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I 

Kurzfassung 
Im Rahmen dieser Arbeit wurde eine schnelle und sensitive Methode zur 

kontinuierlichen Bestimmung der Konzentrationen von Methan (CH4) und der 

stabilen Kohlenstoff-Isotopie von CH4 (δ13C-CH4) in Wässern entwickelt. Das 

Gas wird mittels Vakuum durch eine Membran aus dem Wasser extrahiert und 

mit einem portablen cavity ring-down spectroscopy Analyser analysiert (M-CRDS). 

Das M-CRDS wurde mithilfe von synthetischen Wasserstandards kalibriert und 

zeigte während Labor- und Feldmessungen eine sehr gute Übereinstimmung 

mit konventionellen Messmethoden. Das M-CRDS erlaubt somit kontinuier-

liche und zeitlich-hochauflösende Analysen von CH4 Konzentrationen und 

δ13C-CH4 Werten in Oberflächengewässern. 

Die neuentwickelte Methode (M-CRDS) wurde an drei verschiedenen Seen 

erfolgreich eingesetzt: Willersinnweiher (Deutschland), Stechlinsee 

(Deutschland) und Erkensee (Schweden). Diese Untersuchungen zeigen 

erstmals die große Variabilität von CH4 in der Wassersäule und den 

Sedimenten. Die Studien an den drei Seen mit unterschiedlichen 

Nährstoffgehalten verdeutlichen, dass die anaerobe und aerobe Oxidation von 

CH4 eine bedeutende Senke für CH4 in den Sedimenten bzw. der Wassersäule 

darstellt und die Emission von CH4 in die Atmosphäre weitgehend verhindert. 

Ungeachtet dessen wurde im Epilimnion aller Seen eine CH4-Übersättigung im 

Vergleich zur Atmosphäre beobachtet. Diese Übersättigung resultierte zumeist 

aus dem lateralen Transport von CH4 aus der Uferzone der Seen oder dem 

Eintrag durch Grundwasser, wie z.B. am Willersinnweiher. Zudem wurde u.a. 

am Stechlin eine Methanproduktion durch photoautotrophe Organismen im 

oxischen Epilimnion beobachtet. Diese Produktion ist möglicherweise direkt an 

die Dynamik von Algenblüten gekoppelt. Die zeitliche und räumliche 

Variabilität von CH4 im Wasser ist somit durch die Produktion und die 

Emission von CH4 gesteuert. Die Studien zeigen, dass windinduzierte 

Veränderungen in den oberflächennahen Schichten von Seen auch in zeitlich 

hochvariablen Emissionsraten von CH4 resultieren. Die Untersuchungen haben 

gezeigt, dass sowohl die Eutrophierung als auch die Klimaerwärmung einen 

essentiellen Einfluss auf die CH4-Produktion in Seen haben. Dabei werden die 

CH4-Emissionen von limnischen Gewässern in die Atmosphäre in Zukunft 

ansteigen – mit weitreichenden Konsequenzen für den Klimawandel. 
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Abstract 
Within the framework of this study a fast and sensitive method for the 

continuous determination of methane (CH4) and its stable carbon isotopic 

values (δ13C-CH4) in surface waters was developed. The gas is extracted by 

applying a vacuum to a gas-liquid exchange membrane and measured by a 

portable cavity ring-down spectroscopy analyser (M-CRDS). The M-CRDS was 

calibrated and characterised for CH4 concentration and δ13C-CH4 with synthetic 

water standards. Deployments in the laboratory as well as during fieldwork 

showed a very good agreement of CH4 measured simultaneously by the M-

CRDS and conventional analytical methods. Therefore, the M-CRDS provides 

the continuous analyses of dissolved CH4 concentrations and δ13C-CH4 values of 

surface water at a very high temporal resolution. 

The newly developed method (M-CRDS) was successfully deployed at three 

lakes with different trophic states: Lake Willersinnweiher (Germany), Lake 

Stechlin (Germany) and Lake Erken (Sweden). The studies revealed for the first 

time high spatial and temporal variability of CH4 behaviour in the water 

column and the sediments. In addition, these studies showed that the presence 

of anaerobic (AOM) and aerobic (MOx) oxidation of methane in the sediment 

and within the water column, respectively, is a very effective barrier to CH4 

emission into the atmosphere in thermal stratified lakes. 

Nonetheless, CH4 oversaturation with respect to the atmosphere was observed 

in the surface water layer of all three lakes during all seasons of the year. Most 

surface water CH4 concentrations are derived by horizontal transport processes 

from littoral zones. Groundwater-fed lakes such as Lake Willersinnweiher 

might be enriched in CH4 by groundwater contributing to its methane pool. 

Surface water CH4 could also be produced in-situ by the photoautotroph 

community, directly linked to algae dynamics and algae abundances. The 

temporal and spatial variability of CH4 is thereby unambiguously controlled by 

CH4 accumulation within the oxic water layer and its CH4 loss to the 

atmosphere. These studies also demonstrated that wind-induced changes in the 

upper water column of lakes lead to highly variable CH4 emissions from lakes. 

Growing eutrophication and climate warming will both have major effects on 

the CH4 pool of lakes. Accordingly, CH4 emissions from freshwater 

environments will further increase in the future with far-reaching consequences 

for climate change. 





 

V 

Acknowledgements 

First and foremost I would like to thank my thesis supervisor Margot Isenbeck-

Schröter for all her support she gave me over the years that I have been a 

member of her research group. She got me into her group 9 years ago, gave me 

total freedom to work in all fields of my interest and challenged and 

encouraged me all at the same time. Many thanks also to Frank Keppler for his 

support during the research and the publication work as well as for agreeing to 

be my second thesis referee. 

A special thank you goes to Torben Gentz of the AWI for his sympathetic ear 

and helpful advices mostly in times of endless methodical problems and 

struggle - especially during the development of the new method. Furthermore, 

Torben helped me to establish the first contacts to the crews at Lake Stechlin 

and Lake Erken, managed to get me on RV Heincke and – not to forget – offered 

me his outrageously expensive synthetic water standards free of charge ;). 

Getting through this project would not have been possible without the research 

group “Hydrogeochemistry and Hydrogeology” in Heidelberg. Thank you. 

You are my second family! Christian Scholz shared his extensive knowledge 

and experience in laboratory and fieldwork. Stefan Rheinberger is THE contact 

person when having any trouble and always a reliable source of information 

and help - and also of fantastic, but often bad jokes and puns. In all the years in 

Heidelberg, Simon Ritter became a very good friend, proofreader, discussion 

partner and fellow sufferer. Together with Florian Freundt, Sami AlNajem and 

Lukas Klose: you are not only fantastic colleagues but you have turned out to 

be good friends and sports partners. Silvia Rheinberger is the good soul of the 

group and I was so lucky to have her as my roommate over all these years. My 

bachelor and master students Markus Ohnemus (very first fieldwork / 

experiences with the M-CRDS), Felix Rabe (hard fieldwork at Lake Stechlin) 

and in particular Yannic Wellach (fantastic work at Lake Willersinnweiher) and 

Amanda Schiller (essential calibration and characterisation work during the 

development of the new method) played a key part in this work. 

Many thanks also to my various collaboration partners: Markus Greule 

supported the calibration work, Thomas Klintzsch provided important results 

from laboratory incubations, Hans-Peter Grossart (IGB) supported and pushed 



 

VI 

the field measurements at Lake Stechlin and Marco Günthel (University of 

Edinburgh), Georgiy Kirillin (IGB) as well as Armin Penske (IGB) supplied me 

with essential results from fieldwork. 

Finally, and most importantly, I want to thank my friends and family – 

especially my parents – your support in every respect during this thesis, but 

also during my whole life made this happen. Special thanks to Charlotte for 

supporting, understanding and loving me unconditionally the way I am! 

 



 

VII 

Abbreviations 

 

Common used abbreviations used in this work. Parameter for calculations and 

element names are explained in the text. 

Abbreviation* Description  Abbreviation Description 

     

CH4  methane  AOM anaerobic oxidation of 

CH4 

δ13C-CH4 stable carbon isotopic 

composition of methane 

 DAOM denitrification-dependent 

anaerobic oxidation of 

CH4 

CRDS cavity ring-down spectro-

scopy 

 MOx aerobic oxidation of CH4 

M-CRDS membrane-coupled 

cavity ring-down 

spectroscopy (analyser) 

 OM organic matter 

GC-FID gas chromatography with 

flame ionization detector 

 OMP oxic methane production 

GC-C-IRMS gas chromatography 

combustion isotope ratio 

mass spectrometry 

 SCR sedimentary carbon 

conversion rates 

ICOS off-axis integrated cavity 

output spectrometer 

 SMTZ sulphate-methane 

transition zones 

M-ICOS membrane-coupled off-

axis integrated cavity 

output spectrometer 

 SRB sulphate reducing 

bacteria 

UWMS underwater mass spectro-

metry 

 SRR sulphate reduction rates 

   TEA terminal electron acceptor 

AWI Alfred-Wegener Institute, 

Helmholtz Centre for 

Polar and Marine 

Research, Bremerhaven 

(Germany) 

   

IGB Leibniz-Institute of Fresh-

water Ecology and Inland 

Fisheries, Berlin 

(Germany) 
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Introduction 

Methane (CH4) is an atmospheric greenhouse gas playing an important role in 

climate research, as its global warming potential is estimated to be 86 times the 

potential of carbon dioxide (CO2) in the coming decades (IPCC-Report 2013). 

Atmospheric CH4 contributes to global warming both directly as well as 

indirectly via the production of ozone in the troposphere and water vapour in 

the stratosphere (Dlugokencky et al. 2011). Recent atmospheric CH4 

concentrations are up to 2.5 times higher than during preindustrial times, which 

is mainly attributed to anthropogenic sources. Thus, CH4 accounts for about 

one-fifth of the human-induced climate warming (Stocker et al. 2001; IPCC-

Report 2013; Kirschke et al. 2013; Saunois et al. 2016). 

Methane sources 

In general, atmospheric CH4 originates from both natural and anthropogenic 

sources (Figure 1). While anthropogenic contributions stem from burning of 

fossil fuels and intense agriculture, natural CH4 is either of thermogenic, 

pyrogenic or biogenic origin. The latter makes up the largest share in the CH4 

budget (Kirschke et al. 2013; Saunois et al. 2016). Biogenic CH4 mainly derives 

from bacterial degradation of organic matter (OM) in anoxic environments at 

low temperatures (< 75°C), whereas thermogenic CH4 is formed by the 

thermocatalytic breakdown of complex organic molecules at high(er) 
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temperatures. Pyrogenic CH4 is the result of incomplete combustion of biomass 

and soil carbon (Clayton 1991; Kirschke et al. 2013). The main source for 

atmospheric CH4 is the biogenic CH4 production by methanogenic archaea 

(80 % – 90 %) (e.g. Cicerone and Oremland 1988). 

 

Figure 1: Global sources and sinks of CH4 (modified after IPCC-Report 2013). Methane fluxes 

are given in [Tg yr–1]. Natural fluxes are black, anthropogenic fluxes are red and combined 

natural and anthropogenic fluxes are light brown. 

For long, biogenic methanogenesis in anoxic environments was believed to 

follow the redox sequence of OM oxidation after the depletion of oxygen, 

nitrate, manganese, ferric iron and sulphate as terminal electron acceptors 

(TEAs) (Froelich et al. 1978; Berner 1981). However, more recent studies show 

that the microbial community is rather controlled by the competition for the 

compounds used by those organisms than by the (Gibbs) energy yield by 

utilizing specific TEAs (Sørensen 1982; Jørgensen and Bak 1991; Thullner et al. 
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2007). Methane-producing archaea (methanogens) metabolize only very specific 

compounds and are dependent on other organisms (e.g. fermentative 

organisms) converting complex substrates to easily degradable substrates. In 

general, biomass is decomposed to acetate, formate as well as hydrogen (H2) 

and CO2 under anaerobic conditions (Figure 2). Methane is then produced from 

these products by methanogenic archaea (e.g. Söhngen 1906). 

 

Figure 2: The pathways of organic matter decomposition under anoxic conditions. 

Methanogenesis during the anaerobic decomposition of organic matter base on either acetate 

(via substitution of the methyl group) or CO2 reduction (via H2 or formate). Modified after 

Appelo and Postma (2005). 

The metabolisms are based on either the hydrogenotrophic pathway via H2 and 

CO2 (eq. [1]) or formate (eq. [2]) or the acetoclastic pathway with acetate as 

substrate (eq. [3]) (Conrad 1989; Ferry 2011). 

CO2 reduction pathway 

via H2 oxidation 

        →           [1] 

via formate oxidation 

           →                [2] 
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Acetoclastic pathway (methyl group transfer indicated with *) 

   
     →    

      [3] 

Methanogenic pathways depend on the availability of the compounds used by 

the methanogens, which vary between specific environments. The compounds 

are classified in competitive and non-competitive substrates (Whiticar 1999). 

Non-methanogens such as nitrate (NO3-), iron (Fe) or sulphate (SO42-) reducing 

bacteria metabolize competitive substrates and outcompete the methanogens. 

Non-competitive substrates are not favoured by other bacteria and are 

preferably used by methanogens. Substrate competition mainly occurs in 

sulphate-rich (> 200 µM) environments (e.g. marine sediments), where sulphate 

reducing bacteria (SRB) are active. Below the depth of sulphate depletion, 

methanogenesis is often coupled to carbonate reduction (hydrogenotrophic 

pathway) (e.g. Conrad 1989). In contrast, freshwater environments are generally 

characterised by low sulphate concentrations and SRB are inactive or absent. 

Here, up to 70 % of total CH4 is produced by acetotrophic methanogens 

(Cicerone and Oremland 1988) and subsequent CO2 reduction under anaerobic 

conditions. Methanogenesis by carbonate reduction might become increasingly 

important with rising shortage of other substrates. Methane produced by 

methylotrophic pathways via methanol, methylated amines and organic 

sulphur compounds play a minor role in biogenic methanogenesis (Lovley and 

Klug 1983; Ferry 2011; Penger et al. 2012). 

For decades, methanogenesis was believed to occur only under strictly anoxic 

conditions, although studies of the oceanic water column showed 

supersaturated CH4 concentrations with respect to the atmospheric partial 

pressure in well oxygenated surface layers (e.g. Lamontagne et al. 1973, 1974; 

Brooks and Sackett 1973; Burke et al. 1988). However, these results contradicted 

the paradigm that CH4 production is not supposed to occur in oxic waters 

(“methane paradox”). Methane accumulation within the oxic water layer was 

explained by e.g. methanogenesis in anoxic micro-environments in ocean 

particles (Karl and Tilbrook 1994). More recently, studies provided evidence 

that methanogenesis also occurs under aerobic conditions by yet unknown 

physiological processes. Keppler et al. (2006) showed that methane is produced 

in terrestrial plants under oxic conditions. Also, it was recently shown that CH4 

is produced in continental oxic waters (Grossart et al. 2011; Tang et al. 2016). 
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Here, CH4 is strongly suggested to stem from a biological source, contributing 

about 4 % of the atmospheric CH4. The pathways suggested for aerobic CH4 

production in water comprise CH4 formation by anoxic micro-niches 

(Oremland 1979; Grossart et al. 2011), algal metabolites (Lenhart et al. 2015) as 

well as by-product of methyl-phosphonate decomposition (Karl et al. 2008). 

Methane occurrence and production appears to be related to photoautotrophic 

production and growth (Grossart et al. 2011; Bogard et al. 2014; Tang et al. 

2014). It can be deduced that CH4 production under oxic conditions might be 

significantly influenced by changes in the interplay between biological, 

chemical and physical processes in the environment. 

The various pathways of CH4 formation can be characterised and distinguished 

by the determination of the stable isotopic composition of CH4 (δ13C-CH4) 

(Schoell 1980, 1988; Coleman et al. 1981; Conrad 2005; Laukenmann et al. 2010). 

The isotopic ratio between the stable carbon isotopes 13C and 12C is 

conventionally expressed in the δ notation in per mille (‰) relative to the 

Vienna Pee Dee Belemnite (V-PDB) standard, using the equation [4] (Craig 1957; 

Hornberger 1995). 

     

[
 
 
 
 
 (

   

   )

      

(
   

   )

        

  

]
 
 
 
 
 

        [4] 

The isotopic signature of CH4 sources is thereby significantly dependent on 

isotope fractionation during the methanogenic reactions and the isotope 

signature of the used substrate. Fractionation factors for the biogenic 

methanogenesis vary considerably with various conditions and environments, 

and differ significantly between the pathways (Conrad 2005). In general, 

biogenic CH4 has low δ13C-CH4 values due to enrichment of light 12C by 

microbial isotope fractionation (Rosenfeld and Silverman 1959; Games et al. 

1978). Thermogenic CH4 is relatively enriched in 13C compared to biogenic CH4. 

δ13C-CH4 values generally range from − 25 to − 55‰ for thermogenic, − 50 to 

− 70‰ for methanogenesis via the acetoclastic pathway and − 60 to – 110‰ via 

the hydrogenotrophic pathway by CO2 reduction (Cicerone and Oremland 

1988; Wahlen 1993; Neef et al. 2010; Monteil et al. 2011). The various pathways 

or groups of CH4 formation are classified including the H isotope variations in 
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CH4 (Figure 3). Stable H isotope ratios are given as the 1H / 2H ratio relative to 

the Vienna Standard Mean Ocean Water (V-SMOW) standards (δD) (Hornberger 

1995). 

  

Figure 3: Classification of the various pathways of CH4 formation using the stable isotopic 

composition of CH4 (δ13C and δD values). Modified after Oremland et al. (1987) and Whiticar 

(1999). 

Methane sinks 

The major atmospheric CH4 sink is the oxidation by hydroxyl radicals (•OH), 

producing methyl radicals (•CH3) and water (H2O) in the troposphere (eq. [5]) 

(Nicolet 1970; Chameides and Walker 1973; Crutzen and Zimmermann 1991). 

          →            [5] 

This oxidation is subsequently followed by different pathways and methyl 

radicals (•CH3) react to formaldehyde, CO and finally to CO2 and H2O 

(Chameides and Walker 1973; Crutzen 1973; Crutzen and Zimmermann 1991). 

Oxidation by hydroxyl radicals thereby accounts for 90% of the atmospheric 

CH4 sink. Minor sinks are consumption by methanotrophic bacteria (e.g. Curry 

2007) as well as reactions with chlorine radicals in the stratosphere and in the 
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marine air-water boundary layer (e.g. Cicerone and Oremland 1988; Allan et al. 

2007). 

In aquatic systems, CH4 is oxidised by methanotrophs via anaerobic and aerobic 

pathways. Anaerobic oxidation of methane (AOM) is known to be coupled to 

the reduction of nitrate (eq. [6]) and nitrite (eq. [7]) (Raghoebarsing et al. 2006; 

Ettwig et al. 2008; Deutzmann et al. 2014; Norði and Thamdrup 2014; Shen et al. 

2017), to the reduction of manganese (eq. [8]) and / or iron (eq. [9]) (Beal et al. 

2009; Amos et al. 2011; Crowe et al. 2011; Norði et al. 2013; He et al. 2018) or to 

the reduction of sulphate (eq. [10]) (Martens and Berner 1974; Reeburgh 1976).  

AOM coupled to the reduction of nitrate (eq. [6]) and nitrite (eq. [7]) 

           
        →                     [6] 

           
      →                    [7] 

AOM coupled to the reduction of manganese (eq. [8]) and iron (eq. [9]) 

               →     
                [8] 

                   →     
                 [9] 

AOM coupled to the reduction of sulphate (eq. [10]) 

       
  →     

           [10] 

The AOM coupled to the reduction of sulphate is a common feature in marine 

sediments due to high pore-water SO42- concentrations (Martens and Berner 

1974; Reeburgh 1976). Methane is oxidised with SO42- as electron acceptor by 

methane-oxidizing archaea and sulphate-reducing bacteria consuming upward 

migrating CH4 in sulphate-methane transition zones (SMTZ) (Hinrichs et al. 

1999; Boetius et al. 2000). Pronounced SMTZ have been observed for very few 

specific freshwater environments only (Schubert et al. 2011; Timmers et al. 

2016). Freshwater environments are limited in available sulphate and AOM is 
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usually coupled to the reduction of nitrate and nitrite or to the reduction of iron 

and/or manganese. 

Aerobic oxidation of methane is found in the oxic zones of the sediments 

and / or in oxic water layers and are an effective barrier to CH4 release into the 

atmosphere (Bastviken et al. 2008). Methanotrophs oxidise CH4 to CO2 in the 

presence of oxygen utilizing CH4 as their carbon and energy source (eq. [11]) 

(e.g. Söhngen 1906). 

Aerobic oxidation of methane 

        →            [11] 

Detailed pathways of aerobic microbial CH4 oxidation are complex and vary 

due to the diversity of methanotrophs and wide range of habitats (Trotsenko 

and Murrell 2008). Aerobic methane oxidation might be further mediated by the 

light exposure and the dominating types of methanotrophs (Utsumi et al. 1998; 

Dumestre et al. 1999; Murase et al. 2005; Grossart et al. 2011; Tang et al. 2014; 

Oswald et al. 2015) 

Methane emissions 

Even though CH4 produced in aquatic systems is largely consumed by 

anaerobic and aerobic methanotrophs (30 to 99 %) (Bastviken et al. 2008), 

significant amounts of CH4 are emitted from natural wetlands, sediments or 

freshwaters (e.g. Bastviken et al. 2011; Ortiz-Llorente and Alvarez-Cobelas 2012; 

Wik et al. 2016; Holgerson and Raymond 2016). Processes leading to CH4 

emissions from a stratified lake are the emissions by ebullition, plant 

ventilation, water column storage and diffusion (Chanton and Whiting 1995; 

Bastviken et al. 2004) (Figure 4). 
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Figure 4: The CH4 emission pathways in a stratified lake (modified after Bastviken et al. 

2004). 

Plant ventilation occurs in the littoral areas where aeration in the aerenchyma (air 

channels in the plant) lead to intense exchange between water / sediment and 

the atmosphere (Seiler and Holzapfel-Pschorn 1984; Schütz et al. 1989b; Ernst 

1990). Root-associated methane emissions have been reported as the most 

important pathway of CH4 emissions in wetlands, and especially in rice paddies 

(Schütz et al. 1989b; Hamilton et al. 2014). 

Ebullition is the transport of gas bubbles super-saturated with CH4 from 

sediments through the water column to the atmosphere (Chanton and Whiting 

1995) and occurs in marine (Schneider von Deimling et al. 2010; Gentz et al. 

2014) and lacustrine (Leventhal and Guntenspergen 2004; McGinnis et al. 2006; 

DelSontro et al. 2011) environments. The quantity of emission depends on the 

water depth, the bubble size, the water temperature, and the CH4 

concentrations in the water, as gaseous CH4 tends to rapidly equilibrate with 

ambient water. The main triggers of ebullition are pressure changes within the 

water column / sediment-interface e.g. by subtidal pumping or ship passages 

(Riedl et al. 1972; van der Loeff 1981; Maeck et al. 2014). The importance and 

possible consequences of ebullition for total emissions remains unclear, as fast 

and sensitive methods capturing ebullition and the rise of gas bubbles are not 

available yet. 

In stratified lakes, CH4 accumulates in the anoxic deep water layer during 

summer. Stored CH4 is released during the autumn overturn period by vertical 

water mass mixing, resulting in high emission rates of CH4 into the atmosphere 

(e.g. Bastviken et al. 2004). The sudden release of CH4 previously sealed off 
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from the atmosphere was also observed during spring overturns along with 

thawing ice coverage (e.g. López Bellido et al. 2009). This so-called “storage 

flux” (Bastviken et al. 2004) is mostly diminished by CH4 oxidation in the water 

column as a function of the speed of vertical mixing which results in oxic 

conditions throughout the entire water column. Methane oxidation rates during 

autumn overturn are a subject of controversial discussion. Results range from 

oxidation of 45 to 95 % of CH4 stored in the deeper water layers (Kankaala et al. 

2007; López Bellido et al. 2009; Schubert et al. 2012; Encinas Fernández et al. 

2014), while the relative contribution of storage flux to total lake emission is 

highest for small lake environments. 

Aquatic CH4 emissions by diffusion base on the gas exchange at the air–water 

interface due to differences in gas partial pressure between water (pCH4water
) and 

air (pCH4air
). The diffusive flux of CH4 (FCH4) [mol m-2 d-1] in the upper mixed layer 

(epilimnion) is calculated by equation [12]: 

    
   (         

        
) [12] 

with CCH4water
 as the CH4 concentration of the surface water layer [mol m−3], CCH4air

 

as the saturation concentration in equilibrium with the overlying atmosphere 

[mol m−3] and k as the gas transfer or piston velocity [m d-1]. Calculated 

emissions consequently depend on the estimation of the gas transfer velocity 

which is affected by the near-surface turbulence (e.g. MacIntyre et al. 2010). 

Further factors are the presence of microbubbles (Eugster et al. 2011; Prairie and 

del Giorgio 2013; McGinnis et al. 2015), water currents (Zappa et al. 2003; 

Borges et al. 2004), rainfall (Ho et al. 1997) and suspended matter (Dyer et al. 

2004). 

Methane-sensing technologies1 

Methane fluxes from aquatic environments to the atmosphere have often been 

studied (e.g. Abril and Iversen 2002b; Bastviken et al. 2004; McGinnis et al. 2011, 

2015; Schubert et al. 2012; Call et al. 2015), but emission rates still have large 

uncertainties as flux pathways are complex and difficult to quantify (Kirschke 

et al. 2013; Saunois et al. 2016). Direct measurements above the air–water 

                                                 
1 Following section partly consists of the introduction in Hartmann et al. 2018. 
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interface avoid the determination of the gas transfer velocity and allow 

estimations of total aquatic CH4 emissions. The diffusive flux of CH4 is 

generally analysed by eddy covariance stations (continuous measurements) 

(e.g. Kaimal 1975) or by floating chambers (single point measurements) 

(Frankignoulle 1988). However, most flux estimations are based on (single) 

measurements at very few stations per lake and do not include emission 

variability, while CH4 concentrations are known to vary spatially and 

temporally within the surface water layer (Schilder et al. 2013; Blees et al. 2015; 

Call et al. 2015; Natchimuthu et al. 2017; Paranaíba et al. 2018). Therefore, CH4 

dynamics in freshwater environments are still not taken into account in regional 

and global CH4 mass balances (Hofmann 2013; Schilder et al. 2013). 

A fast, sensitive, and continuously-measuring method to determine in-situ both 

CH4 concentration and δ13C-CH4 values in water environments is therefore 

desirable when addressing the complex pathways and transformations of CH4 

in aquatic ecosystems. First studies presenting simultaneous data for dissolved 

CH4 and δ13C-CH4 in aquatic systems are based on the spray chamber-method 

(Gülzow et al. 2013; Maher et al. 2015). However, those methods are suitable for 

long term measurements only, as the spray chamber-method is based on the 

gas-equilibrium between water and analysed headspace, leading to 

measurement times of several minutes to hours (Webb et al. 2016). Recently, 

fast in-situ methods for the determination of dissolved CH4, such as underwater 

mass spectrometry (UWMS) and a membrane contactor for gas / liquid 

exchange coupled with an off-axis integrated cavity output spectrometer (M-

ICOS) were introduced by Schlüter and Gentz (2008) and Gonzalez-Valencia et 

al (2014), respectively. These methods are limited to CH4 concentration only. 

Wankel et al. (2013) further improved UWMS by developing a near real-time 

analyser for δ13C-CH4 measurements in the deep-ocean. However, this analyser 

can only be used in environments with CH4 values above 0.1 mM and 0.5 mM 

for the determination of CH4 concentration and δ13C-CH4 values, respectively; 

concentrations which occur, for example, in hydrothermal vent systems or cold 

seeps (e.g. Dando et al. 1995; Botz et al. 1999).  

Thus, for surface waters and shallow freshwater environments with low CH4 

concentrations, methods to determine short term δ13C-CH4 variations are not 

available to date. These instruments would offer a better understanding of the 
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different pathways, sources and sinks of CH4 and, consequently, help to 

improve the quantification of the local and global CH4 budgets. 

Aquatic CH4 dynamics have often been studied on a weekly, or monthly basis 

(Abril and Iversen 2002b; Middelburg et al. 2002; Biswas et al. 2007; Blees et al. 

2015; Maher et al. 2015), but lack high spatial and temporal resolution as 

traditional in-situ devices were strongly limited by the number of discrete 

samples. 

In the frame of this thesis, a method for continuous and simultaneous 

measurements of CH4 concentrations and δ13C-CH4 values in water was 

developed and optimized during laboratory work and preliminary fieldwork. 

The development mainly focused on the response time and the accuracy of the 

new method. Therefore, a membrane-coupled system was chosen for further 

development due to its promising short response times for CH4 and δ13C-CH4 

values. Once the system was established, it was applied in fieldwork at 

different lake environments (oligotrophic, mesotrophic and eutrophic) and for 

various applications (single measurements, continuous profiling and 

continuous analysis). To ensure the correctness of this new method, all 

measurements were accompanied by conventional analytical methods. 
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Outline of this thesis 

The thesis is divided into four main chapters. The first chapter (Chapter 1) 

introduces the new membrane-coupled CRDS system (M-CRDS). Results are 

shown for calibration and characterisation work in the laboratory and field. The 

detection limit for the simultaneous determination of CH4 and δ13C-CH4 values 

is 3.6 nM CH4, which is significantly lower than reported CH4 concentrations in 

many freshwater environments. The M-CRDS was successfully applied and 

tested for suitability during fieldwork at Lake Stechlin (Germany). The results 

from the fieldwork at various lake environments are shown in the second 

chapter of this thesis (Chapter 2). The M-CRDS was applied at three different 

lake environments: Lake Willersinnweiher (Germany), Lake Stechlin (Germany) 

and Lake Erken (Sweden). All three studies focussed on different aspects of CH4 

dynamics in lakes, such as sedimentary processes, sediment-water interactions 

and temporal and spatial variations within the water column. Conclusions as 

well as prospective future development efforts for the M-CRDS and research 

objectives are presented in Chapter 3. The thesis ends with a Chapter 

(Chapter 4) on related scientific work that was conducted within the framework 

of this study. 
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1. Establishment and Optimisation of 

the new Method (M-CRDS) 

The following chapter mainly consists of the publication “A fast and sensitive 

method for the continuous in-situ determination of dissolved methane and its 

δ13C-isotope ratio in surface waters” which was published 2018 as Open Access 

in Limnology & Oceanography: Methods (Hartmann et al. 2018). The chapter was 

rearranged and supplemented by additional results from laboratory and 

fieldwork. 

The experimental setup for continuous and simultaneous measurements of CH4 

concentration and δ13C-CH4 values in water is shown in Figure 6. The major 

parts are indicated by capital letters (A-K). The setup can be subdivided into a 

water and a gas system. The water system mainly contains a pump and filtering 

units as well as the membrane contactor. The gas system consists of a vacuum 

pump, a dilution chamber and the CRDS analyser (G2201-i, Picarro©, USA). The 

membrane-coupled CRDS - collectively called “M-CRDS” - is built as a modular 

structured system, allowing a quick replacement of individual pieces, as all 

parts are easily exchangeable within minutes. Due to the compact and robust 

construction, the M-CRDS is suitable for applications in the field or on, e.g., 

ship-expeditions. 
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In the water system, the water flow is generated by a submersible pump (Part 

A, MP1, Grundfoss, Denmark) and filtered by different filtering units (Part B, 

Causagard / Causpure, Infiltec, Germany) of decreasing mesh sizes of 200 µm, 

100 µm, 25 µm and/or 5 µm. The mesh sizes depend on the requirements of the 

sampled aquatic system to ensure longevity of the measuring setup. Several 

sensors log in-situ water temperature [°C] at the submersible pump as well as 

water temperature [°C] at the membrane, redox potential [V], pH, O2 [%] and 

conductivity [S/m] in a bypass (Part C, WTW, Germany). Samples for reference 

measurements during laboratory experiments were also taken from that bypass.  

Dissolved CH4 is extracted by a membrane contactor (Part E, LIQUI-CEL mini 

module©, 3M Industrial Group, USA) as described by Noble and Stern (1995). 

The water flow through the membrane contactor is adjusted by a high-quality 

mass flow controller (Part D, Series 358, Analyt-MTC, Germany) to 500 ± 

5 mL min-1 to achieve best response times. The flow rate, and consequently the 

response time, is generally limited by the membrane contactor to 500 mL min-1 

as higher water flow rates might deform the pores due to increased hydrostatic 

pressure, which results in decreasing gas exchange through the membrane 

(Boulart et al. 2010; Wankel et al. 2013). The membrane contactor is set to a 

vertical position and the flow enters the bottom and exits the top to assure a 

bubble-free water-air-boundary at the membrane surface. 

In the gas system, vacuum is applied to the membrane contactor using a 

membrane pump (Part G, N920KT.29.18, KNF, Germany) to minimise 

equilibration times for gas exchange between water and the analysed 

headspace. The flow rate of extracted gas is ~50 ml min-1. Even though the 

membranes are hydrophobic with small pores, water vapour is removed by the 

vacuum mode (up to 5 %). In a first approach, the water vapour was trapped by 

a small-sized, robust cryo-trap based on thermoelectric cooling that was 

developed and built in-house (Figure 5). 
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Figure 5: Schematic of the cryo-trap based on thermoelectric cooling. The wet gases enter the 

cryo-trap, water vapour is frozen at the heat sink as well as at the copper wool and dried 

gases are subsequently directed to the analyser. The heat sink was cooled by a Peltier 

element (QuickCool, QC127). 

The gas enters the cryo-trap at the gas inlet, water vapour is frozen at the heat 

sink and dried gas is subsequently directed to the analyser. The heat sink was 

cooled by a Peltier element (QuickCool, QC127). The waste water stream that 

passed the membrane contactor dissipated the waste heat of the Peltier element 

to avoid additional peripheral equipment. The gas inlet as well as the layout of 

the heat sink was modified several times, as the gas inlet was clogged by frozen 

water vapour within minutes. The shape of the heat sink was optimised 

regarding its material, heat transfer, surface expansion and drain separation, 

but remained unsuccessful. As the clogged cryo-trap was ruling out stable long-

term measurement, the cryo-trap has been removed. The vacuum pump and 

tubes are now flushed via two automatic 3-way-valves (Part F1 and F2) with 

ambient air for 7 min (every 4 h) avoiding condensation in the system and 

guaranteeing a constant vacuum. This further improved the system with 

respect to field measurements with limited power supply. 

As the CRDS’ operational range is limited to a maximum concentration of 1000 

ppm, a small-sized and own-built dilution chamber was applied to dilute 

highly concentrated sampling gases with synthetic air (20.5 ± 0.5 mol% O2 in N2, 

AirLiquide, Germany). The dilution is regulated via two high quality mass flow 

controllers (Parts H1 (up to 5 mL min-1) & H2 (up to 500 mL min-1), Series 358, 

Analyt-MTC, Germany) in a concentration-depended manner. Reference gases 

for prior calibration, during and following the experiments are introduced via 

3-way-valves (Part I, Swagelok, Germany). Since all gas samples are dried by a 
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Nafion© drying tube (Nafion MD110, PermaPure LLC, USA) before 

measurements to ensure higher accuracy (Part J), water vapour concentrations 

are less than 0.2 % in the analyser, where the software internal water correction 

algorithm shows its best applicability (Rella et al. 2013). Gases are subsequently 

directed to the portable CRDS analyser and analysed for CH4 concentration and 

δ13C-CH4 (Part K). The Picarro© G2201-i measures 12CH4, 13CH4 and H2O 

individually and quasi-simultaneously at a very high temporal resolution (1 

Hz) and provides δ13C values in‰ relative to the Vienna Pee Dee Belemnite 

standard. Picarro© uses built-in pressure and temperature control systems as 

well as automatic water vapour correction to ensure a high stability of its 

portable analyser. Effects of water vapour on the measurement were corrected 

automatically by the Picarro© software. The manufacturer states concentration 

precision for the analysis of CH4 in the “high precision mode” of 5 ppbv ± 0.05 

% (12C) and 1 ppbv ± 0.05 % (13C), while a concentration range from 1.8 ppm to 

12 ppm is covered. The given precision of δ13C-CH4 is <0.8‰. Higher 

concentration ranges (up to 1000 ppm) are covered by the “high range mode”, 

providing a precision of 50 ppbv ± 0.05 % (12C) and 10 ppbv ± 0.05 % (13C). 

During all measurements, the analyser was operated inside a Zargesbox houding 

with built-in venting system and uninterruptible power supply system to 

ensure a continuous operation during the measurements. Both the gas system 

and the entire setup of the M-CRDS was improved to field measurements with 

limited power supply and, hence, the M-CRDS can be operated either by 220 V 

or 24 V (using car batteries) power supply. The runtime of the car batteries 

might be influenced by the ambient temperatures but lasts a minimum of 7 h 

during field work. 
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Figure 6: Schematic overview of the CRDS analyser combined with a membrane contactor 

setup for continuous and simultaneous determination of dissolved CH4 concentration and 

δ13C-CH4 in water. In the water system, water is pumped by a submersible pump (A), filtered 

(B) and analysed by several sensors in a bypass (C). Main water flow is adjusted by a mass 

flow controller (D) and directed to the membrane contactor (E). In the gas system part, gases 

are extracted by the membrane pump (G). The vacuum pump and tubes are flushed via two 

automatic 3-way-valves (Part F1 and F2) with ambient air avoiding condensation in the 

system. Depending on the CH4 concentration, the gas sample can be diluted with synthetic 

air by two mass flow controllers (H1 for gas sample flow and H2 for synthetic air flow). 

Reference gases for calibration prior, during and following the experiments are introduced 

via 3-way-valves (I). Gases are dried by a Nafion drying tube (J) prior to analysis by the 

CRDS analyser (K). 
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1.1. Method Calibration  

1.1.1. Procedure 

Data obtained by the M-CRDS cannot be corrected by headspace calculations 

since the extraction of CH4 from the water is based on the application of a 

vacuum. Therefore, the M-CRDS is calibrated for CH4 concentration using 

synthetic water standards including CH4 at certain concentrations (SubSeaSpec 

UG, Germany) as described by Schlüter and Gentz (2008). For this approach, 

several 60 L water reservoirs were filled with tap water and continuously 

flushed with reference gas. Each reservoir was flushed with different CH4 

concentration (5 ppm, 100 ppm and 1000 ppm CH4 in methane-free synthetic 

air, AirLiquide, Germany) and pumped to the membrane contactor subsequently 

as described in Figure 1. A multi-channel pump was used to generate samples 

of different CH4 concentrations through mixing of standard water from the 

water reservoirs and methane-free synthetic air (20 mol% O2 in N2, AirLiquide, 

Germany) flushed tap water (zero water). In order to quality assure the δ13C-

CH4 values, water samples from lakes, ponds as well as groundwater with 

different stable carbon isotopic values were measured both by M-CDRS and 

GC-C-IRMS since certified aquatic δ13C-CH4 standards are not yet available. All 

values were averaged over 10 min measurement interval.  

Subsamples of the water mixtures of different CH4 concentrations (4 nM CH4 to 

500 nM CH4) were independently measured in the laboratories of the University 

of Heidelberg (Germany) and the Alfred-Wegener Institute (AWI), Helmholtz 

Centre for Polar and Marine Research located in Bremerhaven (Germany) via 

the headspace technique (Kampbell et al. 1989) by gas chromatography (GC-

FID, ThermoFinnigan, Waltham, USA) and gas chromatography combustion 
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isotope ratio mass spectrometry (GC-C-IRMS, Deltaplus XL, Thermo Finnigan, 

Bremen, Germany) analyses. 

The CH4 concentration and δ13CH4 ratios in water samples were measured 

using 255 ml serum vials, closed with butyl rubber stoppers and aluminium 

crimp caps. Each serum vial was shaken vigorously for 120 s to reach 

equilibration between the water and the gas headspace. Promptly, CH4 

concentration in the headspace was measured by GC-FID and CH4 

concentration in the water determined using Henry's law (Wiesenburg and 

Guinasso 1979) and solubility coefficients for CH4 according to Weiss (1974) and 

Yamamoto et al. (1976). 

Prior to this study, the δ13C-CH4 ratios for several environmental samples were 

determined by GC-C-IRMS for calibration purposes. “Interfering compounds 

were separated by GC and CH4 trapped on Hayesep D. The sample was then 

transferred to the IRMS system (ThermoFinnigan Deltaplus XL, Thermo Finnigan, 

Bremen, Germany) via an open split. The working reference gas was carbon 

dioxide of high purity (carbon dioxide 4.5, Messer Griesheim, Frankfurt, 

Germany) with a known δ13C value of -23.634‰ ± 0.006‰ versus V-PDB 

(calibrated at MPI for Biogeochemistry in Jena, Germany). All δ13C-CH4 values 

were corrected using two CH4 working standards (isometric instruments, 

Victoria, Canada). The known δ13C-CH4 values of the two working standards 

in‰ vs. V-PDB were -23.9 ± 0.2 and -54.5 ± 0.2. All samples were normalized by 

two-scale anchor calibration according to Paul et al. (2007) and show an average 

standard deviation of the analytical measurements in the range of 0.1‰ to 

0.3‰.”2 

1.1.2. Results 

The calibration results of the M-CRDS using synthetic CH4-water standards 

(water enriched with CH4) are shown in Figure 2. Concentration data was 

averaged over the 10-min measurement interval. The CH4 measured by the M-

CRDS setup [ppm/cm] and the dissolved CH4 concentrations gained by the 

well-established GC-FID analysis are highly correlated (R2 = 0.999). The 

concentration of dissolved CH4 can be derived from the obtained data of the M-

CRDS setup via the linear best fit function y = 1.441 x (Figure 7). 

                                                 
2 cited from joint work by Frank Keppler and Markus Greule in Hartmann et al. (2018) 



Establishment and Optimisation of the new Method (M-CRDS) 

 

 

25 

 

Figure 7: The results of the calibration of the M-CRDS for CH4 concentration using synthetic 

water standards (n = 21). Error bars (1-σ) of measurements mainly lie within symbols and 

reflect the noise within the measurement interval (10 min). Best fit was calculated by 

geometric mean regression (Sokal and Rohlf 1995). 

Analyses of δ13C-CH4 values in the synthetic water standards as well as in the 

reference gases, used to produce those standards, show nearly identical and 

constant isotopic values. Due to a lack of aquatic δ13C-CH4 reference standards, 

water samples from lakes, ponds as well as groundwater with different stable 

carbon isotopic values were measured both by M-CDRS and GC-C-IRMS 

(Figure 8). The mean offset between the δ13C-CH4 values measured by the M-

CRDS and the GC-C-IRMS is 0.5‰ ± 1.1‰. Isotopic values were averaged over 

the 10 min measurement interval. 
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Figure 8: The δ13C-CH4 values of natural water samples (n = 15) with different stable carbon 

isotopic values measured both by M-CDRS and GC-C-IRMS (a). Error bars (1-σ) of 

measurements reflect the noise within the measurement interval (10 min). Offset of δ13C-CH4 

values for natural water samples (n = 15) with different δ13C-CH4 values and CH4 

concentration were measured by M-CRDS in comparison with GC-C-IRMS (b). 

In these laboratory experiments, the concentration of CH4 in the synthetic water 

standards reflects the combination of the synthetic water standards and the 

variable amounts of background atmospheric concentration (used to produce 

the dilution water). Isotope source signatures were determined using Keeling 

plot analyses (Keeling 1958). The Keeling plot of the isotopic composition [‰] 

versus the inverse concentration 1/CH4 [L nmol-1] of the analysed samples 

provides the isotope ratio of the CH4 source. The extrapolated intercept of the 

straight line in the Keeling plot corresponds to the situation when the 

concentration is very high and dominated by CH4 (1/CH4 = 0) and thus reveals 

the isotope ratio of the CH4 source. The reference gas that was used to produce 

synthetic water standards represents the source of CH4 in the Keeling plot, 

whereas the dilution water, used for the dilution of the synthetic water 

standards, displays the background concentration (Figure 9). The Keeling plot 

intercept within 95% confidence interval was estimated by model II (reduced 

major axis) regression to obtain the source signature of δ13C-CH4 (Sokal and 

Rohlf 1995; Pataki et al. 2003). A detailed discussion of the Keeling plot method 

for environmental applications is presented in Keppler et al. (2016) and Pataki 

et al. (2003).  
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The calibration data points (solid circles) correlate very well (R² = 0.9949). The 

calculated source signature of δ13C-CH4 (solid star) results in -32.0‰ ± 1.5‰, 

which is agrees well with the δ13C-CH4 signature of the reference gas (-33.6‰ ± 

0.3‰). The results show, that stable carbon isotope fractionation during water-

gas transfer in the membrane contactor was not observed and can therefore be 

excluded. 

 

Figure 9: Keeling plot analysis of the samples used for the calibration of CH4 concentration 

and δ13C-CH4 by synthetic CH4-water standards. The reference gas that was used to produce 

synthetic water standards represents the source of CH4 in the Keeling plot, whereas the 

dilution water, used for the dilution of all synthetic water standards, displays the 

background concentration (encircled). The extrapolated intercept of the best fit in the 

Keeling plot (also shown in equation of the geometric mean regression) provides the isotope 

ratio of the water CH4 source (-32.0‰). Error bars (1-σ) of measurements reflect the noise 

within the measurement interval (10 min) and mainly lie within symbols. 
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1.2. Method Characterisation 

1.2.1. Procedure 

Measuring accuracy, precision and the response time for the simultaneous 

determination of the concentration and δ13C-CH4 in water were validated via 

measuring water reservoirs and water sampling bags with constant CH4 

concentration and δ13C-CH4 values by M-CRDS, GC-FID and GC-C-IRMS. The 

response time of the M-CRDS was assessed by switching between two water 

reservoirs with different CH4 concentrations and δ13C-CH4 for low to high and 

high to low concentration transitions (Johnson 1999; Webb et al. 2016). The 

response time is given as the time constant τ of exponential decay during the 

concentration transitions using equation [13] (Johnson 1999). 

        
  
   [13] 

where C is the gas phase from the membrane contactor, t is time [s], and A, B, 

and τ are constants found for each fit. Although this model is mainly used for 

equilibration devices (Johnson 1999), the time constant τ is a primary factor to 

evaluate the performance of the devices during maximum to minimum and 

minimum to maximum transitions.  

Since CH4 measurements by CRDS are dependent on the air composition of the 

sampled gas (Nara et al. 2012), tests were conducted to examine the effects of O2 

in the sampling gas on the measurement of CH4 concentration. Therefore, the 

extracted air was analysed for O2 concentration by an optical oxygen sensor 

(FiBox 4, PreSense, Germany). Gas solubility is highly temperature dependent 

(Henry 1803). Therefore, the impact of changes in the water temperature within 
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the tubing on the membrane properties was examined, using a water reservoir 

(200 L) at constant temperature, CH4 concentration and 13C-CH4. The tubing was 

heated using a water-bath with temperature control and both in-situ 

temperatures at the membrane and at the submersible pump were measured to 

examine the warming of the water in the tubes. 

1.2.2. Results 

All laboratory tests performed suggest that the M-CRDS setup is a sensitive and 

fast method, suitable for the simultaneous determination of dissolved CH4 

concentration and δ13C-CH4 values in water. Determined measurement 

parameters are given in Table 1.  

Table 1: Results of the characterisation of the M-CRDS for CH4 concentration and δ13C-CH4 

Measurement parameters Values 

CH4 detection limit  

(for the simultaneous determination of CH4 and δ13C-CH4) 
3.6 nM 

response time τ (continuous mode) 57 s ± 5 s 

measuring precision (CH4) (1-σ) 1.1 % 

measuring accuracy (CH4) 1.3 % 

measuring precision (δ13C-CH4) (1-σ) 1.7‰ 

measuring accuracy (δ13C-CH4)  0.8‰ 

 

The detection limit for the simultaneous determination of CH4 and δ13C-CH4 

values is 3.6 nM CH4, which is significantly lower than reported CH4 

concentrations in many freshwater environments (Abril and Iversen 2002a; 

Juutinen et al. 2009; Grossart et al. 2011; Bussmann et al. 2013). The measuring 

accuracy of the M-CRDS for CH4 concentration and δ13C-CH4 values is 1.3 % 

and 0.8‰, respectively (n = 20). The precision (1-σ) is 1.1 % for CH4 

concentration and 1.7‰ for δ13C-CH4 (n=20) compared to the validation by GC-

FID and GC-C-IRMS since certified aquatic CH4 and δ13C-CH4 standards are not 

available. The precision of δ13C-CH4 values increases with increasing CH4 

concentrations from less than 1.5‰ for CH4 concentrations < 250 nM to 0.5‰ 

(> 600 nM) (Figure 10). The mean difference of δ13C-CH4 values determined by 
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the M-CRDS and the GC-C-IRMS is 0.76 ± 1.19‰. All samples were measured 

for at least 15 min to achieve stable measured values and have been averaged 

over 10 min.  

 

Figure 10: Precision of δ13C-CH4 values of the M-CRDS versus the CH4 concentration of 

natural water samples (n = 520) analysed during fieldwork. Error bars (1-σ) of measurements 

reflect the noise within the measurement interval (10 min). 

In addition response times τ for the simultaneous determination of CH4 

concentration and δ13C-CH4 values were calculated according to Johnson (1999). 

A detailed discussion of response times τ for air-water equilibration devices is 

presented in Webb et al. (2016). The Johnson et al. equilibration model has been 

applied for 12C and 13C, but shows no significant different time constants (τ 12C = 

56.68 ± 5.41 s and τ13C = 56.36 ± 4.74 s). Time constants for 12C and 13C are equal 

and, hence, response time for total CH4 is 57 ± 5 s (n = 8) for surface waters 

(Figure 11). A concentration dependence of the determined response time was 

not observed. However, response times τ might change with concentration 

differences that are unusual for surface waters or shallow freshwater 

environments, e.g. at hydrothermal vents or cold seeps. Within the framework 

of this thesis, no investigation has been carried out in more uncommon aquatic 

environments. 
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Figure 11: Exemplary response time of CH4 concentration (a) and δ13C-CH4 values (b) for low 

to high and high to low concentration transitions. Concentrations are normalised to 0 (1st 

reservoir, 130 nM) and 1 (2nd reservoir, 170 nM). Response times of the M-CRDS were 

assessed by the calculation of the time constant τ [s] (Johnson 1999) (n=8). δ13C-CH4 data has 

been smoothed to 30 s averaging interval. High concentration measurement marked in grey. 

Spikes in CH4 concentration arise from increased retention time of waters in the membrane 

contactor due to switching between water reservoirs. 

The response time for determination of CH4 and δ13C-CH4 in water with 

“conventional” equilibration devices is generally based on Henry’s law, 

establishing the equilibrium between water and the analysed headspace 

(Henry 1803). Consequently, response times for concentration transitions in 

equilibration devices are increased by long equilibration times for CH4 due to 

the lower solubility of CH4 in water. Isotopic values are further affected by 

isotopic mixing, which requires complete equilibration between water and 

headspace (Faure 1986; Webb et al. 2016). 

The M-CRDS avoids the occurrences of long equilibration times for CH4 as well 

as memory and isotopic mixing effects occurring with “conventional” 

equilibration devices. The system extracts the analysed gases by a vacuum and 

therefore eliminates the time-consuming establishment of the equilibration 

between water and analysed headspace. As a consequence, the M-CRDS 

provides more than two times faster analyses for the simultaneous 

determination of CH4 concentration and δ13C-CH4 values compared to 

previously published methods (Rhee et al. 2009; Gülzow et al. 2013; Li et al. 

2015; Webb et al. 2016) (Table 2) and, more importantly, shows identical 

response times for low to high and high to low concentration transitions, 
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whereas significant equilibration delays for δ13C-CH4 values occur for 

“conventional” air-water equilibration devices for transitions from high to low 

concentration levels due to isotope mixing effects (Faure 1986; Webb et al. 2016). 

These improvements show that the M-CRDS response times are mainly limited 

by the rise / fall-time of the CRDS analyser due to the more demanding isotopic 

measurement rather than the gas-extraction step. 

Table 2: Comparison of response times for the simultaneous determination of CH4 and δ13C-

CH4 in water from other studies for different devices (after Webb et al. (2016)) compared with 

response times calculated for the M-CRDS (this study). 

Device Response Time τ [s] Study 

Weiss-type (small) 2248 Li et al. (2015) 

General Oceanics 2041 ± 247 Webb et al. (2016) 

Shower head 1657 ± 69 Webb et al. (2016) 

Weiss-type (large) 1200 Rhee et al. (2009) 

Marble 893 ± 12 Webb et al. (2016) 

Bubble-type 678 Gülzow et al. (2011) 

Liqui-Cel (medium) 417 ± 126 Webb et al. (2016) 

Liqui-Cel (small) 177 ± 126 Webb et al. (2016) 

Liqui-Cel (large) 117 ± 6 Webb et al. (2016) 

Liqui-Cel (small) in 

vacuum mode 
57 ± 5 this study 
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1.3. Potential sources of errors 

Several laboratory tests were done to validate the developed method for a range 

of external factors that potentially contribute to variability in the future field 

measurements. 

Rella et al. (2013) have examined direct spectroscopic interference between 

water vapour (H2O) and CH4 causing a bias in the CH4 measurements. 

Therefore, all gas samples are dried by a Nafion© drying tube (Nafion MD110, 

PermaPure LLC, USA) before measurements to ensure higher accuracy, as water 

vapour is removed by the vacuum mode (up to 5 %). Although water vapour 

concentrations were reduced to less than 0.2 % in the analyser, the 

measurement precision was tested by analysing a reference gas with water 

vapour contents of 0.06 % to 2.25 %. The obtained bias for corrected CH4 

concentration is 2 ppb / % H2O and a bias for isotopic ratio was not measurable. 

Thus, assuming way higher water vapour contents of 1-2 % in the samples as 

reported (0.1 %), the uncertainty of the software internal water correction 

algorithm is still significantly lower than the actual measuring precision (Figure 

12). 
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Figure 12: Bias in the CH4 measurements due to spectroscopic interference between water 

vapour (H2O) and CH4 in reference gas in respect to the water vapour content. The 

uncertainty of the software internal water correction algorithm is significantly lower than the 

actual measuring precision (6 ppb). Error bars (1-σ) reflect the precision of the M-CRDS. 

Further, Nara et al. (2012) showed potential interferences of the extracted gas 

matrix on the CH4 concentration and δ13C-CH4 measurements by the CRDS. 

Hence, we examined the effects of the oxygen concentration in the extracted air. 

Changes in aquatic O2 saturation of approximately 80 % result in a change in O2 

excess concentration in the extracted air of up to 8000 ppm. Nara et al. (2012) 

show resulting pressure-broadening effects on CH4 measurements for ambient 

air concentrations, which is significantly lower than the measuring accuracy 

and precision (1.3 % and 1.1 %, respectively) of the M-CRDS and no significant 

isotopic bias for 13C-CH4 measurements by CRDS analysis. The natural samples 

used for the δ13C-CH4 calibration / validation of the M-CRDS also show a broad 

range in oxygen concentration (0 % up to 130 % oxygen saturation) in the water 

samples (Figure 13). 
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Figure 13: Bias in the δ13C-CH4 measurements due to effects of the gas matrix on the stable 

carbon isotopic values. Effects of changes in aquatic O2 concentration are were not detected 

or significantly lower than the actual measuring precision (1.7‰). Error bars (1-σ) reflect the 

precision of the M-CRDS. 

The validation measurements by GC-C-IRMS show no effects of the gas matrix 

on the stable carbon isotopic values for the natural water samples. However, 

the analysis of waters with other organics or sulphur containing compounds 

might strongly affected by interferences on the CRDS measurement that are 

usually indicated by the in-built ChemDetect™ sensing contaminants in 

samples. Nevertheless, field measurements will undoubtedly require sampling 

for validation measurements with GC and GC-C-IRMS for field and long-term 

measurements. 

Since gas solubilities as well as the extraction by the membranes are highly 

temperature dependent, the impact of changes in the water temperature on the 

membrane properties was examined. The temperature difference between the 

in-situ-water temperature at the membrane and the temperature at the 

submersible pump was examined for a range of 0 °C to 12 °C. The observed 

temperature dependency for the measurements was weak (Figure 14) and 

insignificant compared to the measuring accuracy and precision of 1.3 % and 

1.1 %, respectively. Significant effects of temperature differences (e.g. due to 

warming of the water in the tubing) on the analysed CH4 concentration and / or 

extraction efficiency can therefore be neglected for surface waters and moderate 

climates. 
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Figure 14: Measured CH4 concentration versus the temperature difference between the water 

temperature at the membrane and the temperature at the submersible pump during 

laboratory experiments. Error bars (1-σ) reflect the precision of the M-CRDS (1.1 %). 
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1.4. First field application 

1.4.1. Procedure 

The M-CRDS was applied and tested for suitability during fieldwork at Lake 

Stechlin (Germany) in July and August 2015. Lake Stechlin is a dimictic meso-

oligotrophic lake about 80 km northeast of Berlin, Germany. The M-CRDS was 

deployed from a large floating platform that is constantly installed in the lake 

(LakeLab: http://www.lake-lab.de). Vertical CH4 concentration profiles through 

the entire water column were measured with the M-CRDS setup. To verify the 

applicability of the system for field measurement the same CH4 profiles were 

measured quasi-simultaneously at the LakeLab by the M-CRDS, a membrane 

contactor for gas / liquid exchange coupled with an off-axis integrated cavity 

output spectrometer (M-ICOS) (Gonzalez-Valencia et al. 2014), and with a GC-

FID (Shimadzu, Japan) in the laboratory (Grossart et al. 2011). The M-ICOS 

system was calibrated and operated according to Gonzalez-Valencia et al. 

(2014). Samples for GC-FID analyses were independently sampled by a 

hydrocast and measured immediately thereafter (1-2 h) in the laboratories of 

the Leibniz-Institute of Freshwater Ecology and Inland Fisheries (IGB, Germany) via 

the headspace technique (Kampbell et al. 1989). The working reference gas for 

CH4 was analysed prior and at the end of the profile measurements. 

Based on the results of the vertical CH4 concentration profiles, subsequent 

24-hour measurements were performed at the depth of maximum CH4 

concentration in the oxic water column at the LakeLab. The working reference 

gas for CH4 (5 ppm CH4 and 500 ppm CO2 in synthetic air) was analysed every 

8 h during the measurements. Water flow was regulated to a constant flow of 

500 ± 5 mL min-1 all time. 
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1.4.2. Results 

Methane in Lake Stechlin 

The water column of Lake Stechlin (Germany) was analysed for CH4 via 

M-CRDS, M-ICOS and GC-FID (vie headspace technique) in July and August 

2015 (Figure 15). Maximum CH4 concentrations of M-CRDS (577 nM), GC-FID 

(574 nM) and M-ICOS (613 nM) at 7 m water depth coincided with the 

thermocline in Lake Stechlin (Figure 15). Maximum CH4 concentrations at Lake 

Stechlin generally vary between 0.6 and 0.85 mM at 7 to 7.5 m water depth 

during the summer months (June to August). Epilimnetic CH4 concentrations 

were constant (~500 nM), whereas CH4 decreased at the thermocline and shows 

constant hypolimnetic CH4 concentrations (~150 nM). Elevated CH4 

concentrations in the well-oxygenated upper 10 m of the water column were 

recorded repeatedly in Lake Stechlin and other lakes (Grossart et al. 2011; 

Bogard et al. 2014; Tang et al. 2014; McGinnis et al. 2015; Donis et al. 2017). The 

δ13C-CH4 depth profile showed δ13C-CH4 values of -35.2‰ at 8 m water depth, 

whereas epilimnetic and hypolimnetic δ13C-CH4 were relatively stable at 

about -50‰ (Figure 15b). Highest and lowest δ13C-CH4 values of this field 

campaign are in good agreement with previously published δ13C-CH4 values for 

depth profiles in Lake Stechlin (Tang et al. 2014).  

Based on the results of the CH4 concentration and δ13C-CH4 profiles by the 

M-CDRS and the weekly routine sampling procedure for CH4 concentration at 

Lake Stechlin, 24-hour measurements were performed to detect short-term 

changes in CH4 concentration and δ13C-CH4 at the water depth of maximum 

CH4 concentration (7 m water depth). The presented data are the first 

demonstrating short-term variations of concentration and δ13C-CH4 in surface 

waters (Figure 15). 
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Figure 15: Results from first field application of the M-CRDS. Depth profiles for CH4 were 

analysed by M-CRDS, M-ICOS and GC-FID analysis (a), for CH4 and δ13C-CH4 (b) and for 

temperature and O2 in July 2015 (c). Results of the 24-hour measurement performed at the 

depth of maximum CH4 concentration (7 m) at the LakeLab (Lake Stechlin) from August 17th 

to 18th, 2015 reveal high temporal variations in CH4 concentration (d) and δ13C-CH4 (e). Night 

time marked in grey. Keeling-Plot analysis of the 24-hour measurement (f). The extrapolated 

intercepts of the best fit in the Keeling plot provide the isotope ratios of the CH4 sources 

(-34.55 ± 0.05‰ and -53.17 ± 0.10‰) (Sokal and Rohlf 1995; Pataki et al. 2003). 
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The data reveal temporal variations of CH4 concentration (Figure 15d) and 

δ13C-CH4 (Figure 15e) at 7 m water depth during the 24-hour measurement at 

Lake Stechlin. Methane concentration decreased during night time from 495 to 

350 nM and increased again after sunrise and during the day up to 565 nM. The 

δ13C-CH4 values also showed temporal variations and decreased with 

decreasing CH4 concentration from -42‰ to -45‰ and increased rapidly during 

the early night and after sunrise up to -40‰ and -38‰, respectively. The 

isotopic values remain rather constant over the day. Temperature differences 

between the in-situ water temperature at the membrane and the temperature at 

the submersible pump were less than 3.0 °C. Effects of the temperature 

differences on the analysed CH4 concentration and δ13C-CH4 values can be 

neglected for these temperature ranges. 

The Keeling plot results indicate that CH4 at 7 m depth (thermocline) might be a 

mixture of two end members during the 24-hour measurement (Figure 6c). 

During night time, a 13C depleted CH4 source was found with a δ13C-CH4 value 

of -53‰, whereas the δ13C-CH4 signature of the CH4 source during daytime is 

less depleted in 13C (-35‰). Although the correlation coefficient of the best fit is 

weak, the calculated results agree very well with the δ13C-CH4 signatures of the 

data obtained from the δ13C-CH4 depth profile as a δ13C-CH4 value of ~ -35‰ is 

found around 8 m, whereas epilimnetic and hypolimnetic δ13C-CH4 values are 

around - -50‰ (Figure 15b). 

Temporal variations in CH4 concentration and δ13C-CH4 values at Lake Stechlin 

might therefore be either controlled by local methane production / oxidation or 

physical variations in the thermocline. Turbulence and internal seiching is a 

common phenomenon in stratified lakes and reported for Lake Stechlin (Kirillin 

and Engelhardt 2008; Kirillin et al. 2009; Giling et al. 2016). Lake hydrological 

dynamics dominated by internal seiches may have partly caused upwelling of 

colder deep water with lower CH4 concentration and more negative δ13C-CH4 

(see Figure 15b). However, turbulence sensors were not deployed and, hence, 

seiche-driven mixing in the thermocline was not measured during our 

campaign. An alternative explanation for the short-term variations in CH4 

concentration and δ13C-CH4 values at Lake Stechlin could be both CH4 

production by methanogens or other processes (generating 13C depleted CH4) 

and CH4 oxidation by methanotrophs (generating 13C enriched CH4) along with 

photosynthesis (Oswald et al. 2015). Mid-water CH4 production is a widely 
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occurring phenomena, also previously reported for the oxygen-rich Lake 

Stechlin water column (Grossart et al. 2011; Tang et al. 2014). Lateral input of 

CH4 from the littoral zone into Lake Stechlin cannot be fully ruled out, despite it 

was excluded by previous studies, e.g. Tang et al. (2014).  

Therefore, future high resolution and simultaneous analyses of CH4 

concentration and δ13C-CH4 values by the M-CRDS are critically needed for 

detailed studies of the origin and fate of mid-water CH4 in Lake Stechlin (Tang 

et al. 2016) as the mechanisms and pathways of CH4 transformation in oxic 

waters are highly complex and still not fully resolved yet.  

Performance of the M-CRDS 

The offset between the CH4 concentration measured by the M-CRDS in 

comparison with GC-FID and M-ICOS is shown in Figure 16. The M-CRDS data 

correlate with the independently measured data by GC-FID and M-ICOS with 

R² = 0.995 and R² = 0.998, respectively, which is only slightly lower than the 

correlation coefficient between M-CRDS and GC-FID analysis via headspace 

technique during laboratory calibration (R² = 0.999).  

The mean offset between the CH4 concentrations measured by M-CRDS and 

other conventional analytical methods is -5.7 nM ± 41.6 nM for GC-FID 

and -7.8 nM ± 24.7 nM for M-ICOS. Epilimnetic CH4 concentration correlate 

well with the data by GC-FID (R² = 0.998) and M-ICOS (R² = 0.999), whereas 

differences between all methods exist in samples below the thermocline. Here, 

the mean offsets ranged from -19.5 nM ± 26.2 nM (M-ICOS) 

to -28.4 nM ± 19.0 nM (GC-FID) but showed no systematic offset. 
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Figure 16: Offset between CH4 concentrations measured by M-CRDS in comparison with 

GC-FID (squares) and M-ICOS (dots) (d). Error bars (1-σ) of measurements mainly lie within 

symbols and reflect the noise within the measurement interval (10 min). 

Differences for metalimnetic samples are best explained by the independent 

sampling of all three used methods, as the M-ICOS requires its own portable 

pumping system and the GC samples were taken independently by a hydrocast 

within routine sampling procedure at the same time. Since the concentration 

gradient is highest in the thermocline, variations of the sampled water depth 

directly result in changes in the measured CH4 concentration. The deviations 

from the laboratory calibration of the M-CRDS point out that validation and 

recalibration by GC-FID measurements are required for future field 

measurements.  

However, the presented data clearly confirm the suitability of the M-CRDS for 

in-situ analyses of CH4 concentration and δ13C-CH4 within surface water and 

lake environments. The future application of the M-CRDS for the determination 

of dissolved CH4 and δ13C-CH4 values will offer a better understanding of the 

different pathways, sources and sinks of CH4 and, consequently, help to 

improve the local and global CH4 budget. 
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2. Field studies 

The newly developed method (M-CRDS) was deployed at three different lake 

environments: Lake Willersinnweiher (SW Germany), Lake Stechlin (NO 

Germany) and Lake Erken (E Sweden). 

Lake Willersinnweiher is a small, eutrophic artificial hardwater lake in the plain 

of the Upper Rhine Graben. Two decades ago, the former gravel pit was 

restored by planting vegetation at the lake shore to reduce the problem of 

eutrophication. The lake is dominated by groundwater that is enriched in 

sulphate (SO42-). Former studies showed high sulphide concentrations in the 

anoxic hypolimnion and intense SO42- reduction within the sediments of Lake 

Willersinnweiher (Schröder 2004). The interaction of carbon and sulphur 

cycling in the sediments suggest that CH4 is playing an essential role in carbon 

cycling of Lake Willersinnweiher. The objective of this study was to assess the 

impact and effects of CH4 within the water column and sediments of Lake 

Willersinnweiher, as direct coupling between sulphate and CH4 cycling 

generally results in anaerobic CH4 transition zones that are uncommon in 

freshwater environments. 

Lake Stechlin is an oligo- to mesotrophic hardwater lake in north-eastern 

Germany. The Lake is of glaciogenic origin and fed by direct precipitation and 

groundwater CH4 concentrations of up to 1.4 μM in the well-oxygenated upper 
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10 m of the water column were recorded repeatedly in Lake Stechlin (Grossart 

et al. 2011; Tang et al. 2014). At the start of this thesis, very few studies on CH4 

accumulation and production in oxic waters had been published (Karl et al. 

2008; Grossart et al. 2011; Tang et al. 2014). Instead, most existing studies 

focused on anoxic CH4 production. Therefore, the M-CRDS and additional in-

situ field analyses were combined to study and quantify the processes of the 

CH4 dynamics and production in the oxic surface water of Lake Stechlin.  

Lake Erken located 60 km northeast of Stockholm (Sweden) and the largest lake 

among the three analysed lakes and. The lake is meso-eutrophic and fed by 

precipitation and several streams. Lake Erken is covered with ice for around 

four months per year, while summer thermal stratification usually develops in 

late spring. Nutrients within the water column decreases rapidly and stay low 

during the summer due to phytoplankton blooms (Pechlaner 1970a; Pettersson 

1980, 1985). Sediment resuspension in relatively shallow and littoral areas is 

known to result from wind-induced hydrodynamic forces (Weyhenmeyer et al. 

1995). Thus, enhanced release of sedimentary CH4 might result in increased 

transport processes from littoral zones. Field application at Lake Erken 

therefore focussed on the spatial and temporal variability of CH4 and δ13C-CH4 

values in the surface water layer. 
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2.1. Lake Willersinnweiher 

2.1.1. Study site 

In this study, sampling was performed at Lake Willersinnweiher in the plain of 

the Upper Rhine Graben near Ludwigshafen, Germany (49.499950 °N; 

8.397138 °E) (Figure 17). Lake Willersinnweiher is one of four former gravel pits 

which were built for the excavation of gravel and sand from the upper aquifer 

sediments of Pleistocene age. The lake has a size of 17 ha, is composed of two 

smaller basins and has a mean depth of about 8 m and a maximum depth of 20 

m (Sandler 2000). Lake Willersinnweiher is classified as a holomictic, eutrophic 

hardwater lake (Wollschläger et al. 2007), has no surface influx or effluents and 

is fed by direct precipitation and groundwater. The average water residence 

time was estimated to 3.7 a (Wollschläger et al. 2007). A dominance of sulphate 

(SO42-) with concentrations up to 2.4 mM was observed in the groundwater in 

former studies (e.g. Schröder 2004). Groundwater infiltrating the lake at the 

south-eastern shore has further passed at least one of the lakes located 

upstream of Lake Willersinnweiher (Wollschläger et al. 2007).  

Coupling between groundwater and surface water as well as high 

bioproduction in the summer season result in high sulphide concentrations in 

the anoxic hypolimnion of Lake Willersinnweiher. Seasonal and spatial 

variations of the depth of the redoxcline and the fluxes of the redox sensitive 

elements manganese, iron and sulphur were observed in the sediments as well 

as the water column and correlate with the lake depth (Schröder 2004). 

Schröder (2004) further suggested that CH4 cycling plays an essential role 

within the sediments of Lake Willersinnweiher, since the flux balances indicate 
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an imbalance between the cycles of carbonate and sulphur, demonstrating that 

an additional CO2 source within the sediment is required. 

 

 

 

Figure 17: Location of Lake Willersinnweiher in Germany and sampling locations (W1-W4) at 

Lake Willersinnweiher as well as groundwater wells GW-inflow and GW-outflow, sampled 

in May 2017, October 2017 and February 2018. Groundwater table contour modified after 

Wollschläger et al. (2007). 
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2.1.2. Material and Methods 

Sampling sites 

Sampling of the water column was carried out at four sites (W1 - W4) with 

different lake depths. Groundwater was sampled at groundwater wells 

upstream and downstream of Lake Willersinnweiher in May 2017, October 2017 

and February 2018 (Figure 17 and Table 3). Sediments were sampled at the four 

sites (W1-W4) in May 2017 (Figure 17). 

Table 3: Locations sampled at Lake Willersinnweiher. Water depth for groundwater wells are 

expressed as groundwater level below gauge top. 

Sample ID Latitude Longitude Lake depth [m] 

W1 49°30.015' N 8°23.835' E 19 

W2 49°29.980' N 8°23.613' E 16 

W3 49°29.988' N 8°23.827' E 9 

W4 49°30.047' N 8°23.792' E 1.5 

   
GW level [m] 

below gauge top 

(February 2018) 

Groundwater inflow 49°29.898' N 8°23.689' E 2.2 

Groundwater outflow 49°30.062' N 8°23.711' E 3.9 

    

Lake water and pore-water analyses 

Depth profiles of CH4 concentration and δ13C-CH4 in the water column were 

performed by the M-CRDS system (Chapter 1) at all four sites. Each depth was 

measured for 20 min and CH4 and δ13C-CH4 values were averaged over the 

measurement interval of 10 min. For quality control, the working reference gas 

for CH4 (10 ppm CH4 in synthetic air) was analysed prior and at the end of the 

measurements. Groundwater samples were analysed using the headspace 

technique and gas chromatography analyses (GC-FID, ThermoFinnigan, 

Waltham, USA).  
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The M-CRDS was verified for CH4 concentrations by subsamples from Lake 

Willersinnweiher measured in the laboratory. Samples were taken from the side 

stream of the M-CRDS system and analysed for CH4 concentrations via the 

headspace technique (Kampbell et al. 1989) by GC-FID according to the 

procedure descripted in Chapter 1.1.1. Water temperature [°C], pH and 

dissolved oxygen [%] were examined in the side stream of the M-CDRDS. 

Samples for the analysis of dissolved ions in the lake water and groundwater 

were filtered with a 0.45 µm cellulose acetate filter and samples for iron (Fe) 

and manganese (Mn) were acidified with 200 µL HNO3 (6 M). All samples were 

stored dry and cool (4 °C) until further analysis. Dissolved Fe and Mn were 

determined using an ICP-OES (Agilent ICP-OES 720, USA). The concentrations 

of sulphate (SO42-) and nitrate (NO3) in all samples were analysed by ion 

chromatography (Dionex ICS 1100, Thermo Fisher Scientific, USA). Total sulfide 

was determined photometrically (DREL 2800, Hach, USA) using the Sulfide Test 

Spectroquant© (Merck, Germany) immediately after sampling in the field. 

Dissolved carbon (DIC and DOC) was measured using the Shimadzu TOC-V 

CPH (Shimadzu, Japan). 

Pore-water analyses were performed on two parallel cores (core length 

~ 20 - 40 cm) of lake sediment recovered at all four locations using a manual 

gravity corer. From one core, pore-water was extracted by rhizons (Rhizosphere 

Research Products, USA) with a pore size of 0.15 µm (Seeberg-Elverfeldt et al. 

2005). The second core was used to determine the concentration of CH4 in the 

pore-water. Lake sediment (5 ml) of a defined sediment depth was transferred 

into a glass vial together with 5 ml of 1 M NaOH solution and stored dry and 

dark until further analysis by GC-FID and GC-BID (Barrier Ionization 

Discharge Detector, Shimadzu, Japan) in the laboratory. For density and porosity 

determination, sediment samples were weighed before and after drying for 24 h 

at 105 °C. Pore-water samples were analysed in the same way as the lake water 

samples. 

Calculations 

Saturation indices (SI) of CaCO3 in the water of Lake Willersinnweiher were 

calculated with PHREEQC (Parkhurst and Appelo 1999). Diffusive fluxes were 

calculated from concentration gradients according to Fick’s first law assuming 

steady-state conditions (eq. [14]): 
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[14] 

where J is the diffusive flux [mmol m-2 d-1], DW is the diffusion coefficient [m2 s-1] 

in water, C is the concentration [mol m-3], and x is the depth [m]. The porosity 

has to be taken into account for pore-water calculations and fluxes were 

corrected using the filled porosity ∅ [dimensionless] and the diffusion 

coefficient    for the sediment (eq. [15]). 

    ∅     
  

  
 

[15] 

with DS as the diffusion coefficient [m2 s-1] for pore-waters, dependent on the 

tortuosity θ [dimensionless] (eq. [16]). 

     
  

  
 

[16] 

Dw is the molecular diffusion coefficient in water [m2 s-1] taken from Broecker 

and Peng (1974) and the tortuosity θ was calculated using equation [17] 

according to Boudreau (1996) 

        ∅    [17] 

Total sedimentary conversion rates of organic carbon (       ) [mmol m-2 d-1] 

were calculated as the sum of equivalents, based on the electron transfer of the 

terminal electron acceptors (TEAs) and products using equation [18] to [21]. 

Minimum (       
    in eq. [22]) and maximum conversion rates (       

    in 

eq. [23]) were calculated for a complete reaction via the methanogenic pathway 

of either eq. [19] or eq. [20], respectively. 
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                          [18] 

                        [19] 

                       [20] 

   
                       [21] 

  
       

           

  
         

  
       

  
 [22] 

       
           

  
        

  
       

  
 [23] 

Diffusive CH4 emissions (FCH4) [mmol m-2 d-1] were estimated by the wind-

mediated gas transfer across the surface water-atmosphere boundary layer via 

eq. [24]:  

    
     

                              [24] 

where     
 is the transfer velocity [m s-1],            is the CH4 concentration 

[mol m-3] in the water and                 is the CH4 concentration [mol m-3] of 

the water in equilibrium with atmospheric CH4 concentrations.                 

was determined using the partial pressure of CH4 above the surface water layer 

               [bar] (measured data) and Henry’s law solubility constant     

[mol m-3 bar-1] (eq. [25]).     was calculated from the Bunsen coefficient   with 

R as the gas constant [L bar K–1 mol–1] and      as the temperature [K] for 

standard temperature and pressure (STP) (eq. [26]). The Bunsen coefficient   

was determined from equation [27] with temperature   [°K], salinity   [‰] and 

the parameters    and    (Table 4) (Wiesenburg and Guinasso 1979). Sander 

(2015) provides a good review of the calculations used to convert the various 

Henry’s law solubility constants for water. 
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[26] 
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)       (
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)    (
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] [27] 

Table 4: Constants for the calculation of Bunsen Solubility Coefficient   (Wiesenburg and 

Guinasso 1979). 

                  

-68.8862 101.4956 28.7314 -0.076146 0.043970 -0.0068672 

      

The gas transfer velocity     
 [m s-1] was obtained by calculations based on 

equations [28] to [30] (Jähne et al. 1987; Wanninkhof 1992). 

    
       (

   

     

)

 

 [28] 

                     
    [29] 

     
                                               [30] 

n is a factor dependent on the wind speed and determined as n = − 2/3 for wind 

speeds < 3.7 m s−1 and n = − 1/2 for higher wind speeds (Jähne et al. 1987). The 

k600 [m s-1] is k for CO2 (20°C) and used to normalize k by the Schmidt number of 

600 (     
) for better comparison of transfer velocities for any gas (Jähne et al. 

1987). k600 was calculated by equation [29] with U10 as the wind speed [m s-1] at 

10 m height (Cole and Caraco 1998) using equation [30] with t as temperature 

[°C] (Matthews et al. 2003). At Lake Willersinnweiher, wind speeds were 

obtained from a nearby weather station (49.51° N / 8.55° E). 
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A CH4 mass balance (    ) [mmol m-3 d-1] of Lake Willersinnweiher was 

calculated based on CH4 fluxes in the sediments and the water column. A 

surface water production was calculated for steady state conditions (
   

  
  ) 

according to Donis et al. (2017) (eq. [31]) with parameters from Table 5. 

     
  

  
                        [31] 

 

 

Table 5: Parameters used for the CH4 mass balance at Lake Willersinnweiher. 

Flux Description Value Unit 

     Net CH4 production for steady 

state conditions 

- [mmol m-3 d-1] 

  

  
 

Changes in the CH4 

concentration in the surface 

water between sampling 

0 [mmol m-3 d-1] 

   Lake planar area 1.7 * 105 [m²] 

   CH4 emission from surface to 

atmosphere 

- 

(obtained from eq. [24]) 

[mmol m-2 d-1] 

    Methane oxidation - 

summer stratification: 

0.1 d-1 (Tang et al. 2014), 0.5 d-1 

(Oswald et al. 2015)  

winter circulation: 

0 d-1 (Denfeld et al. 2016) 

[mmol m-3 d-1] 

   Sediment surface (in contact with 

the surface water layer) 
5.45 * 104 [m²] 

   Diffusion from pelagic and 

littoral sediments 

- 

(obtained from sedimentary 

CH4 release from Figure 20 

and porosity data shown in 

the appendix) 

[mmol m-2 d-1] 

   Diffusion from metalimnion 0 [mmol m-2 d-1] 
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2.1.3. Results 

Groundwater background at Lake Willersinnweiher 

The groundwater of the in- and outflow at lake Willersinnweiher is anoxic all 

year and pH values ranged from 7.3 in summer to 8.3 in winter. The 

groundwater upstream showed major contents of Ca, DIC and SO42- (Ca-HCO3--

SO42- type water) (Figure 18, Table 6). Significant dissolved Mn and Fe 

concentrations were observed for all sampling periods while NO3- was 

detectable in autumn only. Methane groundwater concentrations upstream of 

Lake Willersinnweiher ranged from 0.84 µM in spring and 2.4 µM in winter to 

2.4 µM in late summer. The δ13C-CH4 values are - 6.3‰ for the late summer and 

- 10‰ for the winter time. 
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Figure 18: STIFF-diagrams of groundwater inflow and outflow as well as lake water for early-

stage thermal stratification (a-c), late-stage thermal stratification (d-f) and winter circulation 

(g-i). The groundwater of the upstream (inflow) of Lake Willersinnweiher is classified as Ca-

HCO3-- SO42- type water, downstream (outflow) of Lake Willersinnweiher as Ca-HCO3 type 

water. The groundwater outflow was not analysed for early-stage thermal stratification. 
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The epilimnion of Lake Willersinnweiher was oxic and all redox sensitive 

elements were depleted compared to the groundwater upstream, while 

dissolved Fe and Mn were near or below the detection limit. Groundwater 

outflow concentrations of major elements differ from groundwater inflow 

concentrations at any time of the year (Table 6). Sulphate concentrations are 

significantly lower and DIC concentrations are significantly higher in the 

groundwater outflow than in the inflow (Ca-HCO3- type water). The CH4 

concentration in the groundwater outflow was lower than in the inflow for late-

stage thermal stratification and winter circulation. Furthermore, winter δ13C-

CH4 values were lighter in the inflow and heavier in the outflow compared to 

autumn values. Dissolved Fe and Mn concentrations between groundwater 

inflow and outflow are similar (Table 6). 

Table 6: Concentrations of major elements in epilimnion as well as groundwater inflow and 

outflow of Lake Willersinnweiher for early-stage thermal stratification, late-stage thermal 

stratification and winter circulation. Groundwater outflow was not analysed for CH4 

concentrations during early-stage thermal stratification. 

GW 

well 

O2 pH Ca DIC SO42- Fe Mn NO3- CH4 δ13C 

CH4 

_________________________ [mM] _________________________ _________________ [µM] _________________ [‰] 

Early-stage stratification 

In n.d.* 7.3 3.04 3.31 2.07 39.7 11.4 n.d. 0.84 - 

Lake 0.35 8.8 1.85 1.51 2.12 0.18 0.18 24.0 0.13 -52.4 

Out - - - - - - - - - - 

Late-stage stratification 

In n.d. 7.3 2.89 3.06 2.22 39.0 10.7 10.2 2.42 -7.1 

Lake 0.30 8.3 1.92 1.35 1.77 n.d. n.d. 3.5 0.55 -51.2 

Out n.d. 7.3 2.77 3.74 1.36 43.0 15.5 5.48 2.15 -19.3 

Winter circulation 

In n.d. 8.02 3.18 3.47 2.31 43.0 11.8 n.d. 1.28 -10.9 

Lake 0.42 - 2.01 2.04 2.08 0.14 0.53 n.d. 0.06 -50.1 

Out  n.d. 8.28 2.80 3.94 1.53 45.8 15.0 n.d. 0.13 1.10 

* n.d. indicates below detection limit 
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Seasonal water characteristics 

Early-stage thermal stratification 

Lake Willersinnweiher showed early-stage thermal stratification during the 

measurements in May 2017 (Figure 19). The epilimnion extends over the 

uppermost 4 m and the metalimnion reached down to 6 m. Average epilimnetic 

water temperature was 14 °C for profundal sites and 18 °C for more shallow 

sites. Gradients in epilimnetic water temperature show weak thermal 

stratification. In the metalimnion, temperatures decreased with depth to ~ 8 °C 

at 7 m (Figure 19). The epilimnion was well-oxygenated and O2 concentrations 

decreased with depth. The oxycline was found at 12 m water depth. The pH in 

Lake Willersinnweiher followed the profiles of temperature and O2 and showed 

pH values of 8.8 to 9 within the surface waters. Values decreased within the 

metalimnion and range from 7.4 and 7.6 in the hypolimnion. Epilimnetic Ca 

and DIC concentrations were substantially lower than hypolimnetic 

concentrations. Dissolved Fe and Mn concentrations were low in the epilimnion 

and highest in the bottom waters. Elevated dissolved Mn concentrations were 

found in the transition zone between the metalimnion and hypolimnion. 

Sulphate concentrations were constant throughout the entire water column 

while sulphide concentrations were below the detection limit (< 0.06 mM). 

The water column of Lake Willersinnweiher showed maximum CH4 

concentrations of 2500 to 3000 nM at maximum water depths (Figure 19f). The 

isotopic composition of CH4 ranged from - 75‰ to - 80‰ at the depths of 

maximum CH4 concentrations. Generally, the δ13C-CH4 values decreased with 

increasing CH4 concentrations at deeper sampling points (Figure 19f). 

Minimum CH4 concentrations were found in the upper hypolimnion with 

concentrations of 5 - 12 nM and δ13C-CH4 values around - 50‰. Methane 

concentrations in the metalimnion and epilimnion were 130 nM for profundal 

sites. Littoral sites are different and show higher CH4 concentrations and lighter 

δ13C-CH4 values. The δ13C-CH4 depth profile showed the highest δ13C-CH4 

values of - 43‰ at 7 m water depth, whereas epilimnetic δ13C-CH4 was 

relatively stable at about -50‰. Methane concentration and δ13C-CH4 values 

showed high temporal variations at 7 m. 
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Late-stage thermal stratification 

Lake Willersinnweiher was thermally stratified during the measurements in 

October 2017 (Figure 19 g). The epilimnion reached down to 7 m and the 

metalimnion was between 7 m and 10 m water depth. Average epilimnic 

temperatures were 15 °C and decreased to 8 °C in the anoxic hypolimnion. The 

metalimnion separated the well-oxygenated epilimnion from the anoxic 

hypolimnion. Anoxic conditions were found below 12 m water depth. Epilimnic 

pH of 8.3 was considerably higher than pH values in the hypolimnion. Calcium 

and DIC concentrations in the epilimnion were lower than in the hypolimnion. 

Dissolved Fe and Mn concentrations in the epilimnion were below detection 

limit. Maximum dissolved Fe and Mn concentrations were found at the 

transition between metalimnion and hypolimnion. Sulphate concentrations 

were constant with depth and the highest sulphide concentrations were 

detected in the bottom near waters. 

Epilimnetic CH4 concentrations were considerably higher in late summer at all 

sites than in spring. The δ13C-CH4 varied around - 52‰ in the epilimnion. 

Minimum δ13C-CH4 values were found in the metalimnion along with highest 

δ13C-CH4 values. Methane concentrations showed maximum concentrations of 

107 µM in the hypolimnion of Lake Willersinnweiher (Figure 19). Minimum 

δ13C-CH4 values of - 78‰ were found at depths of maximum CH4 

concentration. 

Winter circulation 

During the winter sampling, no variation in major elements with depth was 

observed, indicating a full circulation of the water column at Lake 

Willersinnweiher during the winter (Figure 19). Methane oversaturation with 

respect to atmospheric CH4 concentrations (> 3 nM) was found in the entire 

water column. 
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Figure 19: The water column of Lake Willersinnweiher at all sites (W1 to W4) for the 

early-stage thermal stratification (a-f), late-stage thermal stratification (g-l) and 

winter circulation (m-r).  
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Fluxes in the water column 

The estimations of the fluxes from the sources and sinks of dissolved species 

within water layers of Lake Willersinnweiher shows significant temporal and 

spatial differences (Table 7). 

During early-stage stratification, Ca and DIC fluxes from the metalimnion into 

the epilimnion were ~ 4 mmol m-2 d-1 and ~ 8 mmol m-2 d-1, respectively. The 

difference between DIC and Ca fluxes (ΔJDIC-Ca) was ~ 4 mmol m-2 d-1 for the 

epilimnion of Lake Willersinnweiher. Downward fluxes for Mn and O2 into the 

oxycline were relatively consistent for the profundal sites and higher than in 

more littoral sites. Upward diffusion of CH4 to the oxycline ranged from 

0.5 - 86 µmol m-2 d-1 during early-stage stratification. Calculated CH4 emissions 

from the surface water of Lake Willersinnweiher into the atmosphere were 

around 12 µmol m-2 d-1 for the profundal and 28 µmol m-2 d-1 for the littoral 

sites. Methane production rates for the epilimnion of Lake Willersinnweiher 

were calculated to 39 ± 27 µmol m-³ d-1. 

Generally, fluxes during late-stage stratification are higher than in spring. 

Calcium and DIC fluxes were around 4 mmol m-2 d-1 and 10 mmol m-2 d-1, 

respectively, resulting in a difference of ~ 6 mmol m-2 d-1. In summer, Mn fluxes 

were considerably higher and showed values of 1.6 - 2 mmol m-2 d-1 for the 

profundal sites. Calculated CH4 fluxes reached values of 120 µmol m-2 d-1 at the 

littoral and up to 275 µmol m-2 d-1 at the profundal sites. Summer CH4 emissions 

were 5 to 10-fold higher than the spring values. Summer production rates were 

~ 170 ± 105 µmol m-³ d-1.  

For the winter circulation no fluxes in the water column were determined 

(Table 7). Methane emissions from the surface water of Lake Willersinnweiher 

into the atmosphere were estimated to 2 µmol m-³ d-1. 
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Table 7: Calculated fluxes into the epilimnion for DIC and Ca2+ (upwards) and into the 

oxycline for CH4 (upwards) and Mn and O2 (downwards) in the water column. Methane 

emission from the epilimnion and internal CH4 production in Lake Willersinnweiher were 

estimated from surface water CH4 concentrations. Note: Production rates are given in 

[µmol m-³ d-1]. 

 
Fluxes in the water column Emission 

Internal 

Production 

site 

Ca DIC ΔJDIC-Ca CH4 Mn O2 CH4 CH4 

_____ (into epilimnion) _____ _____ (into oxycline) _____   
_____________________________________ [µmol m-2 d-1] ____________________________________ [µmol m-³ d-1] 

Early-stage stratification 

W1 3130 7510 4380 44.6 901 10300 12 

39 ± 27 
W2 4960 9580 4620 85.8 1040 11800 15 

W3 3450 7460 4010 0.5 79 9180 19 

W4 - - - - - - 28 

Late-stage stratification 

W1 4700 11200 6510 985 2010 11600 126 

169 ± 105 
W2 4050 10300 6220 1240 1630 19800 152 

W3 3750 10700 6980 1.2 16 20100 155 

W4 - - - - - - 275 

Winter circulation 

W1 0 0 0 0 0 0 

2 0 
W2 0 0 0 0 0 0 

W3 0 0 0 0 0 0 

W4 - - - - - - 
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Sediment pore-water characteristics and pore-water fluxes 

Analyses of pore-water were obtained for the period of early-stage stratification 

in May 2017 only. The sediments of Lake Willersinnweiher showed condensed 

geochemical redox zonation of all the measured terminal electron acceptors 

(TEAs) at all sites (Figure 20). 

Manganese is released within the entire sediment column, with maximum 

concentrations of 200 µM found at profundal sites. Pore-water Mn 

concentrations peaked within the uppermost 2 to 8 cm of the sediments, while 

Mn concentrations increased again with depth below 20 cm at site W2. The 

ferruginous zone was absent within the sediments of Lake Willersinnweiher. 

Significant concentrations of dissolved Fe were found at site W2 for depths 

below 20 cm, only. Pore-water SO42- decreased within the uppermost 10 cm and 

dissolved sulphide built up below to concentrations of up to 2.5 mM at site W2. 

Maximum HS- concentrations were found around 5 to 10 cm. DIC significantly 

increased with depth to concentrations of up to 8 mM. Methane concentrations 

in bottom waters of Lake Willersinnweiher ranged from 0.02 mM to 0.5 mM, 

which is up to 2 orders of magnitude higher than in the hypolimnion. Pore-

water CH4 generally increased with sediment depth to maximum values of 

5 mM at site W2. Site W1 showed a different pattern with a distinct local 

maximum at 5 cm and decreasing concentrations below. In general, the redox 

zonation was less pronounced and pore-water concentrations were lower at 

littoral sites than at profundal sites (Figure 20). 
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Figure 20: Geochemical pore-water profiles of selected elements at site W1 (a-f), site W2 

(g-m), site W3 (n-s) and site W4 (t-w) in the sediments of Lake Willersinnweiher for the 

early-stage stratification (May 2017). Sedimentary fluxes of CH4 are indicated by bold 

lines and are given in mmol m-2 d-1. 
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Methane was considerably released across the sediment-water interface into the 

bottom water at all sites (Figure 20). Methane release from the sediment to the 

water body ranged from 0.02 - 1.32 mmol m-2 d-1 at shallow sites and profundal 

sites, respectively.  

Conversion rates of organic carbon within the sediments were calculated based 

on pore-water fluxes of the TEAs and products using eq. [18] to [23] (Table 8). 

Pore-water fluxes of Mn, SO42-, DIC and CH4 generally decreased with 

increasing lake depth. Fluxes of CH4 and SO42- show maximum values of 

1.86 and 4.61 mmol m-2 d-1, respectively, whereas maximum Mn reduction rates 

are substantially lower. Turnover rates of OM calculated as the sum of 

equivalent rates for each element, based on the electrons exchanged during 

production (release of CH4 and Mn) and internal consumption (SO42-) 

consequently decrease with increasing lake depth. Turnover rates for CH4 and 

SO42- in the sulphate-methane-transition (SMT) zones ranged from 

0.04 - 0.96 mmol m-2 d-1 and 0.28 - 4.61 mmol m-2 d-1, respectively. 

Table 8: Sedimentary conversion rates of organic carbon (SCR) calculated from redox-

processes (via eq. [18] to [23]) and DIC fluxes within the sediments of Lake Willersinnweiher 

for early-stage stratification. Rates are given in mmol m-2 d-1. 

 
Pore-water fluxes  Calculated rates 

Calculated from  

DIC fluxes 

site 
Mn SO42- CH4          +- Jobserved - +- 

______________________________________________ [mmol m-2 d-1] ______________________________________________ 

W1 0.26 2.59 1.86  5.84 1.33 3.27 0.58 

W2 0.13 4.61 0.87  7.84 2.32 3.49 0.62 

W3 0.08 2.23 0.27  3.65 1.13 5.23 0.92 

W4 0.00 0.29 0.05  0.49 0.14 1.23 0.22 
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2.1.4. Discussion 

Lakes are significant reservoirs of terrestrial carbon and the fate of carbon is 

thereby determined by various processes within the sediments and the water 

column (e.g. Cole et al. 2007; Tranvik et al. 2009). This study presents the 

different pathways of carbon cycling within Lake Willersinnweiher and shows 

the interaction of carbon and sulphur cycling within the sediments. Production 

and consumption of carbon compounds, particularly with regard to CH4, within 

the sediments and the water column are discussed and quantified. Further 

estimations of CH4 cycling in the surface water and emissions to the atmosphere 

allow a whole-lake CH4 mass balance for Lake Willersinnweiher. 

Carbon cycling in the sediments 

Diffusive fluxes across the sediment-water interface into the bottom water 

reveal the lake sediments as the major source of DIC and CH4 in the 

hypolimnion of Lake Willersinnweiher. In contrast, for sulphate the sediments 

in Lake Willersinnweiher act as a sink. Lake Willersinnweiher is sulphur 

dominated and sulphate reduction is the main pathway of OM conversion in 

the sediments with maximum rates of 4.61 mmol m-2 d-1 (site W2). However, 

sulphur recycling was previously reported for the sediments of Lake 

Willersinnweiher (Schröder 2004) and calculated sulphate reduction rates (SRR) 

might therefore represent minimum values for the sediments in Lake 

Willersinnweiher. Calculated SRR values of 0.2 – 4.5 mmol m-2 d-1 are consistent 

with previously reported values for Lake Willersinnweiher (1.5 –

 4 mmol m-2 d-1, Schröder 2004) as well as other eutrophic and/ or SO42--enriched 

lakes (0.4 – 50 mmol m-2 d-1, Holmer and Storkholm 2001; Schubert et al. 2011; 

Norði et al. 2013) and marine sediments (0.5 – 27 mmol m-2 d-1, Jørgensen and 

Kasten 2006). Methanogenesis at Lake Willersinnweiher accounted for 10 – 40 % 

of the OM degradation and the proportion of sedimentary CH4 formation 

increased with increasing lake depth (Figure 21a). This is in very good 

agreement with previous studies accounting 20 – 42% of OM degradation to 

methanogenesis in profundal sediments (Kelley et al. 1990; den Heyer and Kalff 

1998; Liikanen et al. 2003). 

The calculation of sedimentary carbon conversion rates (SCR) based on the rates 

of Mn, CH4 and SO42- and neglected reduction rates of the energetically more 
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favourable electron acceptors O2, NO3 and Fe, since O2 and NO3 are consumed 

within the uppermost 1 cm of the sediments and Fe is fixed as iron-sulphides in 

the sulphur-dominated sediments of Lake Willersinnweiher (Schröder 2004). 

Values obtained for sedimentary diffusional fluxes of SO42-, DIC and CH4 are in 

very good agreement with calculated fluxes previously reported for Lake 

Willersinnweiher (Schröder 2004) and very similar to rates found in 

mesotrophic to eutrophic lakes at this time of year (Sweerts et al. 1991; Liikanen 

et al. 2003). Fluxes of Mn, SO42-, DIC and CH4 are generally increasing with 

increasing bathymetric depth of the sampled site (Figure 21A). 

 

Figure 21: Stacked fluxes of Mn, CH4 and SO42- in the sediments versus the respective lake 

depth of the sediments in Lake Willersinnweiher (A). Sedimentary conversion rates of OM 

(SCR) (calculated as the sum of internal production (CH4 and Mn) and internal consumption 

(SO42-)) and calculated DIC fluxes with lake depth of the sampled sediments in Lake 

Willersinnweiher (B). Calculated rates are in the range of observed DIC fluxes in the 

sediments. Sulphate reduction is the main pathway of OM conversion in the sediments of 

Lake Willersinnweiher. Methane cycling plays an essential role within sediments of Lake 

Willersinnweiher. 

Hence, OM conversion rates calculated as the sum of internal production 

(release of CH4 and Mn) and internal consumption (SO42-) are substantially 

higher at profundal sites than at the littoral site, indicating more intensive 

decomposition of OM by heterotrophic microorganisms in the deeper areas of 

Lake Willersinnweiher. Calculated SCR of up to 5.5 mmol m-2 d-1 are in the 

range of rates reported for other freshwater sediments (den Heyer and Kalff 

1998; Liikanen et al. 2003). The SCRs of Lake Willersinnweiher are in the same 

scale as the observed DIC fluxes in the littoral site but differ for the profundal 
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sites (Figure 21B). Pore-water DIC flux might be underestimated due to the 

precipitation of carbonates in the sediments of Lake Willersinnweiher, which 

limits the pore-water DIC concentrations and consequently leads to 

underestimated DIC fluxes. An additional explanation might be the method of 

pore-water sampling. Profundal sites are characterised by intense degradation 

of OM and, consequently, higher DIC concentrations than at littoral sites. Since 

pore-water extraction by rhizons generally leads to an underestimate of DIC 

due to degassing of CO2 during vacuum extraction (Schrum et al. 2012), this 

effect might be most obvious for the higher concentration ranges found along 

with enhanced decomposition of OM. Future analysis of pore-water pH and 

CO2 (g) as well as sediment squeezing might therefore result in more accurate 

DIC concentrations, not influenced by the method of pore-water extraction. 

Interaction of carbon and sulphur cycling in the sediments 

Groundwater entering Lake Willersinnweiher is a part of the groundwater 

system within the Upper Rhine Graben. Lake Willersinnweiher is significantly 

affected by SO42--rich groundwater (> 2 mM) due to the oxidation of pyrite in 

the quaternary river Rhine sediments in the catchment upstream of Lake 

Willersinnweiher (Schröder 2004). Turnover processes in the sediments result in 

lower SO42- outflow concentrations and, hence, Lake Willersinnweiher is a sink 

for sulphur. 

In the sediments of Lake Willersinnweiher, direct coupling between sulphur 

and carbon cycling was found. The presence of SO42- generally limits 

sedimentary CH4 formation as carbon compounds are favourably metabolized 

by non-methanogens. In SO42--rich zones, sulphate reducing bacteria (SRB) and 

methanogens compete for available H2 and acetate. On the other hand, 

methanogenic archaea generally benefit from the acetate produced by SRB from 

substrates like lactate (Cappenberg 1974, 1975; Winfrey and Zeikus 1977). As 

considerable pore-water concentrations of free sulphide were found, SRB out-

compete the methanogens for available H2 in the sediments of Lake 

Willersinnweiher. Methane is consequently produced via the hydrogenotrophic 

pathway (carbonate reduction) at greater sediment depths where SO42- is 

depleted and SRB are inactive. However, sulphate-methane-interaction is not 

only affecting CH4 formation, but also CH4 consumption in the sediments. 

Sulphate minima generally coincide with the depth of CH4 minima, indicating 
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the presence of anaerobic oxidation of methane (AOM) in the upper sediment 

layers (Niewöhner et al. 1998; Borowski et al. 1999). Here, CH4 is most likely 

oxidised with SO42- as electron acceptor by methane-oxidizing archaea 

(anaerobic methanotrophs, ANME) and sulphate-reducing bacteria consuming 

upward migrating CH4 (Hinrichs et al. 1999; Boetius et al. 2000). Sulphate-

methane transition zones (SMTZ) were determined at all sites (Figure 22). 

Furthermore, site W3 showed two distinct SMTZ in 5 cm and 10 cm depth that 

might be a result from the seasonal variations of the depth of the redoxcline that 

was previously reported by (Schröder 2004).  

 

Figure 22: Sulphate and methane concentrations in the pore-water at different sediment 

depths of the sites W1-W4 of Lake Willersinnweiher. The sulphate-methane transition zones 

(SMTZ) are characterised by minimum SO42- and CH4 concentrations in the pore-water. Data 

indicate the presence of anaerobic oxidation of methane (AOM) by methane-oxidizing 

archaea and sulphate-reducing bacteria in the upper sediment layers, consuming upward 

migrating CH4. Rates for CH4 and SO42- consumption are indicated by the dashed and dotted 

lines, respectively, and are given in mmol m-2 d-1. 

SMTZ is a common feature first described for marine sediments due to high 

pore-water SO42- concentrations (Martens and Berner 1974; Reeburgh 1976), 

whereas pronounced SMTZ have been observed for very few specific 

freshwater environments only (Schubert et al. 2011; Timmers et al. 2016). AOM 

in freshwater environments is usually coupled to the reduction of nitrate and 
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nitrite (Raghoebarsing et al. 2006; Ettwig et al. 2008; Deutzmann et al. 2014; 

Norði and Thamdrup 2014; Shen et al. 2017) or to the reduction of iron and / or 

manganese (Beal et al. 2009; Amos et al. 2011; Crowe et al. 2011; Norði et al. 

2013; He et al. 2018). However, NO3 concentrations are negligible in the pore-

water and dissolved Fe is trapped as (oxyhydr-)oxides or sulphides in the 

sediments of Lake Willersinnweiher (Schröder 2004). AOM by the oxidation of 

Mn-oxides might be an additional pathway in the sediments of Lake 

Willersinnweiher as Mn-oxides as electron acceptors are energetically more 

favourable than SO42-. Intense Mn-cycling and Mn-dependent sulphide-

oxidation in the sediments was reported for Lake Willersinnweiher during 

winter (Schröder 2004). Dissolved Mn was found in the pore-water of Lake 

Willersinnweiher and might therefore indicate AOM by Mn-oxides. The impact 

of Mn-oxides as electron acceptors might be quantitatively significant but 

subordinated to AOM via SO42- in the sediments of Lake Willersinnweiher. The 

interaction of methanogenesis, sulphur cycling and recycling of DIC produced 

by AOM leads to a carbon cycling at the top of the methanogenic zone. As a 

consequence, CH4 could be formed from DIC via CO2 reduction (subordinated 

from methanogenesis) (Figure 23). However, future investigations of δ13C, δD 

and δ34S values are desirable and would provide further evidence of AOM in 

the sediments of Lake Willersinnweiher by covering all major constituents in 

carbon cycling. 

 

Figure 23: The interaction of carbon and sulphur cycling in sediments. Modified after 

Borowski et al. (1997) for the conditions at Lake Willersinnweiher. 
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Sedimentary release 

About 60 - 90 % of the produced and upwards migrating CH4 is consumed by 

AOM before reaching the water column (Figure 24). The percentage of CH4 

oxidised in the SMTZ accounted for 45 % to up to 65 % for profundal and 

littoral sites, respectively. Nevertheless, considerable release of CH4 and DIC 

across the sediment-water interface into the bottom water was found and fluxes 

were significantly increasing with rising lake depth. This indicates that the 

release of CH4 is linked to AOM efficiency in the SMTZ. This might be 

controlled by the different nature of OM degradation and the substrate 

availability for archaea and SO42- reducers changing with lake depth (Boetius et 

al. 2000). 

 

Figure 24: Percentage of produced CH4 released across the sediment-water interface into the 

bottom water as well as well as AOM efficiency (percentage of produced CH4 oxidised in 

SMTZ in the sediments) with respect to the lake depth of the sediments in Lake 

Willersinnweiher. 

Calculating the total loss of CH4 by the turnover in the SMTZ and the release 

into the bottom water does not add up to 100 % of the produced CH4 within the 

sediments. Deviations from this calculation decrease with increasing lake depth 

from 50 % (littoral) to 3 % (profundal). Schröder (2004) showed seasonal 

variations in the fluxes of TEAs and the depth of the redox front within the 

sediments of Lake Willersinnweiher. Increasing temperatures during early-

stage stratification will lead to considerable and fast changes in pore-water 

chemistry and turnover rates with time. Furthermore, secondary 

methanogenesis and intense sulphur cycling within the sediments also lead to 
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non-steady state conditions in AOM settings (e.g. Dale et al. 2008). Hence, 

calculations from concentration gradients according to Fick’s first law assuming 

steady-state conditions result in underestimations of CH4 turnover within the 

sediments. 

Aerobic CH4 oxidation (MOx) 

Despite pronounced AOM in the sediments, oxidation of CH4 was also obvious 

in the water column of Lake Willersinnweiher (Figure 25). In general, SMTZ in 

the sediments considerably diminishes CH4 release into the water column of 

Lake Willersinnweiher. However, CH4 is still significantly released across the 

sediment-water interface into the bottom water. Upward migrating CH4 is 

consumed towards the oxycline (redoxcline). Minimum CH4 concentrations 

(5 - 10 nM) coincide well with decreasing O2 concentrations in the metalimnion. 

Calculated upward fluxes for CH4 (up to 1.2 mmol m-2 d-1) in the oxic/anoxic 

transition zone during late-stage stratification are in the same range with AOM 

rates in the SMTZ (~ 1.0 mmol m-2 d-1). Methane fluxes at the redoxcline show 

maximum values in the summer months and are in agreement with rates 

reported for other eutrophic lakes (e.g. Oswald et al. 2015). Downward fluxes 

for O2 (1 mmol m-2 d-1) are higher than Mn and CH4 fluxes and, hence, Mn, S(-II) 

and CH4 are completely oxidised by O2. Dissolved Mn presumably precipitates 

as rhodochrosit at the redoxcline and Mn-carbonate formation might therefore 

be coupled to CO2 that is produced during CH4 oxidation within the water 

column. Analysis of δ13C values in carbonates could provide evidence for the 

coupling of Mn and CH4 cycling at the oxycline of Lake Willersinnweiher. 

δ13C-CH4 values increase towards the oxycline, indicating the uptake of lighter 

CH4 by aerobic microbial oxidation within the water column of Lake 

Willersinnweiher (Barker and Fritz 1981) (Figure 25). Aerobic CH4 oxidation 

might therefore also depend on the interaction between oxygenic phototrophs 

and aerobic methanotrophs, as recently shown for Lake Rotsee (Switzerland) by 

Oswald et al. (2015). Methane oxidation thereby seems to be mediated by both 

the light intensity (Dumestre et al. 1999; Murase et al. 2005; Oswald et al. 2015) 

and the oxygen concentrations (Rudd et al. 1976) within the water column. 

Aerobic CH4 oxidation within the water column of Lake Willersinnweiher acts 

therefore as an effective barrier to minimize CH4 release into the surface water 

and the atmosphere. 
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Figure 25: O2 and CH4 concentrations at the redoxcline in Lake Willersinnweiher during 

early-stage stratification (A-B) and late-stage stratification (C-D). Aerobic oxidation of 

methane consumes upward migrating CH4 released from the sediments. Rates for CH4 and O2 

consumptions are indicated by the dashed and dotted lines, respectively, and are given in 

mmol m-2 d-1. 

Surface water 

The redoxcline at Lake Willersinnweiher decouples the surface water from the 

deep water reservoirs. Methane oversaturation in the surface water requires a 

methane source located in the upper oxic layer as upward migrating 

sedimentary CH4 is consumed towards the oxycline (Figure 25). The Keeling 

plot for water samples supports this assumption and shows different sources of 

CH4 for the epilimnion and hypolimnion of Lake Willersinnweiher (Figure 26). 

The extrapolated intercepts of the best fit in the Keeling plot provide the isotope 

ratio of sub-thermocline CH4 which ranged from -75.6‰ to -77.8‰. In contrast, 

waters from the epilimnion show intercepts of -56.8‰ to -49.4‰ revealing 

methanogenic sources within the upper water column of Lake Willersinnweiher 

(Figure 26). 
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Figure 26: Keeling-Plot for the water samples from Lake Willersinnweiher for early-stage 

thermal stratification (A), late-stage thermal stratification (B) and winter circulation (C). The 

extrapolated intercepts of the best fit in the Keeling plot provide the isotope ratio of the 

different sources of CH4 in Lake Willersinnweiher. Error bars (1-σ) of measurements reflect 

the noise within the measurement interval (10 min) and mainly lie within symbols. Best fit 

and intercepts were estimated by geometric mean regression. 
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The sources of CH4 in the water column might be (1) transport of CH4 from 

littoral sediments, (2) groundwater contribution  and / or (3) internal oxic 

methane production (OMP) (Grossart et al. 2011; Bogard et al. 2014; Tang et al. 

2014; McGinnis et al. 2015; Donis et al. 2017). 

(1) Lateral transport of CH4  

Concentration gradients from littoral to profundal sites and lateral transport of 

CH4 from littoral sediments was shown for lake environments (Murase et al. 

2005; Hofmann et al. 2010; Encinas Fernández et al. 2016; DelSontro et al. 2017). 

Surface water CH4 concentrations in Lake Willersinnweiher were higher in the 

littoral than profundal and might result in CH4 transport to the centre of the 

lake. However, the data of this study cannot provide any evidence for this 

assumptions as no systematic transect of water column profiles over lake width 

was conducted. 

(2) Groundwater contribution  

Groundwater contribution into the epilimnion of Lake Willersinnweiher (2) is 

likely as groundwater infiltrating the lake at the south-eastern shore is enriched 

in CH4 (up to 2.4 µM). Relatively little is known about naturally occurring 

background CH4 concentrations in groundwater in the URG to date and the 

source of CH4 in the groundwater of the upstream of Lake Willersinnweiher is 

unknown and could originate from various sources (Table 9). 

Groundwater δ13C-CH4 values ranged between -18‰ and 1.6‰ and are rarely 

reported for groundwaters (Schloemer et al. 2016). Increasing δ13C-CH4 values 

generally indicate intense microbial CH4 oxidation (Barker and Fritz 1981). 

Hence, δ13C-CH4 values might not provide any evidence about the actual source 

of CH4 in the groundwater. 
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Table 9: Potential pathways for CH4 accumulation in groundwater upstream of Lake 

Willersinnweiher 

Source Pathway  Pro Contra 

lignite bearing 

sediments and / or 

thermogenic origin 

diffusion from deeper 

aquifers 

 relatively light 

δ13C-CH4 values 

requires 

pathways for 

ascending waters 

organic-rich 

sediments of old 

river branches  

anoxic methanogenesis 

within the aquifer 

 substrates 

available 

limited in the 

presence of SO42- 

(freshwater) 

carbonates 

methanogenesis via CO2 

reduction 

 substrates 

available 

producing 

relatively heavy 

δ13C-CH4 values 

limited in the 

presence of SO42- 

contamination site anoxic methanogenesis / 

methanogenesis during the 

degradation of organic 

contaminants 

 substrates 

available 

contamination 

sites not 

documented 

surface infiltration from e.g. gravel 

pits 

 open gravel pit 

< 1km upstream 

no CH4 data 

available 

lakes upstream anoxic methanogenesis in 

littoral sediments 

 seasonal 

variations 

no CH4 data 

available 

     

Lignite bearing sediments are known as groundwater CH4 sources in deeper 

aquifers of the URG (e.g. Gründger et al. 2015). Reported coalbed δ13C-CH4 

values range from about -80‰ to -16‰ (e.g. Rice 1993). Furthermore, natural 

thermogenic δ13C-CH4 is usually in the range of - 50‰ to - 25‰. Methane from 

both sources might migrate into the groundwater. Although, ascent of deep 

fluids into shallow aquifers was shown for very specific areas linked to graben 

structures (AlNajem 2016; Freundt 2017), fracture zones and flow paths of 

upward ascending waters in the direct proximity are not reported. Diffusion 

from deeper aquifers of Miocene or Oligoncene age is therefore unlikely to 

cause CH4 concentrations in the surface near groundwater. 

Methanogenesis via CO2 reduction depends on the substrates available. 

Carbonate reduction is the dominant pathway for reservoirs with high DIC 

concentrations. However, substrates might be fully metabolized by non-

methanogens (e.g. SRB) since groundwater is significantly enriched in SO42-. 
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Organic-rich sediments from old branches of the river Rhein (e.g. Roxheimer 

Altrhein) span over a large area upstream of Lake Willersinnweiher. These 

sediments might provide substrates for methanogens within the surface-near 

aquifer. However, methanogenesis is substantially limited in the presence of 

SO42- and CH4 originating from these sediments might have been fully oxidised 

to within the lakes upstream before reaching Lake Willersinnweiher. 

Methane is produced by anoxic methanogenesis and as product of oxidative 

biodegradation of (highly volatile chlorinated) hydrocarbons in contamination 

sites (Hunkeler et al. 2005; Azadpour-Keeley et al. 2005; Wickert et al. 2009; 

Schmidt et al. 2010). The isotopic composition of CH4 is thereby controlled by 

the δ13C-ratio of the original substrate. Wickert et al. (2009) reported elevated 

CH4 concentrations (up to 2.5 µM) downstream of an CHC-contaminated site in 

the URG, compared to background concentrations of 0.3 µM. Methanogenesis 

as a result of a contamination is likely but, however, these sites are not 

documented for the nearby environment. 

The infiltration of surface water into groundwater is possible since an open 

gravel pit is located less than 1 km upstream of Lake Willersinnweiher 

(49°29.81’ N 8°22.62’ E). However, pathways of infiltration and methanogenesis 

in the gravel pit was not analysed in the frame of this study. 

Methane concentrations of the groundwater inflow and outflow of Lake 

Willersinnweiher showed (seasonal) variations that could only be explained by 

temporally variable CH4 production or oxidation. Wollschläger et al. (2007) 

have shown that groundwater infiltrating the lake at the south-eastern shore 

has passed at least one of the lakes located in the catchment of Lake 

Willersinnweiher. This suggests that groundwater CH4 most likely results from 

the lakes upstream. Here, lake water infiltrates into the aquifer through the 

porous littoral sediments before entering Lake Willersinnweiher. Sediments are 

significantly enriched in CH4 compared to lake water and show seasonal 

variation in CH4 production that became apparent during further studies at 

Lake Willersinnweiher (first results not shown in the frame of this study) and 

other lake environments (e.g. Holmer and Kristensen 1996; Nusslein and 

Conrad 2000). Methane oxidation in the groundwater might be coupled to the 

reduction of NO3-, NO2-, Fe and Mn as O2 is absent or limited within the 

groundwater (Raghoebarsing et al. 2006; Ettwig et al. 2008; Deutzmann et al. 

2014; Norði and Thamdrup 2014; Shen et al. 2017). Denitrification-dependent 
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AOM (DAOM) is coupled to a microbial consortium that was found in different 

freshwater ecosystems worldwide (Raghoebarsing et al. 2006), but its 

occurrence and distribution in aquifers has not yet been described. Agricultural 

usage leads to an intense contribution of NO3- into the groundwater (up to 4.5 

mM upstream of Lake Willersinnweiher) and might also result in (seasonal) 

variations in DAOM. However, processes in the aquifers between lakes 

upstream and Lake Willersinnweiher are complex and have not yet been 

sufficiently studied. Further investigations of the lake waters upstream as well 

as along the groundwater flow path are crucial for the understanding of the 

complex groundwater–surface water interactions in Lake Willersinnweiher.  

Groundwater contribution of CH4 to the epilimnion plays a key role in CH4 

budget of Lake Willersinnweiher, since CH4 oversaturation occurred all year. 

Nonetheless, surface water CH4 concentrations are higher during summer 

stratification than during winter circulation.  

(3) Oxic CH4 production (OMP) 

Estimations of epilimnic CH4 production calculated according to 

Donis et al. (2017) include groundwater input and assuming common MOx 

rates reported for e.g. Lake Stechlin (0.1 d-1; Tang et al. 2014), Lake Rotsee 

(0.5 d-1; Oswald et al. 2015) or Lake Cromwell (1.0 d-1; Bogard et al. 2014). The 

results show in-situ CH4 production of 65 ± 50 nM d-1 for early-stage and 

280 ± 200 nM d-1 for late stage stratification. These values are in good agreement 

with estimated values of 40 nM d-1 to 90 nM d-1 for Lake Stechlin (Grossart et al. 

2011; Tang et al. 2014), 110 ± 60 nM d-1 for Lake Halwill (Donis et al. 2017), 

230 ± 10 nM d-1 for Lake Cromwell (Bogard et al. 2014) and up to 

225 ± 170 nM d-1 for Lake Stechlin presented in this thesis (Chapter 2.2.). 

Elevated CH4 concentrations in well-oxygenated surface water and OMP 

(mostly generating 13C depleted CH4) was reported repeatedly for different lake 

types (Grossart et al. 2011; Bogard et al. 2014; Tang et al. 2014; McGinnis et al. 

2015; Donis et al. 2017). Methane production in oxic freshwaters thereby 

appears to be associated with, inter alia, photoautotrophs (Grossart et al. 2011; 

Bogard et al. 2014; Tang et al. 2014; Yao et al. 2016) or algae (Lenhart et al. 2015). 

Biological studies were not carried out at Lake Willersinnweiher, but a detailed 

study focussing on short-term variations of CH4 due to changes in the physical, 

chemical and/or biological conditions in freshwater environments as well as 



Field studies 

Lake Willersinnweiher 

78 

biochemical pathway(s) of methane production in oxic waters is shown in 

Chapter 2.2.  

Biological activity further affects inorganic carbon cycling in the surface water 

of Lake Willersinnweiher. Surface water Ca2+ and DIC concentrations are 

substantially lower than below the thermocline. The epilimnion is 

oversaturated with respect to calcite in the surface water of Lake 

Willersinnweiher in the summer months with stable thermal stratification 

(Figure 27). The precipitation of CaCO3 results from the incorporation of CO2 by 

biota (primarily bacteria or algae) along with O2 oversaturation within the 

surface water layer. The loss of CO2 consequently shifts the chemical 

equilibrium to decreasing Ca2+ and DIC concentrations and elevated pH values 

within the surface water. Biogenically induced calcite precipitation is known to 

play an important role in eutrophic hard-water lakes (e.g. Brunskill 1969; Kelts 

and Hsü 1978; Effler and Drlscoll 1985; Müller et al. 2016). The rates of 

biologically induced calcification in the epilimnion are in very good agreement 

with values previously reported for Lake Willersinnweiher (Schmid 2002) and 

other groundwater-fed lakes e.g. Williams Lake (Minnesota, USA) 

(McConnaughey et al. 1994).  

As a consequence, surface water of Lake Willersinnweiher acts as a source for 

CH4 and a sink for CO2 with respect to emissions to the atmosphere. Methane 

oversaturation in Lake Willersinnweiher can be considered as a mixture of both 

groundwater contribution and in-situ OMP. Notwithstanding the source of CH4 

in the surface water, CH4 might not be fully oxidised which may further result 

in significant CH4 emissions from Lake Willersinnweiher. 
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Figure 27: Calculated CaCO3 solubility by PHREEQC (Parkhurst and Appelo 1999) for early-

stage (A) and late-stage stratification (B) of Lake Willersinnweiher. No pH data was available 

for the winter circulation (C). CaCO3 precipitates in surface water and dissolves in deeper 

waters of Lake Willersinnweiher. 

Emissions 

Methane emission rates for early-stage are lower than rates found for late-stage 

stratification. Lake Willersinnweiher is an all year source for atmospheric CH4 

as considerable emissions during winter circulation were found (2 µmol m-2 d-1). 

Calculated emission rates are in very good agreement with emission data 

reported for common lake environments (Bastviken et al. 2008; Podgrajsek et al. 

2014; Donis et al. 2017; Roland et al. 2017). However, mass-balance based 

emission data of this study lacks enhanced CH4 emissions by ebullition (e.g. 

Bastviken et al. 2008) or plant ventilation (Chanton and Whiting 1995) in the 

littoral areas of Lake Willersinnweiher as well as continuous and direct CH4 

flux measurements via floating chamber or eddy covariance tower as CH4 

emissions are strongly affected by the wind speed and epilimnetic CH4 

concentration. The immediate effects of changes in the interplay between 

biological and physical processes in the lakes’ environment on aquatic CH4 

accumulation and, consequently, on CH4 methane emissions are presented in 

Chapter 2.2. Furthermore, all estimations are based on calculations from steady 

state conditions for single measurements in May 2017, October 2017 and 

February 2018, making future investigations of detailed seasonal variations in 

open-water and pore-water concentrations as well as fluxes desirable. The 
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presented data therefore represents a very conservative estimate of CH4 

emission of Lake Willersinnweiher. 

Emissions during the summer stratification mainly result from OMP and 

groundwater input in the epilimnion as upward migrating CH4 from deeper 

water is removed by aerobic oxidation at the oxycline in the water column. 

Summer stratification prevents CH4 in the hypolimnion from outgassing and 

CH4 consequently accumulates in the anoxic deep waters. Stored CH4 is then 

released during the autumn overturn period by vertical water mass mixing, 

resulting in high emission rates of CH4 (e.g. Bastviken et al. 2004). This 

phenomenon was also observed during spring overturns along with thawing 

ice coverage (e.g. López Bellido et al. 2009). Methane stored in the hypolimnion 

is oxidised to great extent in the water column. Oxidation is thereby dependent 

on the speed of vertical water column mixing. MOx rates during autumn 

overturn are a subject of controversial discussion and range from 45 to 95 % of 

CH4 stored in the deeper water layers (Kankaala et al. 2007; López Bellido et al. 

2009; Schubert et al. 2012; Encinas Fernández et al. 2014). 

Methane mass balances for early and late-stage stratification and as well as 

winter circulation therefore allow very rough estimates of the annual total 

emissions of Lake Willersinnweiher. Estimations assume no production during 

the winter circulation (December to April) and a linear increase of CH4 

concentration in the surface water of Lake Willersinnweiher from April to 

November. Data for air temperature and wind speed suggests the autumn 

overturn in the last weeks of November, when temperature decreased to 0 °C 

and temporarily higher wind speeds (>10 m s-1) might have caused mixing 

event(s) within the complete water column (Encinas Fernández et al. 2014) 

(Figure 28a). Methane emission rates for the autumn overturn calculated for 

minimum and maximum CH4 oxidation rates range from 1.0 to 10 mmol m-2 d-1 

and total annual emissions sum up to 11 mmol m-2 d-1 (Figure 28). These values 

are in good agreement with overturn emission rates measured at e.g. Lake 

Mindelsee (SW Germany) (12 mmol m-2 d-1 overturn and 15 mmol m-2 d-1 annual 

emissions), a temperate lake in Southern Germany with similar trophic state 

and size as Lake Willersinnweiher (Encinas Fernández et al. 2014). Calculated 

overturn emissions of Lake Willersinnweiher thereby account for 5 % to up to 

50 % of the annual CH4 emissions (depending on the respective assumed CH4 

oxidation rates in Lake Willersinnweiher) which is in good agreement with 
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most reported values of up to 40 - 50 % (Michmerhuizen et al. 1996; Riera et al. 

1999; Liikanen et al. 2003; Bastviken et al. 2004; López Bellido et al. 2009; 

Encinas Fernández et al. 2014; Jammet et al. 2017). 

 

Figure 28: Air temperature and maximum wind speed at Lake Willersinnweiher for 2017 and 

2018 (a). Annual CH4 emissions from Lake Willersinnweiher based on calculations from 

campaigns during early-stage and late-stage stratification as well as winter circulation (b). 

Methane emissions during autumn overturn were conservatively estimated by calculations 

based on literature data (e.g. Encinas Fernández et al. 2014). Methane emission rates for 

autumn overturn were calculated for minimum (45°%) and maximum (95 %) CH4 oxidation 

rates reported in the literature. Wind speed and air temperature data was obtained from a 

nearby weather station (49.51° N / 8.55° E). Note: y-axis (Flux CH4) in logarithmic scale.
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2.1.5. Conclusions 

This study has shown the various sources and sinks of CH4 within the water 

column and the sediments of Lake Willersinnweiher (Figure 29). Calculations of 

CH4 fluxes in the sediments and water column of Lake Willersinnweiher allow 

detailed CH4 mass balances for early-stage stratification (May 2017), late-stage 

stratification (October 2017) and winter circulation (February 2018).  

The fate of carbon in Lake Willersinnweiher is mainly determined by turnover 

processes in the sediments, where DIC and CH4 is considerably produced. 

Methane is consumed to a great extent by microbial anoxic oxidation of 

methane (AOM) via SO42- reduction in the sulphate-methane transitions zone 

(SMTZ) before reaching the water column. SMTZ are uncommon in freshwater 

environments and occur at Lake Willersinnweiher due to high SO42- 

concentrations of the groundwater input. AOM efficiency in the SMTZ is 

generally decreasing with increasing lake depth and the release of CH4 into the 

bottom water is consequently higher in the profundal areas of Lake 

Willersinnweiher. Methane released into the water column is considerably 

oxidised by O2 at the redoxcline in profundal areas of Lake Willersinnweiher, 

whereas aerobic oxidation seems to be inhibited by both the light intensity and 

the oxygen concentrations in the littoral areas. Aerobic CH4 oxidation at the 

redoxcline of Lake Willersinnweiher is an effective barrier to CH4 release into 

the atmosphere.  

The redoxcline at Lake Willersinnweiher decouples surface water from deep 

water reservoirs. Methane oversaturation in the surface water was observed 

and results in significant CH4 emissions during summer stratification. Sources 

of CH4 in the epilimnion might be a mixture of both groundwater contribution 

and in-situ OMP. Notwithstanding the source of CH4 in the surface water, CH4 

might not be fully oxidised and further result in significant CH4 emissions from 

Lake Willersinnweiher. The calculated overturn emissions of Lake 

Willersinnweiher account for 5 % to up to 50 % of the annual CH4 emissions 

(depending on assumed CH4 oxidation rates in Lake Willersinnweiher). 



 

 

 

 

Figure 29: Methane mass balance for May 2017 in Lake Willersinnweiher. Interpolated CH4 logarithmic concentration in the water column (QGIS Desktop 

2.18.4, TIN (triangular irregular network) method) as well as the estimated rates for production and consumption of CH4 within the water column and the 

sediments of Lake Willersinnweiher during early-stage stratification (May 2017). Data for whole-lake CH4 mass balance is presented in the appendix. 
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2.2. Lake Stechlin 

The following chapter mainly bases on the manuscript “Evidence for in-situ 

production of methane in the oxic surface water of an oligotrophic lake” 

(current working title) which is prepared for publication in Nature 

Communications. The Chapter was supplemented by additional results gained 

during fieldwork. Sections concerning laboratory incubations were conducted 

by Thomas Klintzsch (Heidelberg University). Quotations of joint work are 

indicated by footnotes. Methane flux was measured every 4 h by a floating 

chamber attached to a portable CH4 analyser (Los Gatos, USA) and flux data 

was calculated by Marco Günthel (University of Edinburgh). Turbulence data 

was provided by Georgiy Kirillin (Leibnitz-Institute of Freshwater Ecology and 

Inland Fisheries, Berlin). Weather data was obtained from the 

Umweltbundesamt and water quality data from the multi-parameter probes 

were provided by Armin Penske (Leibniz-Institute of Freshwater Ecology and 

Inland Fisheries, Berlin). 

The studies at Lake Stechlin are part of a collaboration with Prof. Hans-Peter 

Grossart from the Leibnitz-Institute of Freshwater Ecology and Inland Fisheries, 

Berlin (IGB). 
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2.2.1. Study site 

Lake Stechlin is a dimictic and oligo- to mesotrophic hardwater lake in north-

eastern Germany (53°09’ N, 13°01’ E) (Figure 30). The Lake was formed after the 

withdrawal of the glacier tongues at the end of the Weichselian glaciation ~ 12 

000 years ago. Lake Stechlin has a mean depth of 22.8 m, a surface area of 

4.3 km2 (Casper 1985) and is fed by direct precipitation and groundwater. The 

water residence time is supposed to be more than 40 a (Holzbecher et al. 1999). 

Methane concentrations of up to 1.4 μM in the well-oxygenated upper 10 m of 

the water column were recorded repeatedly in Lake Stechlin (Grossart et al. 

2011; Tang et al. 2014). Additionally, studies show low pore-water CH4 

concentrations of about 0.04 mM in the upper sediment, and sediment-methane 

ebullition can be neglected (Casper et al. 2005; Conrad et al. 2007; McGinnis et 

al. 2015). 

Lake Stechlin has been intensively studied for decades and a large experimental 

setup (“LakeLab”) of the Leibniz-Institute of Freshwater Ecology and Inland 

Fisheries (IGB) was installed in the south western bay in 2011/2012. The 

LakeLab consists of 24 lake-water basins (“mesocosms”) that are isolated from 

the rest of the lake (LakeLab: http://www.lake-lab.de). The mesocosms are used 

for a large number of different ecological experiments. 

 

Figure 30: Position of the sampling locations (LakeLab, profundal and littoral) in June 2017 

and the Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Berlin (IGB). 

Bathymetric map of Lake Stechlin was modified after Aichner et al. (2017). 

http://www.lake-lab.de/
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2.2.2. Material and Methods 

In-situ measurements 

Depth profiles of CH4 concentration and δ13C-CH4 were performed by the 

M-CRDS system (Chapter 1) from 14.06.2017 to 26.06.2017. The M-CRDS was 

deployed from a large floating platform that is constantly installed at the lake 

(LakeLab). Vertical CH4 concentration profiles through the upper 10 m of the 

water column were measured with the M-CRDS setup every 4 hours. Nine 

depths (0.5 m to 9.95 m) were measured for 20 min each and CH4 concentration 

as well as δ13C-CH4 values were averaged over a measurement interval of 

10 min. The submersible pump and tubing were mounted on an automatic 

winch of the lake lab, enabling continuous measurements of depth profiles 

during the campaign. Temperature differences between the water temperature 

at the membrane and the in-situ temperature at the submersible pump due to 

warming of the water in the tubing were lower than 4 °C and, therefore, effects 

on the CH4 concentration could be neglected. Water flow was regulated to a 

constant flow of 500 ± 5 mL min-1 all time. For quality control, the working 

reference gas for CH4 (5 ppm CH4 and 500 ppm CO2 in synthetic air) was 

analysed every 8 h during the measurements. 

In addition, the conditions in the lake were simultaneously measured by two in-

situ probes mounted 0.5 m above the submersible pump on the automatic 

profiler. A multi-parameter probe (6600 V2, YSI, USA) measured temperature 

[°C], pH and dissolved oxygen (DO) [%]. The photoautotroph community was 

continuously characterized by an additional probe (FluoroProbe, BBE moldanke, 

Germany) measuring total biomass (chlorophyll) and types (accessory pigments 

for green algae, cyanobacteria, diatoms and cryptophytes). 

Geochemical analyses 

All samples taken in the water column and from sediment cores were treated 

and analysed following the procedure described for samples from Lake 

Willersinnweiher, except that all samples were frozen (-4 °C) until further 

analysis in the laboratories of the Heidelberg University. 
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Calculations 

Diffusive fluxes were calculated from concentration gradients according to the 

procedure described for Lake Willersinnweiher in Chapter 2.1.  

Net CH4 production rates (PNet [mmol m-3 d-1]) for non-steady state conditions 

were calculated by the recently published model for balancing epilimnic CH4 

under steady state conditions by Donis et al. (2017) (eq. [32]). 
  

  
 was set as the 

changes in the in-situ CH4 concentration in the surface water over the 4 h 

intervals. 

     
  

  
                         [32] 

  

  
 is the CH4 concentration difference between sampling,    the CH4 emission 

from surface to atmosphere,     the CH4 oxidation,    the sediment surface 

area and    represents the lake planar area. Methane oxidation rates were 

obtained from former studies on CH4 production in Lake Stechlin (Grossart et 

al. 2011; Tang et al. 2014). Used parameters are shown in Table 10.  

Table 10: Parameters used for the calculation of the CH4 mass balance at Lake Stechlin 

Flux Description Value Unit 

    * Net CH4 production for non-steady 

state conditions 

- [mmol m-3 d-1] 

  

  
  * 

Changes in the summed CH4 

concentration in the surface water over 

the 4 h intervals 

- [mmol m-3 d-1] 

  * CH4 emission from surface to 

atmosphere 

- [mmol m-2 d-1] 

   ** Methane oxidation 0.89 (day) 

0.10 (night) 

 

[mmol m-3 d-1] 

   Sediment surface (in contact with the 

surface water layer) 
1.1 * 105 [m²] 

   * Diffusion from littoral sediments 0.2 [mmol m-2 d-1] 

   Lake planar area 4.3 * 106 [m²] 

   * Diffusion from metalimnion - [mmol m-2 d-1] 

*    based on presented results 

**  obtained from Tang et al. (2014) 
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2.2.3. Results 

Water characteristics 

Lake Stechlin was thermally stratified and well-oxygenated during the 

measurements in June 2017. The average temperature in the upper 6 m was 

18 °C (epilimnion). Water temperatures decreased in the metalimnion to ± 8 °C 

at 9 m. The water column was oxic down to the sediments with maximum 

concentrations at 7 m water depth. Iron, Mn and Ca did not change significantly 

with water depth. The pH in Lake Stechlin followed the profiles of O2 and 

showed maximum pH values of 8.7 at 7 m and decreased within the 

metalimnion and ranged between 7.4 and 7.6 in the hypolimnion. Epilimnetic 

DIC and SO42- concentrations were lower than hypolimnetic concentrations. 

Orthophosphate concentrations were below detection limit (< 0.08 µM) in the 

upper water column and increase with depth in the hypolimnion to up to 

0.6 µM. 

Methane concentrations in the epilimnion were relatively constant with values 

of 510 nM, maximum concentrations were found at the thermocline (630 nM). 

Methane concentration decreased with water depth to minimum values of 

140 nM at 14 m and showed higher concentrations above the sediment surface. 

The isotopic composition of CH4 was about - 49.5‰ in the epilimnion and 

increased to - 45‰ at depths of minimum CH4 concentration. Sediment near 

water layers showed δ13C-CH4 values of - 50‰. 
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Figure 31: The water column at the LakeLab, exemplarily shown for June 15th 2017 (Lake 

Stechlin). 

Physical conditions at Lake Stechlin 

Long-term measurements were dominated by changeable weather conditions 

(Figure 32). Wind speed generally followed a daily diurnal cycle. Near-surface 

turbulence showed turbulent to high-turbulent conditions in the uppermost 

2.5 m water column extending downwards to the thermocline for moderate and 

gusty wind. Average epilimnic temperatures were 20 °C and up to 23 °C for 

sunny and windless days (Figure 32A and C). Dissolved oxygen (DO) ranged 

from 115 % to 145 % with maximum saturation at 7 m water depth (Figure 

32D). Oxygen oversaturation was observed throughout the upper 10 m of Lake 

Stechlin. 

Phytoplankton 

The photoautotroph community in Lake Stechlin was dominated by 

cyanobacteria (Figure 32). The field campaign covered the two final weeks of a 

fading cyanobacteria bloom with maximum pigment abundance at the 

thermocline of 22 μg L-1 (Figure 32E). While cyanobacteria pigments were 

fading, diatom pigments were rising up to 2.4 μg L-1 above the thermocline 

during the second week of measurements (Figure 32F). The abundancy of green 
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algae shows values scattering around 2.5  2.4 μg L-1 in the upper 4 m (Figure 

32G), while cryptophytes show maximum concentration of up to 7 µg L-1 at 

7 - 8 m water depth during the measurements in June 2017 (Figure 32H). 

Methane in Lake Stechlin 

Methane in the water column 

The simultaneous and continuous depth profiles of CH4 concentration and δ13C-

CH4 values show high spatial and temporal variations (Figure 32I and K). 

Methane oversaturation with respect to atmospheric equilibrium (> 3 nM) in the 

epilimnion was found at any time and CH4 maxima (up to 950 nM) at 7 m water 

depth coincide well with the upper boundary of the thermocline and DO 

oversaturation (Figure 32E and D). Epilimnic CH4 concentrations generally 

ranged from 350 to 950 nM during the measurement period of 12 days. Methane 

concentrations at the thermocline (7 m) showed large variations ranging from 

450 to 950 nM. Metalimnic CH4 was relatively constant with time and showed 

concentrations of ~ 200 nM. Surface water δ13C-CH4 values were generally 

higher (> -48‰) than below the thermocline (< -48‰). 

Methane fluxes to the atmosphere 

The CH4 emission to the atmosphere showed maximum fluxes up to 

2.7 mmol m-2 d-1 for turbulent to high-turbulent conditions, mainly at mid-day, 

and minimum fluxes of <0.5 mmol m-2 d-1 during windless periods (Figure 32A). 

The water-to-air CH4 fluxes followed the diurnal patterns of wind (0 to 8 m s-1) 

and turbulence (-9.3 to -5.8 W kg-1 log10 TKE dissipation). 

Methane fluxes at the thermocline 

Methane upward fluxes from thermocline into the epilimnion ranged from 

0.002 - 0.006 mmol m-2 d-1 and showed maximum values of 

0.01 - 0.02 mmol m-2 d-1 during windy and/ or high-turbulent conditions (Figure 

32B). 
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Figure 32: Continuous 2-week depth profiles at the LakeLab at Lake Stechlin. Average wind 

speed, CH4 fluxes and sunshine duration (A), turbulence at 2 m and 7 m water depth as well 

as fluxes at the thermocline (B), temperature (C), oxygen saturation (D), cyanobacteria (E), 

diatoms (F) green algae (G), cryptophytae (H), CH4 concentration (I) and δ13C-CH4 values (K) 

interpolated from measurements at Lake Stechlin in June 2017. Grey points indicate the 

sampling time and depths. 
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Sediment pore-water characteristics and CH4 pore-water fluxes 

At all sites, dissolved Fe was absent in the pore-water of the upper part of the 

sediments. Dissolved Mn concentrations showed maximum concentrations of 

9 µM at the LakeLab and 4 µM in the pore-water of profundal and littoral 

sediments. At the littoral site, dissolved Mn peaked in the pore-water within the 

uppermost 5 cm whereas dissolved Mn concentrations decreased with depth 

below 30 cm for the profundal and LakeLab site. Pore-water SO42- generally 

decreased with sediment depth. Sulphate was absent below 5 cm and 20 cm for 

the LakeLab site as well as the littoral and profundal site, respectively. Sulphide 

concentrations showed local maxima at the LakeLab and the profundal site, 

whereas total S (-II) concentrations increased to up to 0.25 mM with depth at the 

littoral site (Figure 33). 

Pore-water CH4 generally increased with depth to maximum values of 1.5 to 

2 mM at all sites. Sediments at the LakeLab showed a local maximum between 5 

and 15 cm and rather constant CH4 concentrations below. Methane production 

within sediments varied considerably between 0.22 mmol m-2 d-1 for profundal 

sediments and 1.87 mmol m-2 d-1 for the LakeLab site. Methane release from the 

sediment into the bottom water was 0.20 mmol m-2 d-1 and equal for the littoral 

and profundal sites, whereas the flux was 1.87 mmol m-2 d-1 at the LakeLab site 

(Figure 33d, k and q). δ13C-CH4 values from littoral sediment sites decreases 

downwards from - 58‰ in the upper pore-waters to - 63‰ in 27 cm sediment 

depth. 

DIC increased with depth from 1.5 - 5 mM at the LakeLab and the littoral site, 

whereas maximum DIC concentrations of 2.5 mM were significantly lower at 

the profundal site (Figure 33). Orthophosphate increased with depth to up to 

15 µM for littoral and profundal sediments. The LakeLab site showed peak 

concentrations of 55 µM between 5 and 15 cm sediment depth and decreasing 

concentrations below. 
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Figure 33: Geochemical profiles of selected elements in the pore-water of the sediments at 

the LakeLab (a-f), at the profundal site (g-m) and the littoral site (n-s) of Lake Stechlin in 

June 2017. Pore-water CH4 concentration and CH4 diffusive fluxes calculated with Fick’s 1st 

law. Pore-water fluxes are given in mmol m-2 d-1. 
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2.2.4. Discussion 

Methane accumulation in the upper water layer of lakes is a common 

phenomenon directly affected by the emission to atmosphere, internal 

production, internal consumption and input from anoxic zones (Karl et al. 2008; 

Tang et al. 2016). The presented data highlight the temporal and spatial 

dynamics of CH4 in the water column of Lake Stechlin and the immediate 

effects of changes in the interplay between biological and physical processes in 

the oxic surface water layer of aquatic systems. Sources of CH4 in the water 

column might be CH4 input from littoral sediments and / or internal oxic 

methane production (OMP).  

Methane in the sediments of Lake Stechlin 

Input of CH4 from littoral or benthic sediments has been shown for specific lake 

environments (Hofmann et al. 2010; Encinas Fernández et al. 2016). At Lake 

Stechlin, near bottom water is considerably influenced by sedimentary 

methanogenesis, whereas the pathways of CH4 production and CH4 oxidation 

vary between profundal and littoral sites. Sediments at Lake Stechlin are iron-

dominated and the broad SO42- reduction in the profundal sediments, zone 

indicate that methanogens are outcompeted by sulphate reducing bacteria 

(SRB) in the upper 20 cm. Below this depth, SRB become inactive and 

methanogenesis is most likely coupled to carbonate reduction (e.g. Conrad 

1989). Opposing gradients of CH4 and SO42- along with increasing sulphide 

concentrations might further indicate the presence of sulphate-methane 

transition zones (SMTZ) and the anaerobic oxidation of CH4 (AOM) with 

SO42- as electron acceptors in the upper sediment layer (Hinrichs et al. 1999; 

Boetius et al. 2000). Consequently, upward migrating CH4 is consumed before 

reaching the bottom water of Lake Stechlin. In contrast, profundal sediments at 

the LakeLab showed more condensed geochemical redox zonations. Here, OM 

conversion might be enhanced by the anthropogenic input of carbon and 

nutrients such as (ortho-)phosphates or methylated substrates from the 

mesocosm experiments. Anthropogenic enhanced carbon input consequently 

leads to high sedimentary CH4 production rates in the upper sediment layer. 

Methanogenesis is the dominant process of OM degradation, as available 

dissolved SO42- is consumed within the uppermost 5 cm of the sediment. 
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Methane formation via non-competitive methanogenic pathways, e.g. by 

utilizing methylated substrates, is possible. AOM in the upper sediment layer 

might be coupled to Mn or SO42- reduction. Diffusion of CH4 into the bottom 

water was an order of magnitude higher than at other profundal sites. 

However, released CH4 is consumed by aerobic CH4 oxidation (MOx) in the 

oxic hypolimnion before reaching the surface water layer of Lake Stechlin. 

Carbon cycling pathways in littoral sediments are different to profundal 

sediments. Manganese and SO42- are depleted below 5 cm sediment depth. 

Methane formation is the main TEA for OM oxidation at littoral sites. Pore-

water δ13C-CH4 values in the lower parts of the sediments suggest that 

methanogenesis is based on the either hydrogenotrophic, or acetoclastic 

pathway or both (Oremland et al. 1987; Whiticar 1999). In the upper layer, 

higher δ13C-CH4 indicates intense AOM most likely coupled to the reduction of 

Mn. Littoral sediments might also be ventilated by the submerged vegetation, 

which could consequently lead to an underestimation in CH4 fluxes across the 

sediment-water interface.  

Organic-rich littoral sediments are therefore considered as possible sources of 

laterally transported CH4. showed fluxes into the bottom water of 

0.2 mmol m-2 d-1. However, former studies found no significant horizontal 

gradients in CH4 concentrations from littoral to profundal sites (e.g. Tang et al. 

2014). In addition, CH4 oversaturation was found within the oxygen-rich 

mesocosm water, sheltered from the input of littorally produced CH4 (Tang et 

al. 2016). However, mesocosmic CH4 might be influenced by the LakeLab since 

anthropogenic influence was already shown for the sediments. Algal growth on 

the inner and outer enclosure walls of the LakeLab is present and CH4 

formation might consequently be coupled to anoxic micro-niches (Oremland 

1979; Grossart et al. 2011). However, the inner walls are frequently cleaned from 

biofilm e.g. by underwater vacuum cleaners. Outer wall biofilms might also 

have a minor influence on surface water CH4 formation, since CH4 

oversaturation was found in the surface water layer of Lake Stechlin (Grossart 

pers. comm.). Furthermore, oversaturated CH4 concentrations in oxic waters as 

well as OMP was shown for other lake environments (Juutinen et al. 2009; 

Bogard et al. 2014; Blees et al. 2015; Donis et al. 2017). Methane transported 

from littoral sites or produced on the enclosure walls of the LakeLab might 

therefore be excluded as the main source for the accumulation of CH4 in the 
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surface water layer at Lake Stechlin. Consequently, surface water CH4 needs to 

be significantly produced within in the oxic water layer. 

CH4 in the oxic surface water 

The CH4 mass balance based on internal consumption and input from anoxic 

zones and adds up to an internal oxic CH4 production (OMP) of 

232 ± 177 nM d-1 in the surface water layer of Lake Stechlin. However, OMP 

showed large variations with time (Figure 34). 

 

Figure 34: Net oxic CH4 production for non-steady state conditions (225 ± 170 nM d-1), water-

to-Air CH4 Flux (FS, light grey), upwards diffusion from the thermocline (FZ, dark grey) as 

well as mean values of CH4 production for Lake Stechlin, Lake Halwill (Donis et al. 2017) 

and Lake Cromwell (Bogard et al. 2014). Error bars represent 1-σ standard deviation. 

Data smoothed to a 24 h averaging interval tend to follow the water-to-air CH4 

fluxes. The deployment of floating chambers for CH4 emission measurements is 

known to enhance gas transfer through disturbance of the surface boundary 

layer by small waves, especially during higher wind speeds (e.g. Matthews et 

al. 2003). Methane fluxes to the atmosphere may therefore be slightly 

overestimated in the calculation of CH4 production. However, the results for 

OMP of 232 ± 177 nM d-1 in Lake Stechlin cover the range of previously reported 
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data for Lake Stechlin (40 nM d-1 to 90 nM d-1) (Grossart et al. 2011; Tang et al. 

2014) as well as for estimations for other lakes in the temperate zone and with 

similar trophic state of 110 ± 60 nM d-1 for Lake Halwill (Donis et al. 2017) and 

up to 230 ± 10 nM d-1 for Lake Cromwell (Bogard et al. 2014). 

Previously published estimations on OMP were exclusively based on in-lake 

incubation experiments or calculations from steady state conditions, not 

covering the temporal variability of CH4 concentrations within the surface 

water, as CH4 dynamics are not captured by conventional analytical methods. 

This study presents the first CH4 production data considering the highly 

dynamic conditions in the surface water. In the high-resolution field study, the 

main components of the CH4 mass balance such as aquatic CH4 concentration 

and CH4 emissions to the atmosphere were analysed. Methane oxidation rates, 

however, are resulting from studies on CH4 oxidation and its photoinhibition 

dependence at Lake Stechlin (Grossart et al. 2011; Tang et al. 2014). Estimations 

of CH4 oxidation rates are based on incubation experiments and thereby 

particularly prone to error in temporal resolution. Simultaneous measurements 

of the in-situ concentration and δ13C values of CH4 and CO2 in water are not 

available yet, but will be essential for a higher temporal and spatial resolution 

of the sinks for CH4 in limnic systems.  

High resolution mass balance for the surface water of Lake Stechlin shows no 

significant correlation with suggested factors controlling the oxic CH4 

production (Grossart et al. 2011; Tang et al. 2014) such as radiation, but, 

however, might be disguised by wind-induced effects on CH4 concentration in 

the surface water (Figure 35). 
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Figure 35: Box-Whisker-Plots (whisker mode: 1 SD) for surface water CH4 concentration (A), 

δ13C-CH4 values (B) and oxic CH4 production rates (C) with respect to the time of day. No 

significant correlations were found for oxic CH4 production with suggested factors 

controlling the oxic CH4 production such as radiation.  
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Oxic CH4 production and the photoautotrophic community 

Although CH4 accumulation and CH4 production in the oxic surface water 

became obvious over recent years, only vague attributions can be made 

concerning the source and pathways for oxic CH4 production in water. Methane 

occurrence and production in lakes was further suggested to be related to 

photoautotrophic production and growth, but lacked the conclusive evidence 

(Grossart et al. 2011; Bogard et al. 2014; Tang et al. 2014). This study now clearly 

demonstrates that aquatic CH4 concentrations at Lake Stechlin are directly 

linked to algal dynamics and algae abundances. The in-situ results of CH4 

accumulation and pigment presence of cyanobacteria and diatoms showed 

spatial and temporal coverage (Figure 32 and Figure 36). Cyanobacteria 

chlorophyll correlates (person correlation) with CH4 concentration within the 

cyanobacteria bloom, whereas the diatom chlorophyll concentration showed 

significant correlation with CH4 concentration inside the diatom bloom in the 

surface water of Lake Stechlin. Green algae and cryptophytes showed inverse 

or no correlation, respectively, most likely due to the dominance of 

cyanobacteria and diatom bloom events (Figure 32). Temporally missing 

correlation between phytoplankton and CH4 accumulation is best explained by 

wind-induced loss of CH4 by emission to the atmosphere. Furthermore, the 

simultaneous and immediate CH4 production along with culture growth is very 

unlikely. The algae metabolism might cause a delay in the CH4 production that 

is not captured by the 4 h sampling intervals and disguised by wind-induced 

changes in aquatic CH4 concentration. 
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Figure 36: Correlation of in-situ results of cyanobacteria within the cyanobacteria bloom 

(A,B), diatom within the diatom bloom (C,D), green algae (E,F) and cryptophytae (G,H) with 

the CH4 concentration and δ13C-CH4 values in the surface water layer of Lake Stechlin. 

Temporally missing correlation between phytoplankton and CH4 accumulation is most likely 

due to wind-induced loss of CH4 by emission to the atmosphere. 
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“Field data are mirrored in laboratory incubations, where produced CH4 was 

consistent with the biomass yield in all cultures. Representatives of all major 

phytoplankton classes in Lake Stechlin (diatoms, green alga, cryptophytes, all 

isolated from the lake) and cyanobacteria (from culture collections) were 

investigated for their potential CH4 production. Alga cultures were incubated 

with 13C-labeled bicarbonate (NaH13CO3) as carbon source. All such treated 

cultures showed conversion of NaH13CO3 into 13CH4, that was indicated by 

increasing δ13CH4 values in head space CH4 with respect to untreated cultures. 

(Figure 37). 

 

Figure 37: Laboratory incubation results for diatoms (red), green algae (green) and 

cryptophytes (orange). Incubation of cyanobacteria was not evaluated within the frame of 

this study. δ13C-CH4 values of headspace CH4 from cultures (NaH13CO3) and WC-medium 

(control) incubated with or without (control) a treatment of NaH13CO3 (filled and empty dots, 

respectively). Laboratory incubations were conducted by Thomas Klintzsch (Heidelberg 

University). 

The increase of δ13C-CH4 values ranged from 3.44 ± 0.88‰ in cultures of 

cryptomonas up to 214 ± 23‰ in Asterionella formosa. All NaH13CO3 treated alga 

cultures produced CH4 enriched in 13C, and thus providing isotopic evidence 

that major phytoplankton classes in Lake Stechlin (green algae, cyanobacteria, 

diatoms, cryptophytes) per se produce CH4 under oxic conditions.”3 Hence, CH4 

is directly formed by those organisms. While the in-situ lake production rates of 

algae and cyanobacteria in Lake Stechlin are still unknown, this study now 

confirms previously published studies suggesting CH4 accumulation and 

production to be related to photoautotrophic production and growth (Grossart 

et al. 2011; Bogard et al. 2014; Tang et al. 2014). 

                                                 
3 cited from joint work by Thomas Klintzsch in Hartmann et al. (2018, in preparation) 
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Surface water – atmosphere interactions 

This study shows that opposing impacts on aquatic CH4 concentrations in the 

epilimnion are prevalent. Methane is significantly produced and considerably 

emitted from in the surface water layer of Lake Stechlin. Open-water CH4 

emissions of 0.05 - 2.78 mmol m−2 d−1 are consistent with emissions of 

0.95 - 2.7 mmol m−2 d−1 for Lake Stechlin reported earlier (McGinnis et al. 2015). 

The CH4 emissions are up to five times higher than the estimated mean water-

to-air CH4 fluxes from freshwater lakes presented by Bastviken et al. (Bastviken 

et al. 2011). Several authors supposed the presence of microbubbles enhancing 

CH4 fluxes at Lake Stechlin for wind speeds ≥ 2 m/s as turbulence increase the 

exposure of gas-supersaturated water (Eugster et al. 2011; Prairie and del 

Giorgio 2013; McGinnis et al. 2015). These are very similar results, as CH4 

emission rates correlated significantly with wind speeds of ≥ 1.5 m/s (R² = 0.615) 

(Figure 38). The diurnal pattern of maximum and minimum fluxes mainly at 

mid-day and midnight, respectively, might therefore be the result from 

enhanced turbulence transfer within the surface water due to more windy 

conditions (Bastviken et al. 2004, 2010). 

Moreover, and this is crucial, increasing wind speeds also control total CH4 

concentrations in the surface water layer (R2 = 0.36). Wind-induced increase in 

CH4 emission rates reduces the CH4 concentrations in the uppermost 5 m and, 

hence, fuels the diffusion from the thermocline by increasing the CH4 

concentration gradients within the surface water layer (Figure 38). Upward-

directed CH4 fluxes from the thermocline to the surface water layer reached up 

to 0.02 mmol m-2 d-1 for windy and high turbulent regimes. This reinforces a 

decrease of CH4 concentrations in the surface water layer by an upwelling of 

colder deep water with lower CH4 concentration and slightly more negative 

δ13C-CH4 values (Figure 39) (Kirillin and Engelhardt 2008; Kirillin et al. 2009; 

Hartmann et al. 2018). Consequently, both aquatic CH4 concentrations and 

emissions from the surface water to the atmosphere are immediately affected by 

wind speed.  

The results demonstrate that CH4 concentrations and emissions are not 

predictable from single and/or random measurements as generally used for gas 

flux calculations. Estimations of the local CH4 budget, therefore, need to be 

reconsidered with respect to the high dynamics of CH4 production the oxic 



Field studies 

Lake Stechlin 

 

106 

surface water layers, which consequently, also affects CH4 emission to the 

atmosphere. 

 

Figure 38: Correlation of the wind speed with CH4 flux and summed epilimnic CH4 

concentration (A). Increasing wind speed (> 2 m/s) leads to decreasing CH4 concentration in 

the water column and increasing CH4 emissions. Diffusion from the thermocline to the 

surface water by wind-induced turbulence (B). Reduced CH4 concentration in the uppermost 

5 m by lowering the CH4 concentration gradients within the surface water layer due to an 

upwelling of colder deep water with lower CH4 concentration and slightly lighter δ13C-CH4 

values. Outliers in (b) are drawn as empty circles. Error bars represent the standard 

deviation. 
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2.2.5. Conclusions 

This study clearly shows the temporal and spatial variability of aquatic CH4 

that is unambiguously controlled by CH4 loss to the atmosphere and 

photoautotrophic CH4 production within the oxic water layer. Whereas recently 

published studies have demonstrated active CH4 production in well oxygenated 

waters (Grossart et al. 2011; Tang et al. 2014; Donis et al. 2017), but remained 

hypothetic with respect to the CH4 sources or metabolic pathways, this study 

now provides the first evidence from laboratory and field measurements that 

all major phytoplankton classes in the surface water of Lake Stechlin produce 

CH4 under oxic conditions. These results could drastically change our 

understanding of the behaviour of CH4 in aquatic systems since CH4 production 

in oxic water layers might be significantly influenced by future changes in the 

interplay between biological, chemical and physical processes in lake 

environments. The results further demonstrate that CH4 concentration and 

emissions are not predictable from single and/or random measurements and, 

hence, estimations of the local methane budget need to be reconsidered with 

respect to the highly dynamic behaviour of CH4 in surface waters. 
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2.3. Lake Erken 

2.3.1. Study site 

Lake Erken (59°51‘ N, 18°35‘ E) is an alkaline, mesotrophic and discontinuously 

dimictic lake 60 km north-east of Stockholm (Sweden) (Figure 40). Lake Erken 

has a total area of 24 km², a mean depth of 9 m and a maximum depth of 21 m. 

The water residence time is about 7 a (Widell 1965). The drainage area is 

140 km2 and mostly dominated by coniferous forest. The lake is covered with 

ice for 16 to 18 weeks per year (December/January to April/May). Summer 

stratification usually develops in late May. Phytoplankton blooms occur 

regularly in the ice‐out period, while nutrients decrease rapidly and e.g. 

phosphorus is limited by May (Pechlaner 1970b; Pettersson 1980, 1985; 

Malmaeus et al. 2006). 

Sediment resuspension in relatively shallow and littoral areas is known to result 

from wind-induced hydrodynamic forces (Weyhenmeyer et al. 1995). The 

predominant winds generally arrive from the east due to the proximity to the 

Baltic coast. Wind direction [°] and wind speed [m s–1], photosynthetically 

active radiation (PAR) [W m2] as well as water temperature [°C] were collected 

and provided by the meteorological station at Malma Islet (Figure 40). 
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Figure 40: Lake Erken, 60 km north east of Stockholm, Sweden. Position of the sampling 

locations (Malma Islet and littoral site in front of Erken Laboratoriet), transects (red dotted) 

and sampling sites for continuous measurements near Malma Islet at Lake Erken, sampled in 

July 2017. The bathymetric map of Lake Erken was modified after Eidborn (2015). 
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2.3.2. Material and Methods 

Sampling sites 

At Lake Erken, the M-CRDS was operated at a small island (Malma Islet 

59°50.345‘ N, 18°37.774‘ E) in front of the Erken Laboratoriet (University of 

Uppsala, Sweden) (Figure 40). During the first two days, the water was pumped 

from the island shore from 1.0 m water depth. Thereafter, the submersible 

pump was deployed at a buoy in 2.5 m water depth 50 m offshore north of the 

island (Figure 40). Additionally, a depth profile of CH4 concentrations and δ13C-

CH4 was performed by the M-CRDS system at the buoy immediately thereafter. 

Discrete water samples for GC-FID analyses were taken along two defined 

7000 m and 2300 m long transect lines in 0.5 m water depth with a lateral 

resolution of ~20 - 1500 m (Figure 40, Table 11) to detect spatial variations in 

CH4 concentration in the upper water layer of Lake Erken. Sediment sampling 

was carried out at the site of the continuous measurement (buoy) and within 

the bay in front of the Erken Laboratoriet. 
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Table 11: Locations sampled at Lake Erken. Profundal “buoy site” and shallow shore site at 

Malma Islet was analysed by M-CRDS and GC-FID, transect locations were analysed by GC-

FID only. Cores were taken at the buoy site and at the Littoral site in front of Erken 

Laboratoriet. 

Sample ID Latitude Longitude Lake depth 

[m] 

Sampled 

depth [m] 

Buoy (profile) 49°30.015' N 8°23.835' E 15 0 - 15 

Buoy (continuous) 49°30.015' N 8°23.835' E 15 2.5 

Malma Islet shore 

(littoral) 

59°50.358’ N 18°37.773’ E 1.0 1.0 

Littoral site 
(bay in front of Erken 

Laboratoriet) 

49°29.980' N 8°23.613' E 2.0 2.0 

     Transect locations     

1 59°50.395' N 18°31.145' E  0.5 

2 59°50.276' N 18°32.596' E  0.5 

3 59°51.830' N 18°33.070' E  0.5 

4 59°50.452' N 18°34.214' E  0.5 

5 59°50.305' N 18°36.367' E  0.5 

6 59°50.535' N 18°37.264' E  0.5 

7 59°50.287' N 18°37.390' E  0.5 

8 59°50.244' N 18°37.426' E  0.5 

9 59°50.269' N 18°38.269' E  0.5 

10 59°50.960' N 18°37.527' E  0.5 

11 59°51.119' N 18°37.419' E  0.5 

12 59°50.575' N 18°37.430' E  0.5 

13 59°50.380' N 18°37.419' E  0.5 

14 59°50.244' N 18°37.426' E  0.5 

15 59°50.215' N 18°37.466' E  0.5 

16 59°50.172' N 18°37.480' E  0.5 

17 59°50.118' N 18°37.530' E  0.5 

18 59°50.110' N 18°37.548' E  0.5 

19 59°50.850' N 18°37.584' E  0.5 
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Lake water and pore-water analyses 

For 10 days, CH4 concentrations were continuously and simultaneously 

measured by the M-CRDS and an underwater mass spectrometry (UWMS) 

(Schlüter and Gentz 2008). Discrete water samples for the validation of the CH4 

concentration measurements were taken from the bypass of the M-CRDS. δ13C-

CH4 of the water was analysed by the M-CRDS, only. All discrete water 

samples were independently analysed in the laboratories of the Institute of Earth 

Sciences at University of Heidelberg (Germany) and the Alfred-Wegener Institute 

(AWI), Helmholtz Centre for Polar and Marine Research located in 

Bremerhaven (Germany) via the headspace technique (Kampbell et al. 1989) by 

GC-FID according to the procedure descripted in Chapter 1.1.1. 

All samples taken in the water column and from sediment cores were treated 

and analysed identical to the procedure described for Lake Willersinnweiher 

(Chapter 2.1.2). 

Calculations 

Diffusive fluxes were calculated from concentration gradients according to the 

procedure described in Chapter 2.1. 
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2.3.3. Results 

Sediment pore-water characteristics and CH4 pore-water fluxes 

The pore-water of littoral and profundal sediments at Lake Erken showed 

differently pronounced geochemical redox zones (Figure 41). 

Pore-water Mn concentrations in littoral and profundal sediments peaked at 

2 cm and 4 cm sediment depth, respectively. Maximum Mn concentrations of 

90 µM at the profundal site were around 10 times higher than at the littoral site. 

Pore-water Mn was detected in the entire sediment column at both sites. Iron 

concentrations were with maximum concentrations of 50 µM and 0.5 µM lower 

than Mn concentrations at both sites. Dissolved Fe was low at the littoral site 

and an order of magnitude higher at the profundal sites. Profundal sediments 

showed a strong peak from 0 to 10 cm depth with up to 45 µM of dissolved Fe. 

Furthermore, the littoral sediments showed increasing Fe concentrations below 

20 cm to up to 40 µM at 30 cm depth. Pore-water SO42- decreased with sediment 

depth in the uppermost 5 cm at all sites. Concentrations decreased within the 

uppermost 2 cm at the profundal site, whereas SO42- showed a local maximum 

at 2 cm and decreasing concentrations below (Figure 41). Total sulphide was 

below the detection limit at both sites. Pore-water CH4 concentrations increased 

with depth to maximum values of 0.7 mM in the profundal sediments, whereas 

the littoral sediments showed maximum CH4 concentrations of 0.4 mM in 15 cm 

sediment depth. Methane production in pelagic sediments was equal for 

profundal and littoral sites, whereas CH4 release into bottom water was 8 times 

higher at the littoral site than at the profundal sites (Figure 41). 

At both sites, DIC increased to maximum concentrations of 3 mM with depth. 

Littoral sediments showed an increase within the uppermost 10 cm and 

constant values below, whereas DIC at the profundal site peaked at depth at the 

same depth of dissolved Fe within the upper 10 cm and below 20 cm sediment 

depth. Total dissolved phosphorus showed maximum concentrations between 

5 and 15 cm depth of the littoral core. Profundal total dissolved P followed the 

pattern of Fe and DIC and peaked at 8 and 30 cm depth. 
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Figure 41: Geochemical pore-water profiles of selected elements in the sediments of Lake 

Erken taken at the littoral (a-f) and profundal (g-m) sites in August 2017. Methane diffusive 

fluxes calculated with Fick’s 1st law (d and k) and production rates are given in mmol m-2 d-1. 

Note the different scales on the x-axis for Fe, Mn and P of the profundal and littoral site. 

 

Water characteristics 

Lake Erken showed constant water temperatures in the uppermost 8 m and 

decreasing values below to 16 °C (Figure 42) in August 2017. The electrical 

conductivity was constantly low throughout the water column with values 

from 280 µS cm-1. The uppermost 9 m of the water column were well-

oxygenated, and saturation decreased down to 45% in deeper water layers. The 

pH values showed a similar pattern with values of 8.8 in the uppermost 9 m 

and decreasing values with increasing depth to pH 7.8 in 12 m water depth. 

Epilimnic CH4 concentrations at the site of the continuous measurement (buoy 

site) were rather constant with values of 250 nM and decreased with depth to 

minimum values of 120 nM at 11 m water depth. Close to the lake bottom, CH4 

concentrations increased to ~ 200 nM. The CH4 concentration profile is 

accompanied by an opposing trend in δ13C-CH4 values with δ13C-CH4 of -51‰ 

within the surface water layer and -48‰ in the deeper layer. 
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Figure 42: Geochemical profiles of selected elements in the water column of Lake Erken at 

the site of the continuous measurement (buoy) in August 2017. 

 

Spatial variations of element and CH4 concentration – Lake transects 

The surface water layer of Lake Erken showed no spatial variations of most 

major element concentrations as shown exemplarily for Ca and DIC 

concentrations in Figure 43a and b. In contrast, Fe and Mn concentrations are 

higher in the surface water in littoral areas than at the profundal sites (Figure 

43c and d). Iron and Mn concentrations are higher in the south-western bay 

than in the main basin of Lake Erken. The amount of suspended particulate 

material – based on visual impression only – was higher in the south-western 

bay than in the main basin of Lake Erken. Analyses in terms of the quantity and 

quality of suspended particulate material have not been carried out in the frame 

of this study. 

Surface water CH4 concentrations showed high spatial variations (Figure 43) in 

Lake Erken. The CH4 concentrations of the surface water at profundal sites 

ranged between 200 and 350 nM, whereas the highest CH4 concentrations (up to 

1500 nM) were found at littoral sites. Highest surface water CH4 concentration 

at profundal areas was found in the south-western bay of Lake Erken (350 nM). 
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Figure 43: Spatial distribution of Ca (a), DIC (b), Fe (c), Mn (d) and CH4 (e) concentrations in 

the surface water layer of Lake Erken in August 2017. The buoy site is encircled. 

Temporal CH4 variations 

Uniform weather conditions dominated during the measurement period of 

10 days. The wind speed was highest during day time (up to 6 m s-1) and the 

main wind direction was north to north-east. Results for the continuously and 

simultaneously measured CH4 concentrations show temporal variations during 

the 10 days of measurement (Figure 44). Near-shore water at Malma Islet 

showed a CH4 concentration range between 200 and 400 nM. δ13C-CH4 analyses 

showed values of – 54 to – 52‰. Surface water at the buoy site further offshore 

from the island showed lower concentrations varying between 170 nM and 

270 nM. Isotopic values were generally less negative and ranged between – 50 

to – 49‰. 
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Figure 44: Temporal variations in wind speed (raw data and 2 h mean) and sunshine 

(expressed in PAR Photosynthetically Active Radiation) (A), wind direction (B), CH4 

concentration and δ13C-CH4 values (raw data and 2 h mean) (C) and CH4 concentration 

measured by GC, UWMS and M-CRDS (D). The pump location was changed from the 

littoral site a few meters offshore the island to the profundal buoy site, 50 m offshore the 

island, during July 20th (marked in grey). 
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2.3.4. Discussion 

Performance during long-term measurement and method comparison 

The presented results confirm the suitability of the M-CRDS for long-term in-

situ analyses of CH4 concentrations and δ13C-CH4 values in surface waters. 

Methane concentrations obtained by the M-CRDS were consistent with the 

results of discrete water samples (GC-FID) and the UWMS for depth profile 

analysis as well as during the continuous measurements (Figure 45). The depth 

profile measurements showed an offset of less than 5 % between M-CRDS and 

GC-FID measurements (Figure 45a). These offsets are lower than previously 

reported in this study for the field application tests at Lake Stechlin (Chapter 

1.4). The offset between CH4 concentrations measured by M-CRDS, GC-FID and 

UWMS during continuous CH4 concentration measurements ranged between 

0 % and 60% (Figure 45b and c). Offset in CH4 concentration was highest 

directly after sampling of near-shore waters with higher CH4 concentrations 

and less than 15 % (GC-FID) and 20 % (UWMS) for profundal water. The 

analysis of short-term variations in CH4 concentrations (e.g. by ebullition) is 

generally limited by the response time (average measurement time ~ 10 min) 

due to the rise / fall-time of the CRDS analyser during isotopic measurements. 

Validation measurements of δ13C-CH4 values have not been carried out in the 

framework of this study. 

 

Figure 45: Offset between CH4 concentrations measured by M-CRDS in comparison with 

GC-FID for depth profiles (A) as well as GC-FID (B) and UWMS (C) for continuous CH4 

concentration measurements at the buoy site (Lake Erken). The pump location was changed 

from few meters offshore to the profundal buoy site, 50 m offshore the island, during July 

20th (marked in green). 
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CH4 dynamics in Lake Erken 

The calculated pore-water fluxes reveal that the surface water in Lake Erken is 

considerably influenced by the turnover of organic matter within the sediments. 

Thus, the pathways of CH4 cycling within the sediments are essential for 

understanding the spatial and temporal variation in CH4 concentration at Lake 

Erken. Sediments are iron-dominated and major redox-sensitive compounds 

showed different patterns for littoral and profundal sites, revealing different 

pathways of OM degradation. Profundal sediments showed the typical 

geochemical redox zonation of Mn, Fe and SO42- as the main TEAs in the upper 

sediment layer. Methanogenic bacteria utilize the competitive substrates in the 

deeper areas. In contrast, methanogenesis is the dominant pathway of OM 

conversion at littoral sites as energetically more favourable TEAs are limited 

within these sediments. Methane is most likely produced via carbonate 

reduction at both sites as pore-water SO42- concentrations are low and dissolved 

Mn and DIC are present in the entire sediment column. 

Sedimentary CH4 production rates were equal for profundal and littoral sites, 

however, CH4 fluxes from the sediments into the bottom water were 

significantly higher at the littoral site compared to the profundal site. Hence, 

upward migrating CH4 is considerably consumed by AOM in the profundal 

sediments. Pore-water data of profundal sediments showed intense SO42-and Fe 

reduction within the uppermost 2 cm and 10 cm, respectively. Furthermore, Mn 

reduction was obvious in the entire sediment column, coinciding well with CH4 

minima in the uppermost 20 cm. The data suggest that AOM is coupled to the 

reduction of Fe and / or Mn in the lower parts of the profundal sediments (Beal 

et al. 2009; Amos et al. 2011; Crowe et al. 2011; Norði et al. 2013; He et al. 2018). 

Direct coupling between sulphur and carbon cycling might represent an 

additional pathway of anaerobic CH4 oxidation in the uppermost 2 cm of the 

profundal sediments. In contrast, Mn and Fe are limited as TEAs in the littoral 

sediments as Fe and Mn are most likely trapped as sulphides and carbonates, 

respectively. Here, AOM via SO42- is likely due to the pronounced sulphate 

reduction zone along with decreasing CH4 concentrations in the uppermost 5 to 

10 cm of the sediments. Even though pore-water CH4 might be considerably 

consumed, CH4 is released to a great extent via molecular diffusion into the 

water column.  
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In general, the sedimentary CH4 flux is temporally constant in short time scales 

(hours to days). Nevertheless, high variations in CH4 surface water 

concentrations were recorded for near-shore waters at Malma Islet. Temporal 

variations in littoral CH4 are therefore related to external forcing, such as 

mixing with profundal waters (dilution) or temporarily enhanced sedimentary 

fluxes (enrichment) by sediment resuspension, ebullition or plant ventilation. 

Dilution of littoral waters (high CH4 concentration) with profundal waters 

(lower CH4 concentration) are caused by lake-internal currents as a result from 

wind-driven lake circulation. Enhanced sedimentary fluxes are known to 

originate from ebullition (Chanton and Whiting 1995). This is generally 

triggered by pressure changes at the water column/sediment-interface, which 

often stem from wind-driven internal waves (Riedl et al. 1972; van der Loeff 

1981). As a consequence, the flux of CH4 across the sediment–water interface is 

enhanced by either advective transport due to “subtidal pumping” (Riedl et al. 

1972) or by resuspension of sediments that was previously shown for Lake 

Erken (Weyhenmeyer et al. 1995; Goedkoop and Johnson 1996). Mixing, 

resuspension as well as ebullition will result for currents from the north as the 

sampling site was protected on the east and south by vegetation (reed) and on 

the west by the island (Figure 40). However, CH4 concentrations and δ13C-CH4 

values showed no correlation with wind speed or wind direction. Plant 

ventilation occurs in littoral areas and leads to intense exchange between 

water/sediment and the atmosphere (Seiler and Holzapfel-Pschorn 1984; Schütz 

et al. 1989b; Ernst 1990). Correlations were found for CH4 concentration and 

δ13C-CH4 values with radiation and air temperature (Figure 40). Diurnal cycles 

of plant emissions in CH4 concentration and δ13C-CH4 values were observed for 

other aquatic environments and might be linked to transpiration (Schütz et al. 

1989a; Chanton et al. 1997). Isotopic fractionation is thereby dependent on the 

pathway of ventilation and rhizosphere oxidation (Chanton et al. 1997). The 

mechanisms responsible for the variations in littoral CH4 emissions might be 

verified by future direct measurements of plant emissions. 
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Figure 46: Correlation of wind speed (A and B) and radiation (C and D) with CH4 

concentrations (A and C) and δ13C-CH4 values (B and D) of lake water at Malma Islet. 

Surface water CH4 concentrations of profundal areas decreased with increasing 

distance from the shore line (Figure 47). The rising concentration gradient with 

increasing distance to shore resulted from physical lateral transport processes 

from anoxic zones which were also shown for other lake environments (Murase 

et al. 2005; Hofmann et al. 2010; Encinas Fernández et al. 2016; DelSontro et al. 

2017). The spatial heterogeneity of CH4 concentrations fits very well with the 

model by DelSontro et al. (2017) adjusted for Lake Erken (Table 12), when 

assuming CH4 oxidation (MOx) to occur within the surface water layer (Figure 

47). Upper and lower bounds of the model prediction shown in Figure 47 

include either no MOx or minimum and maximum MOx rates reported for 

moderate to high latitude lakes (Bastviken et al. 2002, 2003) since rates for Lake 

Erken are unknown to date. The models base on uniform littoral CH4 

production throughout the lake and show that most spatial variations in CH4 

concentrations can be explained by transport processes from littoral zones. 
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Figure 47: CH4 concentrations of the surface water layer with distance from shore at Lake 

Erken. Surface water samples from the south-western (solid) and the eastern bay (dotted) of 

Lake Erken are encircled. The predicted concentration area was calculated after DelSontro et 

al. (2017) using the elongated model and assuming either no MOx or minimum and maximum 

MOx rates reported for moderate to high latitude lakes (Bastviken et al. 2002, 2003). 

The predicted area covers the observed CH4 concentrations measured in the 

surface water of Lake Erken. Samples from the south-western bay and the 

eastern part of Lake Erken are close to or above the maximum predicted 

concentrations based on the model calculations (Figure 47). Upwelling or 

diffusion of hypolimnetic CH4 cannot be the source of the surface water CH4, as 

concentrations are lower than in the epilimnion. Hence, elevated surface water 

CH4 concentrations are affected by external factors such as low MOx during 

transport, CH4 production in the surface water layer, littoral flux variations 

and / or enhanced horizontal transport processes. 
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Table 12: Equations and parameters adjusted for Lake Erken, used for the model calculations 

in Figure 47 after DelSontro et al. (2017). 

 Equations   
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 Parameter Description Value Unit  

    Predicted surface water CH4 

concentration  

- [mmol m-3]  

       Littoral CH4 concentration (surface) 1.7 [mmol m-3]  

       Profundal CH4 concentration (surface) 0.2 [mmol m-3]  

   Physical decline in CH4 concentration 

from shore to center of the lake 

- [m-1]  

   Distance from shore - [m]  

   Shortest distance between two shores 2500 [m]  

      Standardized gas exchange coefficient 

from epilimnion 

- [m d-1]  

     Thickness epilimnion 8 [m]  

      Net biological impact (negative for 

oxidation, positive for production) 

0.005 – 0.1 

(Bastviken et al. 

2002, 2003) 

[d-1]  

    horizontal diffusivity coefficient 0.75 (DelSontro et 

al. 2017) 

[m² d-1]  

     Wind speed at 10 m height  - [m d-1]  

   Lake area 2.4 * 107 [m²]  

    Measured wind speed at height z  3.46 * 105  

(mean value) 

[m d-1]  

    Drag coefficient at 10 m height 0.0013  

(Stauffer 1980) 

[ - ]  

   Karman constant 0.4 (Andreas et al. 

2006) 

[ - ]  

   Height of wind speed measurement 4 [m]  
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MOx is known to depend on light exposure and the dominating types of 

methanotrophs (Utsumi et al. 1998; Grossart et al. 2011; Tang et al. 2014; Oswald 

et al. 2015). A correlation between CH4 concentrations and external factors e.g. 

light exposure were not significant and specific MOx rates have not been 

examined in this study. Reported CH4 oxidation rates for northern lakes range 

from 0.005 - 0.1 d-1 (Bastviken et al. 2002, 2003). Thus, estimated maximum 

oxidation rates might account for concentration changes of up to 30 nM d-1. This 

broad range does not sufficiently cover the range of variation in the surface 

water concentrations found in Lake Erken. 

Elevated surface water CH4 concentrations might additionally result from oxic 

CH4 production in the surface water layer as the recently discovered oxic 

pathway seems to be very common in a wide range of aquatic environments 

(Karl et al. 2008; Grossart et al. 2011; Bogard et al. 2014; Tang et al. 2014; Lenhart 

et al. 2015). The results from this study might suggest photoautotrophic CH4 

production, but they lack the evidence of this source as samples were not 

analysed for the photoautotroph community and δ13C-CH4 values in the frame 

of this study. Suspended particulate material as well as Fe and Mn 

concentrations were higher in the south-western bay, where former studies 

found blooming cyanobacteria Gloeotrichia echinulata (Östlund et al. 2001). Oxic 

CH4 production by cyanobacteria was previously shown for laboratory 

incubations and during field analyses at Lake Stechlin (Chapter 2.2). The 

predicted concentration area for lateral transported CH4 from littoral sediment 

covers observed CH4 concentrations in the western but not in the eastern part of 

Lake Erken. In the latter, no indication was found for blooming photoautotroph 

communities in the eastern Lake Erken and, hence, oxic CH4 production might 

be excluded as the sole reason for elevated surface water concentrations in Lake 

Erken. 

Littoral CH4 concentration variations were shown exemplarily for the near-

shore site at Malma Islet. Most profundal CH4 would have originated from 

northern shores as high wind speeds were observed for northern winds. 

Enhanced sedimentary CH4 fluxes by e.g. ebullition appears unlikely, since the 

northern shore line is sheltered from northern winds by dense forest. However, 

northern shore waters were not analysed for temporal variations in the frame of 

this study. The results of this study suggest that profundal CH4 concentrations 

are probably triggered by enhanced transport processes due to wind-driven 
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lake circulation. Transect data showed horizontal gradients in CH4 

concentration from the shore to the buoy site. Furthermore, profundal surface 

water concentrations varied considerably between 150 nM and 300 nM during 

the 7-day measurements (buoy site) (Figure 47). Methane concentrations and 

δ13C-CH4 values reveal dependencies on wind speed (R² < 0.1 and R² = 0.16, 

respectively) and wind direction (R² = 0.20 and R² = 0.34, respectively). δ13C-CH4 

values increased along with increasing CH4 concentrations for northern winds 

(Figure 48). The results showed two probably distinct sources of CH4 within the 

profundal surface water layer of Lake Erken. Surface water showed relatively 

constant values (~ - 50‰) for low or non-northern winds. Surface water which 

are influenced by northern winds tend to higher isotopic values (- 48‰). 

 

Figure 48: Correlation of wind speed (A and C) and wind direction (C and D) with CH4 

concentration (A and C) and δ13C-CH4 values (B and D) at the profundal site.  
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Altered δ13C-CH4 values in the surface water are a result of either mixing or 

transformation (oxidation) of CH4. MOx is dependent on the interaction 

between oxygenic phototrophs and aerobic methanotrophs and leads to an 

uptake of lighter CH4 and, thus, heavier values in the water (Barker and Fritz 

1981). However, MOx at the profundal site appears unlikely since δ13C-CH4 

values increased along with increasing CH4 concentrations. Thus, higher 

concentrated water has to be modulated by aerobic MOx along the transit of 

CH4 in the epilimnion of Lake Erken. Profundal CH4 is enriched with littoral 

CH4 from northern shore sediments by advective horizontal transport processes 

during strong northern winds. 
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2.3.5. Conclusion 

The study reveals a wide spatial and temporal variability of CH4 concentrations 

in the surface water of Lake Erken. Epilimnic CH4 concentrations showed a very 

good agreement with model predictions. Thus, it could be inferred that most 

spatial variations in CH4 concentrations can be explained by transport processes 

from littoral to profundal zones at Lake Erken. Temporal variations of littoral 

and profundal CH4 concentrations most likely stem from wind-driven currents 

in the surface water layer.  

Deviations from the model predictions show that profundal waters are 

significantly influenced by changes in the interplay between physical processes. 

Surface water is enriched with littoral CH4 from northern shore sediments by 

advective horizontal transport processes during strong northern winds. 

Methane enrichment is thereby quantitatively significant, but subordinate 

relative to changes in the littoral areas. Here, CH4 concentrations are often 

controlled by external forcing. Mixing with profundal waters or temporarily 

enhanced sedimentary fluxes by ebullition or plant ventilation considerably 

influence aquatic CH4 dynamics. 

The results demonstrate that future whole-lake CH4 estimations clearly need to 

integrate wind and wind direction as the driving factors of spatial and temporal 

variations of CH4 concentrations in the surface water layer of stratified lakes. 

This is even more essential when considering that the emission of CH4 from the 

surface water layer to the atmosphere is immediately affected by the wind 

speed. Future continuous-measurements of both CH4 concentrations and δ13C-

CH4 values are therefore crucial for addressing the CH4 dynamics in the surface 

water and its implications for CH4 emissions of freshwater environments. 
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3.1. The M-CRDS 

The CRDS system coupled with a membrane contactor (M-CRDS) presented in 

this thesis enables the sensitive and simultaneous determination of short-term 

variations of CH4 concentrations and δ13C-CH4 values in surface waters. 

Laboratory and fieldwork show very good agreement of CH4 measured 

simultaneously by the M-CRDS and the conventional analytical methods such 

as M-ICOS, UWMS, GC-FID and GC-C-IRMS analysis. The presented M-CRDS 

method is an easy and fast to use method and provides the continuous analyses 

of dissolved CH4 concentrations and δ13C-CH4 values of surface water at a very 

high temporal resolution. 

The investigated method requires further development particularly with 

respect to the performance stability during measurements of several weeks and 

months. The different filtering units generally ensure longevity of the 

measuring setup. However, the lifetime of the filtering units with high mesh 

sizes is limited to a few days and mainly depends on the fraction of suspended 

particulate matter in the sampled aquatic system. Membrane alteration or aging 

could not be observed during the period of this work but cannot be ruled out 

for future continuous long term application. The installation of pressure sensors 

in the water and gas system for the detection of pressure changes will further 

provide an indication of membrane alteration and its effects on the efficiency of 

the gas extraction. To date, continuous sampling for GC and GC-C-IRMS 

validation measurements is required. The most appropriate method of 

validation and recalibration is the analysis of depth profiles in the field, since 

seasonally stratified lakes cover a broad range of physical and geochemical 

characteristics as well as CH4 concentration and δ13C-CH4.  
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Further development efforts are desirable for the calibration and 

characterisation of concentrations and isotopic values of CO2 since the CRDS 

analyser used in this work allows the simultaneous determination of CO2 and 

CH4 concentrations and δ13C values at a very high temporal resolution. Quasi-

simultaneous measurements of concentrations and δ13C values of CH4 and CO2 

will then cover two of the major constituents in the carbon cycle. 

The M-CRDS was successfully deployed in three different configurations: single 

profiling (Lake Willersinnweiher), continuous profiling (Lake Stechlin) and 

continuous measurement at one depth (Lake Erken). The results show that the 

M-CRDS is suitable for all three ways of analyses. The strength nevertheless 

tends to be in continuous deployment since the high temporal variability of 

aquatic CH4 is not captured by traditional in-situ devices or strongly limited by 

the number of discrete samples. The installation and deployment of the M-

CRDS is complex and single measurements at several different stations would 

require disproportionately much time (15-20 min) and should, thus, rather be 

conducted by traditional sampling and subsequent analysis by GC-FID and GC-

C-IRMS. Future deployments of the M-CRDS should therefore focus on mid- to 

long-term measurements such as continuous profiling. In combination with the 

continuous in-situ analysis of the physical variations within the water column 

and the biological activity, the M-CRDS will essentially improve the 

understanding of the complex microbial pathways and transformations of CH4 

in aquatic ecosystems. In order to address CH4 dynamics in surface waters and 

its implications for CH4 emissions of freshwater environments, prospective 

continuous measurements of both CH4 concentration and δ13C-CH4 are critically 

needed. Further applications of the M-CRDS in different aquatic environments 

(e.g. shelves and estuaries) will also contribute to a higher temporal and spatial 

resolution of measurements identifying natural processes representing 

pathways, sources and sinks for CO2 and CH4 in marine, limnic and fluvial 

systems.  
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3.2. Methane in lake environments and future 

prospects 

The combination of the new M-CRDS and conventional analytical methods 

revealed high spatial and temporal variability of CH4 behaviour in the water 

column and the sediments in the different lake environments. 

The fate of carbon in all lakes is unambiguously determined by turnover 

processes in sediments, where CH4 is produced in considerable quantities. The 

studies at the three different lakes in different trophic states confirmed that 

sedimentary methanogenesis is a significant process during the degradation of 

organic matter (OM). Contrary to the assumptions of many studies in 

freshwater environments, indications for a direct coupling between sulphur and 

carbon cycling were found in all three lakes. Sulphate reduction (SR) generally 

occurred within the uppermost 10 cm of the sediments. Here, sulphate reducing 

bacteria (SRB) out-compete the methanogens by the utilisation of the 

competitive substrates. Below this depth, methanogenesis is the dominant 

pathway of OM conversion. The main methanogenic pathway is most likely 

carbonate reduction. The metabolic pathway seems to equal for all trophic 

states, since non-competitive substrates, such as methylated compounds are 

presumed to be limited in lake sediments (Capone and Kiene 1988). The 

presence of SR also influences the fate of CH4 within the sediments. Methane is 

consumed by SO42- in the sulphate-methane transitions zones (SMTZ) before 

reaching the water column. SMTZ are uncommon in freshwater environments 

to date, but evidence for AOM via SO42- was found in the sediments of all three 

lakes. SR and CH4 formation was highest for eutrophic lakes (Lake 

Willersinnweiher) and less significant in the mesotrophic and oligotrophic 
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lakes. AOM in the latter is mostly coupled to the reduction of Mn minerals. 

More than two-thirds of upwards migrating CH4 is consumed before reaching 

the water column by AOM in the sediments.  

However, considerable release of CH4 across the sediment-water interface into 

the bottom water was found at all lakes. In lakes of lower trophic state (lake 

Erken and Lake Stechlin), littoral CH4 tend to be less affected by MOx and 

release into bottom water was significantly higher than at the profundal sites. 

An opposing trend was observed for the eutrophic Lake Willersinnweiher. 

However, this might be the result of seasonal variation in sedimentary OM 

degradation, since the lakes were examined at different times of the year. 

Higher water temperatures and higher input of organic matter during summer 

will result in higher CH4 production and release rates at the littoral sites. 

Temporal variations in littoral CH4 release on shorter time scales might be 

related to physical forcing, such as mixing with profundal waters or 

temporarily enhanced sedimentary fluxes by sediment re-suspension, ebullition 

or plant ventilation as exemplarily shown by the application of the new M-

CRDS at Malma Islet (Lake Erken). Released CH4 from profundal sediments is 

consumed by aerobic CH4 oxidation (MOx) in the oxic water column, which 

prevents sedimentary CH4 from reaching the surface water layer. The AOM and 

MOx in all systems are a very effective barrier to CH4 emission into the 

atmosphere in thermal stratified lakes. 

The study at Lake Erken further demonstrated the wide spatial and temporal 

variability of CH4 concentrations in the surface water layer of lakes. Surface 

water CH4 concentrations are highest in the littoral and lower in the profundal 

areas of lakes. Methane oversaturation with respect to the atmosphere was 

observed at all three lakes during all seasons of the year. Most profundal CH4 

concentrations are best explained by horizontal transport processes from littoral 

zones. As littoral areas might be sheltered from prevailing winds, transport 

processes are coupled to both wind speed and wind direction. The predicted 

areas from the model by DelSontro et al. (2017) adjusted for all three lakes 

covers the observed CH4 concentrations measured in the surface water of Lake 

Erken only. The results from Lake Willersinnweiher and Lake Stechlin are close 

and significantly above the maximum predicted concentrations based on the 

model calculations, respectively (Figure 49). 
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Figure 49: CH4 concentrations in the surface water layer with distance to the shore at the 

different lakes studied. The predicted concentration area was calculated after DelSontro et al. 

(2017) using the elongated model and assuming either no MOx or minimum and maximum 

MOx rates reported for similar lakes (Bastviken et al. 2002, 2003; Bogard et al. 2014; Tang et 

al. 2014; Oswald et al. 2015). Equations and parameters used for the calculations are listed in 

the appendix. 

Sedimentary CH4 contribution to the surface water layer might be the primary 

cause of epilimnetic CH4 oversaturation in winter or in nutrient-depleted lakes, 

such as Lake Erken during summer stratification. Groundwater-fed lakes such 

as Lake Willersinnweiher might also be enriched in CH4 by groundwater 

contributing to the methane pool. In eutrophic and mesotrophic lakes, or lakes 

where nutrients, such as phosphate, are available during the period of 

bioproduction, aquatic CH4 might also be produced in-situ by the 

photoautotroph community under oxic conditions. Indications for oxic CH4 

production (OMP) were found at Lake Willersinnweiher and Lake Stechlin. The 

study at Lake Stechlin reveals that aquatic CH4 concentrations are directly 

linked to algal dynamics and algae abundances. The temporal and spatial 

variability of CH4 is thereby unambiguously controlled by photoautotrophic 

CH4 production within the oxic water layer and CH4 loss to the atmosphere. 

Methane accumulation and pigment presence of cyanobacteria and diatoms 

showed good spatial and temporal coverage within the water column of Lake 
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Stechlin. Furthermore, laboratory incubation experiments provide evidence that 

all examined phytoplankton classes in Lake Stechlin produce CH4 under oxic 

conditions. Thus, OMP provides a new source of CH4 emissions that was 

overlooked for decades.  

Methane emissions from the surface water layer to the atmosphere are known 

to be coupled to wind speed. The high-resolution study at Lake Stechlin 

revealed that increasing wind speeds also control the distribution of CH4 in the 

surface water layer by lowering the CH4 concentrations in the uppermost 5 m of 

the lake. Wind-induced changes in the upper water column of lakes lead to 

highly dynamic conditions and highly variable CH4 concentrations in lakes. 

Thus, aquatic CH4 concentrations and emissions are not predictable from single 

measurements. In addition, stratified lakes store significant amounts of CH4. 

Estimations for the rather small eutrophic Lake Willersinnweiher amount to 

more than 20 kmol CH4, stored within the anoxic hypolimnion. During the 

autumn overturn period, hypolimnic CH4 is released by vertical water mass 

mixing, resulting in high emission rates of CH4 to the atmosphere (e.g. 

Bastviken et al. 2004). Although CH4 might be oxidised to great extent in the 

water column, estimated overturn emissions of Lake Willersinnweiher account 

for up to 50 % of the annual CH4 emissions. 

Freshwater environments have not been considered as significant CH4 sources 

for a long time, and awareness has arisen only in recent years. Growing 

eutrophication and climate warming will both have major effects on the CH4 

pool of lakes. Nutrient availability and the diversity and composition of the 

microbial community might change, affecting turnover processes within the 

water column and the sediments of lakes. Production and turnover rates of 

organic matter in the lakes will increase in the future and potentially enhance 

methanogenesis within the sediments. Turnover rates thereby also depend on 

lake basin morphology, catchment characteristics and geographic location, 

controlling the supply of organic matter. The release of CH4 across the 

sediment-water-interface thereby depends on the availability of the oxidants 

and the composition of microorganisms within the sediments. Concentrations 

of oxygen in the deep water layer will decrease and prevent CH4 oxidation 

within the water column. This is even more essential when considering that 

increasing water temperatures might affect the intensity and duration of 

vertical mixing (e.g. Boehrer and Schultze 2008; Livingstone 2008). A growing 
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amount of hypolimnic stored CH4 will result in increasing emission rates of CH4 

during overturn emissions. Increasing water temperatures will further result in 

extended stratification periods of lakes worldwide which consequently results 

in longer periods of bioproduction and OMP in the surface water layer (e.g. 

McCormick and Fahnenstiel 1999; Livingstone 2003). Climate change will also 

alter wind speeds and directions (e.g. Pirazzoli et al. 2006; McInnes et al. 2011). 

Accordingly, CH4 emissions from freshwater environments will further increase 

in the future with far-reaching and self-reinforcing consequences for climate 

change. 

To halt this development, the severe impact of human activities on aquatic 

environments must be reduced significantly. The use of fertiliser, for example, 

needs to be strictly limited since most lakes received high external loading of 

phosphorus and nitrogen by overfertilization and massive land use, leading to 

growing eutrophication of groundwater and lakes. Improving the water quality 

of lakes is achievable through shoreline reconstruction, biomanipulation and 

reestablishment of aquatic plants to limit the availability of phosphorus and 

nitrogen and consequently suppress phytoplankton grow (e.g. Shapiro et al. 

1975; Kasprzak et al. 2002; Hansson et al. 2017). This approach was successfully 

adopted at Lake Willersinnweiher in the 1990s, which considerably reduced 

internal nutrient loading of the lake. However, regional modifications will only 

result in small-scale changes. In order to achieve global transformations and 

large-scale impacts, a reduction in worldwide CH4 emissions together with 

more scientific emphasis as well as public comprehension is indispensable. 
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Data calibration and characterisation work 

Calibration – Concentration 

STD Gas CH4  

(GC-FID) 

Absorption of light in the cavity of 

(M-CRDS) 

CH4 

(M-CRDS) 

δ13C-CH4 

(M-CRDS) 

 Value Value +- Value +- Value +- 

 [nM] ____________________ [ppm cm-1] ____________________ ____________________ [ppm} ____________________ ____________________ [‰]____________________ 

5 0.00 3.98 0.02 2.89 0.01 -52.1 2.18 

5 0.23 4.21 0.06 3.05 0.04 -51.6 2.20 

5 0.60 4.49 0.02 3.26 0.02 -51.4 1.84 

100 11.4 10.5 0.05 7.56 0.04 -46.0 0.91 

100 22.9 17.9 0.39 12.9 0.28 -45.3 0.62 

100 33.5 23.2 0.45 16.7 0.33 -44.6 0.59 

100 41.0 28.6 0.26 20.5 0.19 -45.1 0.53 

100 50.8 36.0 0.27 25.9 0.20 -45.4 0.48 

100 62.5 41.4 0.80 29.8 0.58 -45.7 0.46 

100 68.0 46.8 0.45 33.6 0.32 -45.9 0.37 

1000 95.7 66.8 0.30 48.3 0.22 -53.0 0.39 

1000 193 134 0.58 97.0 0.43 -53.4 0.41 

1000 300 203 3.79 147 2.74 -53.5 0.37 

1000 367 250 4.31 181 3.13 -53.5 0.40 

1000 421 292 4.54 212 3.29 -53.5 0.35 

1000 486 343 5.30 249 3.84 -53.4 0.38 



 

 

Calibration – Isotopic values 

Sample 

ID 

δ13C-CH4 

(GC-C-IRMS) 

δ13C-CH4 

(M-CRDS) 

 Value +- Value +- 

 _____________________ [‰]_____________________ _____________________ [‰]_____________________ 

1 -47.4 0.2 -48.9 0.83 

2 -47.4 0.2 -48.6 0.83 

3 -47.7 0.2 -48.7 0.81 

4 -47.4 0.2 -48.5 0.77 

5 -46.7 0.2 -47.5 0.57 

6 -46.1 0.2 -46.0 0.82 

7 -44.4 0.2 -44.5 1.29 

8 -41.4 0.2 -43.7 1.44 

9 -40.2 0.2 -42.7 2.05 

10 -48.8 0.2 -47.6 0.72 

11 -84.4 0.2 -82.9 1.30 

12 -82.9 0.2 -82.9 1.30 

13 -43.4 0.2 -44.5 1.30 

14 -48.2 0.2 -50.0 1.30 

15 -58.3 0.2 -58.7 1.30 

 

Calibration – Keeling plot 

Sample 

ID 
1 / CH4 δ13C-CH4 

 Value +- Value +- 

 _________________ [L nmol-1] _________________ _____________________ [‰]_____________________ 

1 0.24 0.01 -45.1 0.21 

2 0.21 0.01 -43.2 0.31 

3 0.22 0.01 -44.2 0.34 

4 0.19 0.01 -42.3 0.22 

  



 

 

Potential sources of error 

Sample 

ID 
H2O CH4 CH4 (dry) δ13C-CH4 

 Value +- Value +- Value +- Value +- 

 ____ [%] ____ ____ [ppm] ____ ____ [ppm] ____ ____ [‰]____ 

1 2.25 0.01 1.94 < 0.01 2.00 < 0.01 -53.7 0.6 

2 1.47 0.03 1.96 < 0.01 2.00 < 0.01 -53.2 0.5 

3 0.06 0.01 2.00 < 0.01 2.00 < 0.01 -53.3 0.6 

 

Sample 

ID 
O2 CH4 δ13C-CH4 

   
GC-C-

IRMS 
+- 

M-

CRDS 
+- Offset 

 [%] [nM] ________________________________ [‰] ________________________________ 

1 110 490 -47.4 0.2 -48.9 0.83 1.48 

2 114 504 -47.4 0.2 -48.6 0.83 1.15 

3 110 511 -47.7 0.2 -48.7 0.81 1.00 

4 113 511 -47.4 0.2 -48.5 0.77 1.09 

5 131 583 -46.7 0.2 -47.5 0.57 0.90 

6 140 324 -46.1 0.2 -46.0 0.82 -0.11 

7 123 238 -44.4 0.2 -44.5 1.29 0.09 

8 80.2 407 -48.8 0.2 -47.6 0.72 -1.16 

9 0.00 1120 -84.4 0.2 -82.9 1.3 -0.80 

10 20.0 108 -43.4 0.2 -44.5 1.3 1.11 

11 100 540 -48.2 0.2 -50.0 1.3 1.80 

12 100 144 -58.3 0.2 -58.7 1.3 0.40 

 

Sample 

ID 
ΔT CH4 Offset 

  Value +-  

 
[°C] ____________ [nM] ____________ [nM] 

1 0 110 1.21 0.00 

2 2.2 109 1.20 1.13 

3 3.5 109 1.20 1.02 

4 5.6 110 1.21 0.18 

5 6.6 110 1.21 0.22 

6 7.8 110 1.21 0.22 

7 9.8 110 1.21 0.04 

8 10.5 110 1.21 -0.29 

9 11.1 110 1.21 -0.11 

10 11.9 110 1.21 -0.07 

  



 

 

Field application at Lake Stechlin 

Water 

depth 
M-ICOS GC-FID M-CRDS 

 CH4 +- CH4 CH4 +- 
δ13C-

CH4 
+- 

[m] ______________________________ [nM] ______________________________ _____ [‰] _____ 
        

0 469 2.17 443 494 3.54 -49.9 1.3 

2 486 2.09 479 494 4.25 -49.9 1.3 

4 492 3.21 498 502 6.92 -50.1 1.0 

4.5 498 1.91 502 500 0.93 -50.0 1.0 

5 501 1.94 505 498 2.01 -49.9 1.2 

5.5 501 2.25 500 500 3.63 -49.9 1.1 

6 509 3.16 491 498 3.78 -49.8 1.2 

6.5 522 2.77 521 501 4.02 -49.8 1.1 

7 515 1.04 533 504 7.98 -50.0 1.1 

7.5 594 6.21 574 577 12.4 -40.5 1.1 

8 342 20.5 269 379 27.4 -35.2 1.2 

10 124 0.92 158 70.3 1.73 -37.5 2.3 

12 92.0 3.50 88.0 60.2 1.46 -46.4 2.5 

14 80.0 4.16 76.0 63.7 2.43 -49.4 2.9 

16 104 2.95 184 134 0.56 -50.2 2.9 

17 151 1.70 165 116 5.10 -52.1 2.3 

18 155 2.92 114 111 7.00 -53.0 1.8 

18.5    63.7 22.1 -50.1 2.5 

 



 

 

Data Lake Willersinnweiher 

Lake Willersinnweiher Early-stage stratification 05.17 Site W1 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

2 14.2 8.85 0.36 1.82 1.47 n.d. 0.27 12.3 2.13 n.d.* 0.12 -52.4 

4 12.9 8.74 0.33 1.88 1.56 n.d. n.d. 35.8 2.12 n.d.* 0.14 -52.4 

5 10.9 8.35 0.28 2.13 2.09 n.d. n.d. 8.7 2.10 n.d.* 0.11 -51.1 

6 8.9 7.41 0.04 2.25 2.23 0.36 n.d. 26.7 2.06 n.d.* 0.14 -48.3 

7 7.6 7.44 0.01 2.21 2.22 2.91 n.d. 10.0 2.03 n.d.* 0.10 -44.9 

8 7.7 7.42 0.01 2.18 2.21 2.28 n.d. 9.9 2.08 n.d.* 0.08 -49.4 

10 7.1 7.35 0.01 2.21 2.18 0.36 n.d. 11.5 2.06 n.d.* 0.07 -47.8 

12 7.0 7.34 0 2.22 2.19 6.01 n.d. 16.3 2.07 n.d.* 0.42 -57.6 

13.5 7.4 7.4 0 2.15 2.24 20.84 n.d. 11.9 2.11 n.d.* 1.61 -69.6 

15 6.9 7.49 0 2.25 2.43 58.34 0.36 9.8 2.09 n.d.* 6.39 -74.7 

17 6.9 7.52 0 2.26 2.45 64.34 0.63 20.1 2.05 n.d.* 8.21 -75.4 

             

* n.d. indicates below detection limit  



 

 

Lake Willersinnweiher Early-stage stratification 05.17 Site W2 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

1 15.1 8.86 0.36 1.90 1.44 n.d. n.d. 9.29 2.10 n.d. 0.15 -53.0 

2 14.4 8.87 0.35 1.87 1.46 n.d. n.d. 17.23 2.08 n.d. 0.14 -52.9 

4 13.0 8.71 0.33 1.96 1.57 n.d. n.d. 12.60 2.09 n.d. 0.13 -53.0 

5 10.5 8.08 0.22 2.25 2.12 n.d. n.d. 33.39 2.09 n.d. 0.14 -51.3 

6 8.7 7.55 0.05 2.26 2.18 n.d. n.d. 13.60 2.07 n.d. 0.09 -47.2 

7 7.8 7.41 0.02 2.18 2.18 1.46 n.d. 8.98 2.07 n.d. 0.13 -44.5 

8 7.8 7.39 0.03 2.21 1.83 1.27 n.d. 98.68 2.03 n.d. 0.08 -46.7 

10 7.7 7.39 0.04 2.22 2.14 1.00 n.d. 10.32 2.08 n.d. 0.07 -46.5 

12 6.9 7.38 0.04 2.18 2.15 0.46 n.d. 20.97 2.05 n.d. 0.01 -47.9 

13.5 7.0 7.36 0.00 2.21 2.20 8.92 n.d. 17.42 2.03 n.d. 0.47 -61.8 

15 7.0 7.37 0.00 2.27 2.44 36.40 0.63 0.00 1.98 n.d. 10.11 -76.7 

             

  



 

 

Lake Willersinnweiher Early-stage stratification 05.17 Site W3 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ ____________________ [mM] ____________________ ____________________ [µM] ____________________ ____________ [mM] ____________ [µM] [‰] 

1 18.0 8.78 0.36 1.86 1.39 0.36 0.18 10.5 2.06 n.d. 0.18 -53.4 

2 16.2 8.81 0.37 1.85 1.43 n.d. n.d. 25.8 2.06 n.d. 0.17 -53.0 

4 13.6 8.55 0.32 1.95 1.61 n.d. n.d. 14.1 2.04 n.d. 0.15 -52.2 

5 11.6 8.05 0.24 2.15 2.04 n.d. n.d. 10.6 2.01 n.d. 0.13 -51.7 

6 9.2 7.47 0.09 2.20 2.19 n.d. n.d. 26.9 2.01 n.d. 0.14 -47.5 

7 8.1 7.31 0.01 2.21 2.17 0.55 n.d. 25.5 2.02 n.d. 0.16 -43.5 

8 7.8 7.26 0.01 2.18 2.18 1.82 n.d. 10.1 2.04 n.d. 0.11 -46.7 

             

  



 

 

Lake Willersinnweiher Early-stage stratification 05.17 Site W4 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

0.5 17.6 8.90 0.38 1.86 1.44 n.d. n.d. n.d. 2.10 n.d. 0.27 -56.1 

             

 

 

Lake Willersinnweiher Early-stage stratification 05.17 Groundwater 

Inflow and Outlow 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

Inflow 14.4 7.28 n.d. 3.04 3.31 11.4 39.7 13.9 2.07 n.d. 0.84 __ 

Outflow* __ __ __ __ __ __ __ __ __ __ __ __ 

             

*GW outflow not analysed in May 2017  



 

 

Lake Willersinnweiher Early-stage stratification 10.17 Site W1 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

2 15.6 8.30 0.30 1.92 1.34 n.d. n.d. 4.84 2.12 n.d. 0.60 -51.5 

4 15.4 8.30 0.30 1.92 1.36 n.d. n.d. 3.23 1.30 n.d. 0.51 -51.0 

6 15.0 8.29 0.29 1.90 1.34 n.d. n.d. 2.26 1.89 n.d. 0.53 -51.0 

7 14.4 8.25 0.25 1.86 1.35 n.d. n.d. 7.10 1.79 n.d. 0.13 -50.8 

8 13.5 7.36 0.02 2.16 2.18 0.40 n.d. 2.42 1.61 n.d. 0.21 -54.0 

9 10.5 7.30 n.d. 2.41 2.27 32.4 n.d. 2.24 1.20 n.d. 1.42 -58.0 

10 9.1 7.34 n.d. 2.21 2.48 38.2 3.26 2.90 1.51 0.21 26.9 -75.8 

12 8.1 7.37 n.d. 2.18 2.65 34.2 2.11 2.37 1.60 0.50 38.6 -76.5 

15 7.8 7.40 n.d. 2.23 2.90 33.9 1.81 1.94 1.66 __ 71.6 -77.0 

18 7.8 7.33 n.d. 2.27 2.97 33.9 1.59 1.13 1.69 1.35 84.0 -77.5 

             

  



 

 

Lake Willersinnweiher Early-stage stratification 10.17 Site W2 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

2 15.5 8.21 0.28 1.88 1.36 n.d. n.d. 5.48 1.41 n.d. 0.73 -52.5 

4 15.4 8.19 0.28 1.85 1.30 n.d. n.d. 2.58 2.05 n.d. 0.70 -52.3 

6 15.3 8.18 0.27 1.91 1.35 n.d. n.d. 2.10 1.87 n.d. 0.68 -52.5 

7 15.2 8.13 0.27 1.84 1.58 n.d. n.d. 2.74 2.11 n.d. 0.65 -51.7 

8 13.8 7.33 0.02 2.02 2.18 n.d. n.d. 2.42 2.09 n.d. 0.12 -50.0 

9 10.6 7.28 n.d. 2.31 2.25 6.24 n.d. 2.58 1.91 n.d. 0.18 -53.0 

10 9.0 7.33 n.d. 2.26 2.35 46.6 0.98 2.58 1.88 0.06 6.87 -74.0 

12 7.6 7.33 n.d. 2.30 1.36 36.4 3.01 1.77 1.93 0.34 29.8 -76.6 

15 7.3 7.28 n.d. 2.23 __ 32.2 1.25 0.00 1.99 __ 89.6 -78.0 

             

  



 

 

Lake Willersinnweiher Early-stage stratification 10.17 Site W3 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

2 15.8 8.28 0.29 1.84 1.11 n.d. n.d. 22.19 2.13 n.d. 0.75 -53.5 

4 15.5 8.27 0.29 1.81 1.09 n.d. n.d. 10.94 2.13 n.d. 0.71 -52.7 

6 15.3 8.25 0.29 1.81 1.10 n.d. n.d. 25.18 2.13 n.d. 0.69 -51.5 

7 15.1 8.05 0.26 1.85 1.15 n.d. n.d. 13.15 2.13 n.d. 0.70 -51.8 

8 14.0 7.30 0.03 2.07 1.77 n.d. n.d. 3.37 2.09 n.d. 0.45 -50.6 

             

  



 

 

Lake Willersinnweiher Early-stage stratification 10.17 Site W4 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

0.5 16.1 8.29 9.71 1.85 1.12 n.d. n.d. 35.2 2.12 n.d. 1.32 -60.0 

             

 

 

Lake Willersinnweiher Early-stage stratification 10.17 Groundwater 

Inflow and Outlow 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

Inflow 13.7 7.30 n.d. 2.89 3.06 10.7 39.2 10.2 2.22 n.d. 1.94 -6.3 

Outflow 13.4 7.26 n.d. 2.77 3.74 15.5 43.7 5.48 1.36 n.d. 1.73 -18.2 

             

 



 

 

Lake Willersinnweiher Early-stage stratification 02.18 Site W1 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

1 0.7 __ 0.43 1.97 2.02 0.59 n.d. n.d. 2.09 n.d. 0.08 -50.0 

3 2.5 __ 0.42 2.09 2.08 0.53 n.d. n.d. 2.17 n.d. 0.06 -50.0 

6 2.4 __ 0.42 2.05 2.06 0.52 n.d. n.d. 2.11 n.d. 0.09 -50.6 

9 2.4 __ 0.43 1.90 2.02 0.51 n.d. n.d. 1.93 n.d. 0.04 -51.2 

12 2.3 __ 0.43 2.06 2.02 0.50 n.d. n.d. 2.09 n.d. 0.07 -51.0 

 

Lake Willersinnweiher Early-stage stratification 02.18 Site W4 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

0.5 __ __ __ 1.96 2.03 0.21 n.d. n.d. 2.11 n.d. __ __ 

             



 

 

Lake Willersinnweiher Early-stage stratification 02.18 Groundwater 

Inflow and Outlow 

Water 

Depth 
T pH O2 Ca DIC Mn Fe NO3- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [µM] [‰] 

Inflow 12.7 8.0 n.d. 3.18 3.47 11.8 43.0 n.d. 2.31 n.d. 1280 -10.9 

Outflow 12.1 8.3 n.d. 2.80 3.94 15.0 45.9 n.d. 1.53 n.d. 128 1.10 
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Lake Willersinnweiher Early-stage 

stratification 05.17 

Site W1 

Pore-water 

Sediment 

Depth 
Ca DIC NO3- Mn Fe SO42- S (-II)- CH4 Porosity 

[cm] _______ [mM] _______ ___________ [µM] ___________ __________ [mM] __________ [Vol. %] 

0 2.25 2.81 n.d. 83.2 1.16 2.12 0.14 0.24 1.21 

1 2.15 3.49 n.d. 161 0.27 1.59 0.24 0.31 0.97 

2 2.03 4.70 n.d. 178 0.18 0.89 2.17 0.71 0.93 

3 2.15 4.88 n.d. 166 0.36 0.82 2.31 0.70 0.96 

4 2.20 5.13 n.d. 158 0.11 0.59 3.10 0.32 0.94 

6 2.10 5.48 n.d. 102 0.10 0.44 2.90 0.29 0.92 

7 2.17 5.83 n.d. 102 0.19 0.18 3.02 0.26 0.93 

8 2.18 4.63 n.d. 101 0.18 0.16 1.86 0.17 0.92 

9 2.18 6.16 n.d. 100 2.06 0.15 2.85 0.08 0.87 

10 __ __ __ __ __ __ __ 0.21 0.89 

11 __ 5.68 n.d. __ __ 0.21 __ 0.12 0.86 

13 2.20 6.21 n.d. 92.8 0.09 0.04 3.44 0.08 0.92 

15 2.20 6.37 n.d. 86.8 0.13 n.d. 2.85 0.08 0.88 

17 2.17 6.45 n.d. 80.7 0.03 0.02 2.82 0.08 0.85 

19 2.21 6.39 n.d. 76.7 1.07 0.04 2.37 0.02 0.86 

21 __ __ __ __ __ __ __ 0.13 0.80 

23 __ __ __ __ __ __ __ 0.11 0.82 

25 __ __ __ __ __ __ __ 0.10 0.71 

27 __ __ __ __ __ __ __ 0.02 0.81 
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Lake Willersinnweiher Early-stage 

stratification 05.17 

Site W2 

Pore-water 

Sediment 

Depth 
Ca DIC NO3- Mn Fe SO42- S (-II)- CH4 Porosity 

[cm] _______ [mM] _______ ___________ [µM] ___________ __________ [mM] __________ [Vol. %] 

0 2.33 2.72 n.d. 49.1 1.34 2.00 0.07 0.10 1.00 

1 2.23 5.28 n.d. 76.3 0.18 0.57 1.71 0.07 0.98 

2 2.30 5.86 n.d. 64.1 0.18 0.37 2.51 0.12 0.98 

3 2.30 5.87 n.d. 58.6 0.18 0.32 2.63 0.15 0.93 

4 2.36 6.18 n.d. 56.4 0.18 0.29 2.51 0.19 0.96 

5 2.35 6.27 n.d. 53.8 0.18 0.19 2.18 0.22 0.95 

6 2.40 6.33 n.d. 53.9 0.45 0.16 1.96 0.38 0.91 

7 2.43 6.40 n.d. 54.2 0.18 0.10 2.02 0.42 0.92 

8 2.46 6.66 n.d. 51.1 0.36 0.08 2.06 0.44 0.86 

9 2.43 6.72 n.d. 50.8 0.18 0.05 1.45 0.54 0.84 

10 2.50 6.74 n.d. 52.6 0.18 0.10 1.32 0.63 0.75 

12 2.53 7.08 n.d. 54.4 0.36 0.07 0.72 0.63 0.73 

14 2.48 7.09 n.d. 55.7 0.45 n.d. 0.20 0.89 0.68 

16 2.62 7.34 n.d. 60.9 0.72 0.02 0.02 1.26 0.73 

18 2.62 7.52 n.d. 57.3 0.63 n.d. 0.05 1.83 0.75 

20 2.59 6.90 n.d. 53.1 0.09 0.20 n.d. 1.89 0.68 

26 2.58 7.45 n.d. 59.3 31.2 0.02 n.d. 3.49 0.66 

29 2.66 7.69 n.d. 65.1 49.9 n.d. n.d. 1.35 0.64 

33 __ 7.57 n.d. 72.2 107 0.02 n.d. 1.87 0.65 

37 2.67 7.69 n.d. 73.5 56.4 n.d. n.d. 4.67 0.61 

41 2.76 8.09 n.d. 49.1 1.34 0.03 n.d. __ __ 

  



Appendix 

Methane in lake environments and future prospects 

 

200 

 

Lake Willersinnweiher Early-stage 

stratification 05.17 

Site W3 

Pore-water 

Sediment 

Depth 
Ca DIC NO3- Mn Fe SO42- S (-II)- CH4 Porosity 

[cm] _______ [mM] _______ ___________ [µM] ___________ __________ [mM] __________ [Vol. %] 

0 __ 2.46 n.d. 1.22 0.33 1.93 0.00 0.02 0.70 

1 __ 2.80 n.d. __ __ 1.54 0.02 0.08 0.67 

2 __ 3.26 n.d. 48.4 5.12 1.36 0.00 0.08 0.60 

3 __ 4.69 n.d. 50.8 0.23 0.63 1.72 0.12 0.41 

4 __ 5.04 n.d. 48.1 0.36 0.41 0.62 0.23 0.43 

5 __ 5.16 n.d. __ __ 0.35 0.01 0.30 0.46 

6 __ 5.55 n.d. 42.4 0.11 0.32 2.73 0.34 0.65 

7 __ 5.48 n.d. 39.5 0.90 0.42 0.71 0.39 0.61 

8 __ 5.61 n.d. 35.9 0.60 0.38 1.18 0.80 0.49 

9 __ 5.75 n.d. 32.4 0.38 0.37 1.27 0.40 0.47 

10 __ 5.12 n.d. __ __ 0.48 __ 0.53 0.47 

12 __ 6.35 n.d. 23.5 0.19 0.11 0.97 0.48 0.43 

14 __ 6.55 n.d. 14.8 0.52 0.02 0.41 0.70 0.43 

16 __ 6.65 n.d. 13.7 0.30 0.05 0.03 __ 0.70 
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Lake Willersinnweiher Early-stage 

stratification 05.17 

Site W4 

Pore-water 

Sediment 

Depth 
Ca DIC NO3- Mn Fe SO42- S (-II)- CH4 Porosity 

[cm] _______ [mM] _______ ___________ [µM] ___________ __________ [mM] __________ [Vol. %] 

0 1.92 2.62 n.d. 1.91 0.18 2.18 __ 0.02 0.86 

1 - 2.11 n.d. - - 2.01 __ 0.02 0.88 

2 2.10 2.10 n.d. 19.3 0.36 1.99 __ 0.03 0.76 

3 2.11 2.42 n.d. 18.4 0.18 1.92 __ __ __ 

4 2.08 2.37 n.d. 15.3 0.27 1.88 __ 0.03 0.76 

5 2.06 2.40 n.d. 13.4 0.18 1.81 __ __ __ 

6 __ __ n.d. __ __ __ __ __ __ 

7 2.10 2.51 n.d. 11.4 0.18 1.80 __ 0.03 0.82 

8 __ 3.33 n.d. - - 1.40 __ 0.06 0.78 

9 __ __ n.d. __ __ __ __ __ __ 

11 2.18 3.67 n.d. 13.0 0.27 1.39 __ __ __ 

13 __ __ n.d. __ __ __ __ 0.11 0.81 

16 2.23 __ n.d. 12.4 0.45 1.59 __ 0.21 0.81 

21 2.37 3.46 n.d. 10.6 0.27 1.55 __ 0.32 0.58 
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Data for whole-lake CH4 mass balance  

(May 2017 in Lake Willersinnweiher) 

Lake Depth 

[m] 

Volume 

[m³] 

Area  

[m²] 

0 - 2 148 000 
54 500 

2 - 4 120 000 

4 - 6 217 000 

115 500 

6 - 7 191 000 

7 - 8 164 000 

8 - 9 135 000 

9 - 10 106 000 

10 - 12 77 700 

12 - 15 43 400 

15 - 18 11 600 

18 - 20 67 

 

Description littoral profundal Unit 

Sedimentary 

Production* 
0.05 - 0.27 1.01 - 2.82 [mmol m-2 d-1] 

Sedimentary  

Release* 
0.02 - 0.08 0.15 - 0.36 [mmol m-2 d-1] 

AOM (SMTZ) * 0.00 - 0.07 0.28 - 1.93 [mmol m-2 d-1] 

MOx* __ 0.15 - 0.29 [mmol m-2 d-1] 

Emissions* 0.02 - 0.03 0.01 - 0.02 [mmol m-2 d-1] 

Oxic Production* 5410 - 19700 [mmol d-1] 

CCH4 groundwater* 0.84 [mmol m-3] 

Flow groundwater** 970 [m³ d-1] 

* based on presented and calculated data 

** based on data from Wollschläger et al. (2007)



 

 

Data Lake Stechlin 

Lake Stechlin 06.17 Site LakeLab 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe PO43- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [nM] [‰] 

0.5 18.5 8.54 0.33 1.04 0.85 0.86 n.d. 0.05 0.20 n.d. 495 -50.0 

2.5 18.5 8.56 0.33 1.02 1.02 0.85 n.d. 0.00 0.21 n.d. 510 -49.5 

5.0 18.5 8.53 0.33 1.02 1.10 0.85 n.d. 0.00 0.21 n.d. 517 -49.5 

6.0 18.4 8.51 0.33 1.01 1.09 0.85 n.d. 0.00 0.23 n.d. 517 -50.0 

6.5 15.3 8.72 0.42 __ __ __ __ __ __ n.d. 520 -49.2 

7.0 12.3 8.68 0.45 1.00 1.54 0.85 n.d. 0.00 0.36 n.d. 626 -49.2 

7.5 11.4 8.65 0.45 __ __ __ __ __ __ n.d. 590 -48.3 

8.0 10.6 8.54 0.44 0.98 1.20 0.85 n.d. 0.00 0.27 n.d. 378 -48.5 

8.5 10.3 8.43 0.43 __ __ __ __ __ __ n.d. 328 -48.5 

9.0 9.52 8.31 0.41 1.02 1.64 0.86 n.d. 0.09 0.37 n.d. 240 -47.8 

10.0 8.86 8.19 0.40 1.03 1.64 0.86 n.d. 0.05 0.37 n.d. 196 -47.5 

14.0 7.19 7.77 0.35 1.01 1.63 0.86 n.d. 0.37 0.37 n.d. 153 -45.0 

18.0 6.18 7.49 0.31 1.02 1.64 0.86 n.d. 0.60 0.37 n.d. 411 -50.0 
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Lake Stechlin 06.17 Site LakeLab 

Pore-water 

Sediment 

Depth 
Ca DIC PO43- Mn Fe SO42- S (-II)- CH4 Porosity 

[cm] _______ [mM] _______ ___________ [µM] ___________ __________ [mM] __________ [Vol. %] 

0 1.06 1.76 1.15 0.68 n.d. 0.32 0.02 0.58 0.98 

1 1.23 2.37 6.23 nan n.d. 0.22 __ 1.16 0.99 

2 1.13 2.41 26.1 4.99 n.d. 0.11 __ 0.96 0.99 

3 1.32 2.81 33.9 5.92 n.d. 0.11 __ 1.74 0.98 

4 1.42 3.23 40.6 6.13 n.d. 0.09 0.04 1.84 0.95 

5 1.46 3.09 39.0 5.84 n.d. 0.11 0.04 1.93 0.93 

6 1.47 3.36 45.2 6.92 n.d. 0.08 __ 2.07 0.93 

7 1.33 3.00 42.5 6.24 n.d. 0.06 __ 2.10 0.91 

8 1.30 3.03 43.2 6.53 n.d. 0.04 __ 2.09 0.89 

9 1.41 3.09 45.7 6.83 n.d. 0.07 0.03 2.15 0.90 

10 1.67 3.76 46.9 7.68 n.d. 0.06 0.04 2.15 0.93 

12 1.37 3.29 45.9 6.99 n.d. 0.04 0.05 2.31 0.91 

14 1.46 3.51 47.1 7.64 n.d. 0.02 0.05 2.14 0.93 

15 1.72 3.64 50.1 8.25 n.d. 0.05 0.06 1.83 0.93 

18 1.46 3.51 47.6 8.41 n.d. 0.04 0.07 1.88 0.93 

20 1.51 3.49 46.2 9.10 n.d. 0.02 0.07 1.91 0.93 

23 1.36 3.17 45.0 9.01 n.d. 0.03 0.06 1.83 0.93 

26 1.31 3.28 39.7 8.72 n.d. 0.03 0.05 1.70 0.94 

29 1.46 3.44 39.7 8.81 n.d. 0.02 0.04 1.80 0.98 

32 1.40 3.39 37.4 8.14 0.21 0.02 0.02 1.75 0.93 

36 1.25 3.17 34.2 6.32 0.20 0.01 0.01 1.74 0.92 

40 1.15 2.87 33.2 5.46 0.21 0.01 __ 1.74 0.93 

44 1.37 3.32 34.2 5.48 0.81 0.01 __ 1.93 0.94 

48 1.06 1.76 1.15 0.68 n.d. 0.32 0.02 1.42 0.91 
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Lake Stechlin 06.17 Site Profundal 

Pore-water 

Sediment 

Depth 
Ca DIC PO43- Mn Fe SO42- S (-II)- CH4 Porosity 

[cm] _______ [mM] _______ ___________ [µM] ___________ __________ [mM] __________ [Vol. %] 

0 0.96 1.49 0.00 n.d. n.d. 0.35 0.01 0.02 0.88 

1 0.99 1.26 0.23 n.d. n.d. 0.52 __ 0.05 0.91 

2 0.98 1.32 1.15 n.d. n.d. 0.48 __ 0.11 0.93 

3 1.02 1.48 1.85 1.50 n.d. 0.39 __ 0.19 0.89 

4 1.03 1.61 2.54 1.52 n.d. 0.34 __ 0.33 0.92 

5 1.11 1.75 3.46 1.48 n.d. 0.35 __ 0.44 0.92 

6 1.06 1.73 3.92 1.02 n.d. 0.30 0.02 0.51 0.90 

7 1.12 1.92 5.08 1.13 n.d. 0.27 __. 0.64 0.91 

8 1.06 1.74 6.23 1.19 n.d. 0.25 0.02 0.61 0.86 

10 1.11 1.97 7.39 1.71 n.d. 0.22 0.06 0.56 0.91 

12 1.13 2.04 9.23 2.17 n.d. 0.17 0.07 0.67 0.93 

14 1.10 2.06 10.8 2.80 n.d. 0.14 0.10 0.90 0.93 

16 1.17 2.26 11.3 3.37 n.d. 0.10 0.04 0.77 0.91 

18 1.14 2.23 11.1 3.64 n.d. 0.10 __ 0.73 0.90 

21 1.11 2.25 10.8 3.86 n.d. 0.03 __ 0.67 0.93 

24 1.12 2.35 11.3 4.00 n.d. 0.02 __ 0.87 0.95 

27 1.13 2.31 12.2 3.95 n.d. 0.02 0.03 0.85 0.92 

31 1.22 2.46 14.3 3.95 n.d. 0.02 0.06 1.04 0.94 

35 1.15 2.32 15.7 3.59 n.d. 0.02 0.02 1.17 0.92 

39 1.12 2.35 15.7 3.24 0.31 n.d. 0.02 1.49 0.96 

44 1.03 2.25 15.0 3.80 4.49 n.d. 0.02 1.24 0.92 

48 __ __ __ __ __ __ __ 1.32 0.93 
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Lake Stechlin 06.17 Site Littoral 

Pore-water 

Sediment 

Depth 
Ca DIC PO43- Mn Fe SO42- S (-II)- CH4 Porosity 

[cm] _______ [mM] _______ ___________ [µM] ___________ __________ [mM] __________ [Vol. %] 

0 0.96 1.59 0.00 n.d. n.d. 0.34 __ __ 0.98 

1 1.19 1.71 0.00 n.d. n.d. 0.40 __ 0.09 0.95 

2 1.46 2.78 0.23 2.93 n.d. 0.15 0.02 0.11 0.95 

3 1.38 2.81 1.39 2.46 n.d. 0.06 0.03 0.21 0.97 

4 1.38 2.57 1.85 1.09 0.38 0.15 __ 0.17 0.96 

5 1.36 2.59 3.46 1.51 n.d. 0.09 0.05 0.24 0.96 

6 1.33 2.67 4.39 1.70 n.d. 0.07 0.20 0.22 0.91 

7 1.30 2.61 6.23 1.38 n.d. 0.08 0.08 0.30 0.92 

8 1.30 2.64 8.31 1.32 n.d. 0.06 __ 0.38 0.91 

9 1.36 2.70 4.16 1.14 n.d. 0.05 0.07 0.47 0.88 

10 1.46 2.81 4.62 1.25 n.d. 0.04 0.13 0.64 0.89 

12 1.43 2.97 5.08 1.08 n.d. 0.05 0.12 0.72 0.89 

14 1.42 2.84 5.54 1.02 n.d. 0.06 0.13 1.13 0.90 

16 1.58 3.08 6.46 0.96 n.d. 0.05 0.11 1.31 0.88 

18 1.75 3.40 7.39 1.09 n.d. 0.05 0.23 1.43 0.87 

20 1.73 3.56 7.62 1.00 n.d. 0.03 0.19 1.61 0.88 

23 2.05 4.01 8.08 1.66 0.30 0.02 __ 1.67 0.87 

26 2.15 4.49 7.85 1.20 n.d. 0.03 0.25 1.72 0.85 

29 2.05 4.33 5.77 1.30 n.d. 0.03 __ 1.68 0.98 



 

 

Data Lake Erken 

Lake Erken 07.17 Site Buoy 

Water Column 

Water 

Depth 
T pH O2 Ca DIC Mn Fe PO43- SO42- S (-II)- CH4 δ13C-CH4 

[m] [°C] __ __________________ [mM] __________________ _________________ [µM] _________________ __________ [mM] __________ [nM] [‰] 

1 18.9 8.75 0.33 1.05 1.69 n.d. 0.24 n.d. 0.29 n.d. 230 -50.8 

3 18.8 8.74 0.33 1.06 1.69 n.d. 0.23 n.d. 0.29 n.d. 242 -50.5 

6 18.4 8.59 0.31 1.05 1.70 n.d. 0.24 n.d. 0.29 n.d. 252 -50.5 

7 18.2 8.61 0.31 1.06 1.69 n.d. 0.24 n.d. 0.29 n.d. 256 -50.1 

8 18.1 8.52 0.30 1.03 1.69 n.d. 0.29 n.d. 0.29 n.d. 258 -50.1 

9 17.9 8.41 0.29 1.04 1.70 n.d. 0.23 n.d. 0.29 n.d. 244 -50.0 

10 17.7 8.15 0.25 1.01 1.78 n.d. 0.22 n.d. 0.29 n.d. 144 -47.2 

11 17.2 7.94 0.21 1.01 1.76 n.d. 0.24 n.d. 0.29 n.d. 125 -47.8 

13 16.6 7.76 0.15 1.04 1.79 0.19 0.23 n.d. 0.28 n.d. 158 -48.2 

14 __ __ __ 1.03 1.80 0.21 0.25 n.d. 0.27 n.d. 188 -47.1 
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Lake Erken 07.17 Site Buoy 

Pore-water 

Sediment 

Depth 
Ca DIC P Mn Fe SO42- S (-II)- CH4 

[cm] _______ [mM] _______ ______________ [µM] _________________ ________________ [mM] ________________ 

0 1.11 1.77 n.d. 13.3 0.35 0.40 n.d. __ 

1 1.19 0.36 19.4 87.4 13.7 0.00 n.d. n.d. 

2 1.14 2.18 26.1 81.2 20.4 0.02 n.d. 0.01 

3 1.29 2.37 53.7 70.2 46.8 0.12 n.d. 0.01 

4 1.30 2.42 46.1 67.9 26.4 0.09 n.d. 0.02 

5 1.17 1.98 51.5 46.1 29.9 0.10 n.d. 0.02 

6 1.31 2.60 65.2 54.8 34.9 0.06 n.d. 0.02 

7 1.26 2.43 58.5 47.3 21.8 0.04 n.d. 0.02 

8 1.32 2.54 71.0 48.1 14.9 0.04 n.d. 0.03 

9 1.30 2.51 61.8 48.2 11.6 0.03 n.d. 0.03 

10 1.27 2.34 40.2 40.8 3.02 0.08 n.d. 0.04 

12 1.23 2.43 34.2 33.0 n.d. 0.05 n.d. 0.03 

14 1.26 2.37 26.6 32.2 n.d. 0.06 n.d. 0.04 

16 1.22 2.35 27.7 30.9 0.24 0.04 n.d. 0.05 

18 1.12 2.39 29.5 27.1 0.65 n.d. n.d. 0.07 

20 1.17 2.43 33.1 28.2 1.03 0.04 n.d. 0.09 

22 1.17 2.45 41.5 27.1 6.55 0.03 n.d. 0.12 

24 1.21 2.65 50.6 27.3 11.4 0.02 n.d. 0.19 

26 1.22 2.76 59.2 26.9 20.3 0.02 n.d. 0.33 

28 1.25 2.75 53.5 27.3 21.0 0.02 n.d. 0.23 

30 1.31 3.10 64.5 28.3 39.2 n.d. n.d. 0.46 

32 __ __ __ __ __ __ __ 0.58 

34 __ __ __ __ __ __ __ 0.51 

36 __ __ __ __ __ __ __ 0.64 

38 __ __ __ __ __ __ __ 0.60 
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Lake Erken 07.17 Site Littoral 

Pore-water 

Sediment 

Depth 
Ca DIC P Mn Fe SO42- S (-II)- CH4 

[cm] _______ [mM] _______ ______________ [µM] _________________ ________________ [mM] ________________ 

0 0.98 1.49 n.d. 0.59 0.41 0.30 n.d. __ 

1 1.05 1.36 n.d. 3.45 0.27 0.43 n.d. 0.04 

2 1.10 1.52 n.d. 6.19 0.31 0.37 n.d. 0.09 

3 1.14 2.02 n.d. 11.6 0.49 0.24 n.d. 0.15 

4 1.10 1.88 n.d. 11.1 0.22 0.24 n.d. 0.12 

5 1.16 2.13 n.d. 10.8 n.d. 0.13 n.d. 0.10 

6 1.20 2.47 17.4 11.0 n.d. 0.11 n.d. 0.12 

7 1.30 2.60 21.8 11.3 n.d. 0.09 n.d. 0.32 

8 1.34 2.74 19.2 10.5 n.d. 0.09 n.d. 0.32 

9 1.42 2.92 19.2 10.6 n.d. 0.09 n.d. 0.22 

10 1.50 3.09 21.0 10.3 n.d. 0.09 n.d. 0.29 

12 1.50 3.14 17.7 9.28 0.24 0.06 n.d. 0.35 

14 1.55 3.24 n.d. 8.90 0.18 0.05 n.d. 0.27 

16 1.36 3.07 n.d. 6.90 0.27 n.d. n.d. 0.24 

18 1.50 3.22 n.d. 8.25 n.d. 0.05 n.d. 0.15 

20 1.46 3.22 n.d. 7.89 n.d. 0.06 n.d. 0.21 

22 1.42 3.21 n.d. 7.60 0.21 n.d. n.d. __ 
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Lake Erken 07.17 Transects 

Site Ca DIC NO3- Mn Fe SO42- S (-II)- CH4 

Northing Easting ____ [mM] ____ ___________ [µM] ___________ __________ [mM] __________ 

59°50,395' N 18°31,145' E 1.03 1.66 2.24 0.14 0.28 0.27 n.d. 336 

59°50,276' N 18°32,596' E 1.03 1.68 0.88 0.14 0.30 0.31 n.d. 328 

59°51,830' N 18°33,070' E 1.03 1.67 2.10 0.09 0.25 0.26 n.d. 285 

59°50,452' N 18°34,214' E 1.04 1.67 0.82 0.06 0.22 0.31 n.d. 206 

59°50,305' N 18°36,367' E 1.03 1.66 0.44 0.06 0.24 0.31 n.d. 208 

59°50,535' N 18°37,264' E 1.03 1.67 0.25 0.05 0.24 0.30 n.d. 205 

59°50,287' N 18°37,390' E 1.02 1.66 0.55 0.04 0.22 0.26 n.d. 239 

59°50,244' N 18°37,426' E 1.01 1.65 0.34 0.05 0.28 0.31 n.d. 270 

59°50,269' N 18°38,269' E 1.02 1.67 0.30 0.06 0.24 0.31 n.d. 227 

59°50,960' N 18°37,527' E 1.02 1.67 0.20 0.11 0.24 0.31 n.d. 895 
          

59°51,119' N 18°37,419' E 1.01 1.68 0.59 0.06 0.21 0.31 n.d. 746 

59°50,575' N 18°37,430' E 1.01 1.67 0.19 0.06 0.22 0.31 n.d. 462 

59°50,380' N 18°37,419' E 1.01 1.68 0.32 0.04 0.20 0.31 n.d. 270 

59°50,244' N 18°37,426' E 1.02 1.68 0.67 0.04 0.21 0.31 n.d. 206 

59°50,215' N 18°37,466' E 1.02 1.68 0.70 0.04 0.20 0.31 n.d. 199 

59°50,172' N 18°37,480' E 1.02 1.68 0.42 0.06 0.21 0.31 n.d. 221 

59°50,118' N 18°37,530' E 1.03 1.69 1.03 0.08 0.21 0.31 n.d. 307 

59°50,110' N 18°37,548' E 1.04 1.70 0.47 0.32 0.26 0.31 n.d. 1426 

59°50,850' N 18°37,584' E 1.03 1.70 0.75 0.41 0.32 0.30 n.d. 1684 
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Data for model calculations in Chapter “Methane 

in lake environments and future prospects” 

Parameter Description Value Unit 

  Lake 

Willersinnweiher 

Lake 

Stechlin 
 

  * Predicted surface water 

CH4 concentration  

- [mmol m-3] 

     ** Littoral CH4 

concentration (surface) 

1.32 1.20 *** [mmol m-3] 

     ** Profundal CH4 

concentration (surface) 

0.55 0.50 [mmol m-3] 

 * Physical decline in CH4 

concentration from shore 

to center of the lake 

- [m-1] 

 * Distance from shore - [m] 

  Shortest distance 

between two shores 

180 650 [m] 

    * Standardized gas 

exchange coefficient 

from epilimnion 

- [m d-1] 

   ** Thickness epilimnion 6 7 [m] 

     Net biological impact 

(negative for oxidation, 

positive for production) 

0.1 – 0.5  

(Bogard et al. 2014; Tang et al. 2014) 

[d-1] 

   horizontal diffusivity 

coefficient 

0.06 

(DelSontro et al. 2017) 

[m² d-1] 

   * Wind speed at 10 m 

height  

- - [m d-1] 

  Lake area 0.27 * 106 4.3 * 106 [m²] 

   Measured wind speed at 

height z  

3.45 * 105  

(mean value) 

[m d-1] 

   Drag coefficient at 10 m 

height 

0.0013 

(Stauffer 1980) 

[ - ] 

  Karman constant 0.4 

(Andreas et al. 2006) 

[ - ] 

  Height of wind speed 

measurement 

4 2 [m] 

* calculated from equations presented in Table 12 

** obtained from presented data 

*** pers. comm. HP Grossart (IGB) 
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