in general.  

Oxidation may limits the CH4 concentrations emitting from the lakes to the atmosphere after 

the ice break-up in spring. Arctic warming will continue to shorten ice cover duration. Since 

high-latitude lakes emit large amounts of CH4 during ice melt, an understanding of CH4 

pathways in and below ice in Arctic lakes, lagoons and coastal waters is important to understand 

their role in the global warming cycle and for better simulation of future climate scenarios.  

As the sediment is a known environment for CH4 production and DOC could be a source for 

CH4 production in the water or the ice, sediment pore water δ13CCH4 values, CH4 and DOC 

concentrations from Polar Fox Lagoon and Tiksi Bay should be considered to understand CH4 

pathways in such water bodies. The determination of the sources for CH4 production are 

particularly interesting for Polar Fox Lagoon, where the accumulation of CH4 under the ice was 

evident. Furthermore, the comparison between brackish and freshwater water bodies in terms 
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of CH4 oxidation may yield insights into the circumstances under which CH4 oxidation occurs 

in thermokarst lakes and Arctic lagoons. As CO2 is an important greenhouse gas and the product 

of CH4 oxidation, future studies need to include both greenhouse gases in their analyses. 
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9 Appendix 

The following pages provide a table with the measured parameters for all cores with depths. 

 

 



 

 

Table 4: Measured parameters listed for the four cores of Tiksi Bay (27, 28, 29 and 30) and the two course of Polar Fox Lagoon (31 and 32) with depth. 

Core 
Depth 

(cm) 

δ18O 

(‰) 

δD 

(‰) 

d exc 

(‰) 

EC 

(µS cm-1) 

Salinity 

(PSU) 

 

Average 

Temp. 

(°C) 

DOC 

(mg L-1) 

Cl- 

(mg L-1) 

SO4
2- 

(mg L-1) 

CH4 

(nM) 

δ13CCH4 

(‰) 
pH 

27 0-10 -15.3 -118.6 3.7 - - -7.8 - - - - - - 

27 10-20 -14.9 -115.0 4.4 1064 0.53 -7.3 1.56 - - 5.2 -49.4 7.39 

27 20-30 -14.9 -115.1 3.8 1291 0.64 -6.4 1.70 353 60.3 5.9 -50.8 7.38 

27 30-40 -15.0 -115.5 4.5 1574 0.79 -5.7 2.07 429 74.4 5.7 -50.4 7.07 

27 40-50 -14.7 -114.0 3.5 1724 0.87 -5.0 2.28 463 84.8 5.1 -50.0 6.67 

27 50-60 -14.9 -114.6 4.3 1606 0.81 -4.6 2.05 436 74.9 6.0 -51.9 7.50 

27 60-70 -15.2 -117.4 4.6 1549 0.78 -4.4 2.17 415 72.7 6.1 -49.8 6.79 

27 70-80 -15.1 -116.0 4.7 - - -4.1 - - - - - - 

27 80-90 -15.8 -120.7 5.4 1460 0.73 -3.7 2.93 389 68.5 5.0 -36.9 6.77 

27 90-100 -16.0 -122.8 5.4 645 0.31 -4.1 1.88 169 27.6 3.7 -37.7 6.84 

27 100-110 -16.2 -124.3 5.2 340 0.16 -3.7 1.47 83.2 16.8 3.8 -43.2 6.43 

27 110-120 -16.3 -125.0 5.2 604 0.29 -1.8 2.16 152 31.8 4.5 -48.1 6.82 

27 125-135 -16.7 -128.1 5.3 - - -1.0 - - - - - - 

27 135-145 -16.5 -126.7 5.3 - - -0.7 - - - - - - 

27 145-155 -16.7 -128.7 5.1 - - -0.4 - - - - - - 

28 0-10 -15.7 -120.8 4.4 - - -6.8 - - - - - - 

28 10-19 -15.2 -116.8 4.6 1304 0.65 -6.5 1.71 350 61.3 6.1 -46.5 7.20 
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28 19-30 -15.1 -115.9 4.6 1674 0.84 -5.7 2.03 461 78.4 5.6 -46.4 7.14 

28 30-42 -15.2 -116.7 5.1 2043 1.04 -5.1 2.35 505 97.9 5.5 -46.3 7.21 

28 42-51 -15.2 -116.6 4.8 2065 1.05 -4.6 2.45 567 98.7 6.5 -48.3 7.33 

28 51-60 -15.1 -116.0 5.0 1988 1.01 -4.2 2.32 548 95.9 6.2 -48.2 7.3 

28 60-69 -15.7 -120.0 5.7 1752 0.88 -3.4 2.37 483 84.7 6.8 -42.7 7.29 

28 70-80 -15.6 -120.0 5.2 - - -2.5 - - - - - - 

28 80-90 -15.1 -115.9 4.8 1577 0.79 -1.9 2.13 427 72.9 6.3 -45.3 7.05 

28 90-100 -15.7 -119.7 5.6 1238 0.62 -1.5 2.15 331 58.0 6.3 -39.2 7.00 

28 100-110 -16.0 -122.6 5.5 414 0.20 -1.6 1.00 107 17.7 5.1 -42.2 6.72 

28 110-121 -16.1 -123.0 5.5 422 0.20 -2.0 1.36 105 21.0 5.0 -44.6 6.80 

28 120-130 -16.4 -126.2 5.1 - - -2.3 - - - - - - 

28 130-140 -16.4 -126.2 5.2 - - -3.4 - - - - - - 

28 140-151 -16.7 -128.0 5.4 - - -4.3 - - - - - - 

29 0-10 -15.5 -119.9 4.4 - - -6.7 - - - - - - 

29 10-20 -15.2 -116.7 5.0 1111 0.55 -6.4 1.56 297 48.2 7.2 -48.7 6.84 

29 20-30 -15.1 -115.7 5.5 1198 0.59 -5.7 1.47 324 55.1 5.4 -47.5 6.84 

29 30-42 -15.1 -116.3 4.6 1446 0.72 -4.9 1.74 392 67.5 7.0 -50.9 6.99 

29 42-50 -15.5 -119.0 4.9 1485 0.74 -4.4 2.05 406 69.9 7.1 -44.8 7.02 

29 50-58 -15.5 -118.5 5.3 1427 0.71 -3.9 2.09 383 66.2 6.0 -44.7 7.15 

29 60-70 -15.2 -117.0 4.8 - - -3.6 - - - - - - 

29 71-80 -15.5 -119.0 5.1 1455 0.73 -2.6 2.10 388 67.6 6.0 -46.6 7.03 
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29 80-95 -15.9 -122.2 5.1 621 0.30 -1.5 1.21 163 28.0 4.1 -46.3 6.97 

29 95-105 -16.0 -122.7 5.6 509 0.24 -1.1 1.51 128 25.8 3.5 -44.8 6.95 

29 105-115 -16.3 -125.5 5.3 - - -1.3 - - - - - - 

29 115-125 -16.5 -126.5 5.4 - - -1.1 - - - - - - 

29 125-135 -16.7 -128.2 5.3 - - -0.4 - - - - - - 

30 0-10 -15.3 -117.4 4.6 - - -7.2 - - - - - - 

30 10-20 -15.2 -117.0 4.9 1581 0.79 -7.1 2.06 431 74.9 6.7  7.66 

30 20-30 -15.2 -116.4 5.3 1501 0.75 -6.6 1.88 408 71.1 6.5 -46.4 7.04 

30 30-38 -15.2 -116.7 4.8 1637 0.82 -6.3 2.11 447 77.7 8.1 -50.9 7.07 

30 42-50 -15.3 -117.5 5.0 1731 0.87 -6.0 2.31 472 82.1 7.8 -46.8 7.31 

30 50-60 -15.3 -117.4 5.3 1523 0.76 -5.4 2.04 417 68.4 8.3 -46.4 7.00 

30 60-70 -15.5 -118.0 5.6 1648 0.83 -4.6 2.36 444 75.9 8.4 -44.6 6.93 

30 70-80 -15.4 -118.4 4.8 - - -3.9 - - - - - - 

30 80-88 -15.5 -119.1 4.7 1400 0.70 -3.6 2.12 375 65.3 6.5 -43.7 7.08 

30 88-95 -15.8 -122.0 4.8 445 0.21 -3.3 1.04 114 19.0 6.3 -40.2 6.72 

30 95-105 -15.7 -120.3 5.1 600 0.29 -3.2 1.43 154 28.8 6.1 -41.4 6.9 

30 105-115 -15.9 -122.1 5.0 839 0.41 -2.7 1.82 218 40.6 7.6 -49.6 7.08 

30 114-123 -16.7 -128.1 5.3 - - -2.4 - - - - - - 

30 123-133 -16.5 -126.5 5.6 - - -1.3 - - - - - - 

30 133-143 -16.6 -127.2 5.5 - - -0.5 - - - - - - 

31 0-10 -16.5 -126.6 5.1 - - -12.7 - - - - - - 
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31 10-20 -16.6 -127.7 4.7 101.2 0.05 -12.2 1.05 23.4 5.64 85.6 -77.5 7.35 

31 20-30 -16.0 -123.2 4.6 645 0.31 -11.3 2.47 161 37.5 193.7 -77.0 7.50 

31 30-40 -16.1 -123.8 5.0 1056 0.52 -10.4 3.04 278 53.0 133.1 -57.1 6.96 

31 40-50 -15.4 -118.1 4.8 1164 0.58 -9.5 2.72 313 53.0 15.0 -41.3 6.69 

31 50-60 -15.2 -116.2 5.2 1273 0.63 -6.7 1.72 351 59.2 10.6 -47.9 6.85 

31 60-70 -15.3 -117.3 4.8 1605 0.81 -5.0 1.96 430 71.4 3.0 -45.0 7.28 

31 70-80 -15.5 -119.3 5.1 1836 0.93 -5.2 2.53 468 81.4 7.3 -37.5 7.16 

31 80-90 -15.8 -121.2 5.5 - - -4.4  - - - - - - 

31 90-100 -15.9 -121.2 6.0 2492 1.28 -3.9 3.25 636 99.8 6.0 -31.8 7.35 

31 100-110 -16.1 -122.7 6.4 2708 1.40 -3.4 2.82 695 110 7.0 -40.8 7.69 

31 110-120 -16.3 -122.9 7.3 3080 1.60 -2.9 3.36 774 127 4.9 -39.9 7.37 

31 120-130 -16.5 -124.8 7.6 3630 1.91 -2.5 3.47 936 149 6.5 -42.4 7.43 

31 130-140 -16.6 -126.5 6.6 3610 1.90 -2.1 3.55 924 147 5.6 -39.8 7.37 

31 137-147 -16.9 -128.1 6.9 - - -1.7 - - - - - - 

31 147-157 -17.0 -129.0 7.2 - - -1.2 - - - - - - 

31 157-167 -17.1 -129.6 7.2 - - -0.7 - - - - - - 

32 0-10 -16.0 -124.5 3.9 797 0.39 -12.4 1.75 208 37.0 160.7 -79.7 6.64 

32 10-20 -16.6 -127.4 5.3 101.5 0.05 -11.9 0.66 24.6 4.56 20.1 -65.8 6.63 

32 20-30 -16.0 -123.6 4.8 577 0.28 -11.2 3.31 140 34.7 128.6 -77.8 6.78 

32 30-40 -16.0 -122.8 5.2 860 0.42 -10.6 2.33 223 43.8 129.6 -63.0 6.86 

32 40-52 -15.1 -115.9 5.0 1144 0.57 -9.8 1.81 302 52.0 34.0 -50.9 6.84 
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32 52-62 -15.0 -114.3 5.4 1578 0.79 -8.9 2.09 427 72.1 2.9 -42.9 6.90 

32 62-72 -15.2 -117.4 4.5 1609 0.81 -7.9 1.99 437 72.4 2.6 -42.1 6.83 

32 72-82 -15.5 -118.8 5.5 1767 0.89 -7.1 1.95 484 78.5 3.0 -38.0 6.75 

32 82-93 -15.8 -121.0 5.7 2407 1.24 -6.4 2.37 611 98.2 5.7 -39.6 6.81 

32 93-104 -16.0 -121.6 6.0 2252 1.15 -6.1 2.28 568 93.3 4.2 -40.3 6.88 

32 104-114 -16.3 -124.2 6.3 2663 1.37 -5.9 2.48 671 111 3.5 -43.9 7.00 

32 114-122 -16.5 -125.8 6.4 3010 1.56 -5.1 2.74 765 125 2.7 -42.7 7.07 

32 122-131 -16.7 -126.7 7.2 3090 1.61 -3.6 2.81 788 128 3.6 -42.6 7.07 

32 131-140 -16.9 -126.7 8.7 3210 1.67 -2.2 3.00 853 133 6.8 -48.0 7.02 

32 140-148 -17.0 -128.7 7.6 2982 1.55 -1.5 2.71 771 123 10.3 -52.2 7.23 

32 148-156 -17.1 -129.1 7.6 2620 1.35 -0.9 2.32 674 106 51.1 -61.9 7.15 

32 156-164 -17.1 -129.1 7.5 3520 1.85 -0.6 3.17 908 142 538.7 -69.5 7.24 
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10 Eidesstattliche Erklärung 

Ich versichere, die Masterarbeit selbständig und lediglich unter Benutzung der angegebenen 

Quellen und Hilfsmittel verfasst zu haben. Alle Stellen, die wörtlich oder sinngemäß aus 

veröffentlichten oder noch nicht veröffentlichten Quellen entnommen sind, sind als solche 

kenntlich gemacht. Die Zeichnungen oder Abbildungen in dieser Arbeit sind von mir selbst 

erstellt worden oder mit einem entsprechenden Quellennachweis versehen.  

Ich erkläre weiterhin, dass die vorliegende Arbeit noch nicht im Rahmen eines anderen 

Prüfungsverfahrens eingereicht wurde.  

 

Potsdam, den _______________ _________________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  


