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Abstract 

Gas Emissions from Contaminated Fibrous Sediments in Sweden 

Fredrik Collin 

 
The discharge of untreated wastewater from pulp and paper mills have resulted in the accumulation of 

fibrous sediments on the bottom of many nearby aquatic recipients. Some accumulations are multiple 

meters thick and consist almost entirely of cellulose fibre or wood chips; these are called fiberbanks. 

The often hypoxic conditions and high organic content in fiberbanks makes them favourable for methane 

producing microorganisms, and gas release by ebullition has been observed. CH4 has high global 

warming potential and this study therefore aims to investigate GHG emissions from Swedish fiberbanks. 

Since methanogenesis is influenced by temperature and organic content, the gas ebullition is expected 

to vary with season and between fiberbanks. As such it was necessary to examine differences in 

ebullition rate, bubble volume and bubble quantity between different fiberbanks and to test the influence 

of temperature on ebullition. To achieve this, the gas ebullition from two fiberbanks with very different 

composition (Väja and Sandviken), were investigated using optical ebullition sensors measuring the 

quantity and volume of released gas bubbles. The ebullition measurements were performed in laboratory 

at room temperature (20oC) and with sediments in incubation (4 – 15oC). The results indicate differences 

in both ebullition rate and mean bubble volume between these two fiberbanks, with only minor 

differences in the quantity of bubbles released. In a period of stable ebullition over five consecutive 

days, sediment from Väja released 83 – 90% larger volumes of gas per day, and also produced bubbles 

that were on average 67 – 89 % larger in volume when compared to Sandviken. The incubation 

experiments show that ebullition from both fiberbanks increases exponentially with temperature, at rates 

similar to those found in natural sediments (Väja Q10 3.9, Sandviken Q10 4.9). The rate of acceleration 

in ebullition from both sediments is very strong >10oC, which is also similar to what has been observed 

in natural sediments. If estimating the combined GHG emissions from Swedish fiberbanks based on the 

results from this study, it shows that fiberbanks could emit as much as 550 000 – 900 000 tonnes of CO2 

equivalents annually. That would correspond to 1.1 – 1.7% of the combined annual Swedish GHG 

emissions in 2018, and with fiberbank ebullition showing such a strong temperature dependence, that 

estimate would grow rapidly when water temperatures increase with a warming climate.  

 

Keywords: Fiberbank, fibrous sediment, gas ebullition, GHG emissions, methanogenesis, optical 

ebullition sensor. 
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Populärvetenskaplig sammanfattning 

Gasutsläpp från svenska fiberbankar 

Fredrik Collin 
 

Utsläpp av orenat processvatten från svensk pappersindustri har resulterat i ansamlingar av fiberhaltiga 

sediment på botten av närliggande vattendrag. På vissa platser bildar de fiberhaltiga sedimenten flera 

meter tjocka fiberbankar som består nästan uteslutande av cellulosafibrer eller träflis. Det höga 

organiska innehållet i fiberbankarna resulterar ofta i syrefria förhållanden vilket gör dem gynnsamma 

för metanproducerande mikroorganismer, och frisläppning av gasbubblor har observerats. Metangas 

bidrar starkt till växthuseffekten och det här projektet utformades därför med huvudmålet att uppskatta 

växthusgasutsläppen via ebullition från svenska fiberbankar. Eftersom metangasproduktionen 

förväntades variera beroende på temperatur och fiberbankskomposition, undersöktes skillnader i 

gasutsläpp från två olika fiberbankar, gällande koncentrationen på utsläppt gas, mängd utsläppt gas, 

volym på bubblor, antal bubblor, samt hur gasutsläppen från fiberbankarna påverkades av temperatur. 

Undersökningen inkluderade sediment från två fiberbankar med väldigt olika sammansättning (Väja och 

Sandviken) och gasutsläppen studerades med hjälp av optiska sensorer i rumstemperatur och under 

inkubation vid temperaturer från 4 – 15oC. Data från undersökningarna användas sedan till att uppskatta 

de årliga växthusgasutsläppen från svenska fiberbankar. Resultaten indikerar att det är stora skillnader i 

mängden utsläppt gas och volymen på frisläppta bubblor mellan dessa två fiberbanksediment, men 

endast små skillnader i antalet frisläppta bubblor. Fiberbankssediment från Väja släppte ut en 83 - 90% 

större gasvolym per dag och producerade också i genomsnitt 67 - 89% större bubblor jämfört med 

sediment från Sandviken. Inkubationsexperimenten visar att gasutsläppen från de båda 

fiberbanksedimenten ökar exponentiellt med temperatur, och tilltar i liknande hastighet som hos 

naturliga sediment (Väja Q10 3.9, Sandviken Q10 4.9). Ökningen i gasutsläpp vid temperaturer över 10oC 

är mycket stark hos båda sedimenten, vilket också liknar observationer från naturliga sediment. När 

resultaten används för att uppskatta växthusgasutsläppen från den totala mängden fiberbanksediment 

som kan finnas i Sverige, visar de att fiberbankar kan släppa ut så mycket som 550 000 - 900 000 ton 

CO2-ekvivalenter årligen. Det skulle innebära 1.1 – 1.7% av de sammanlagda årliga svenska 

växthusgasutsläppen. 

 

Nyckelord: Fiberbank, fibersediment, gas ebullition, växthusgas emissioner, metanogenes, optiska 

ebullitions sensorer 
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1    Introduction 

The forestry industry and its various subindustries has for many years been one of the largest and most 

productive manufacturing industries in Sweden, and considering a combined employment number 

currently in excess of 70 000 people and an annual exportation value approaching EUR 14 billion it can 

well be regarded a key part of the Swedish economy. The greater share of that export and employment 

comes from pulp and paper production, a sector within the forestry industry responsible for supplying 

commercial wood pulp as well as refining it into paper (Swedish Forest Industries Federation, 2018). 

Today this is a fairly clean and modern process but in the early years of the industry this was not the 

case, pulp and paper mills have emitted a multitude of different contaminants over the years, heavy 

metals and persistent organic pollutants among them. The main contaminant seen from a volumetric 

standpoint however is the deposited wood and cellulose fibres themselves, over time these have 

accumulated into extensive often meters thick underwater fiberbanks which are usually located in close 

proximity to the pulp mill wastewater pipe (Apler et al., 2014; 2019; Norrlin et al., 2016; Norrlin & 

Josefsson, 2017).  

    Due to the characteristically high organic content in these fiberbanks, intense microbial 

decomposition by oxidation occurs, resulting in the depletion of dissolved oxygen and hypoxic 

conditions (Apler et al., 2014; Norrlin & Josefsson, 2017). This kind of environment in turn is very 

favourable for the anaerobic decomposition of organic material, and the final step of that decomposition 

is called methanogenesis. Methanogenic microorganisms produce methane gas from either organic 

substrates (acetate) or from CO2 and H2, but only in the absence of molecular oxygen (O2). Oxygen-free 

conditions also occur in other types of environments such as eutrophicated inland lakes and hydropower 

dams, and since methane gas has a very high global warming potential this has encouraged scientists to 

study such locations and their methane production as potential methane emission hot spots (Bastviken 

et al., 2004; Deemer et al., 2016; Aben et al., 2017; Delsontro et al., 2018). This sort of analysis has yet 

to be done on fiberbanks and will therefore be attempted within the scope of this master thesis. 

Considering that earlier research by Apler et al., 2014 and Norrlin & Josefsson, 2017 has indicated that 

fiberbanks do contain large amounts of gas pockets and indeed do emit part of that gas via ebullition. 

Furthermore, CH4 ebullition can be a dominant pathway when driven by a large source of organic 

material (OM) (Sobek et al., 2012; Grinham et al., 2018; Hilgert et al., 2019). Therefore, the main focus 

of this project will be on ebullitive CH4 fluxes.  

    The methane ebullition from fiberbank sediments out of two different locations will be measured in 

the laboratory, using optical bubble sensors built for this specific purpose during a previous project. The 

results will then be extrapolated onto current estimates of fiberbank sediments located in Sweden. 
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2    Aims 

The main objective of this project is to investigate the extent of GHG emissions from different types of 

fiberbank sediment.  

To achieve that objective the following hypotheses will be tested:  

• There is a difference in ebullition characteristics from the two different types of fiberbank 

sediment. Differences are observed both in regards to the total volume of gas released, but also 

regarding more detailed ebullition characteristics such as the concentration of the released gas, 

the quantity of bubbles released as well as their mean volume.  

• The volume of gas released by ebullition is strongly influenced by temperature and ebullition 

estimates must therefore be scaled to account for seasonally changing temperatures. 

• The relationships found between sediment volume, temperature and ebullition can be used to 

estimate the seasonally varying methane ebullition flux from these two types of fiberbanks.   

3    Background 

3.1    Fibrous sediments 

3.1.1    Sources 

Most of the fibrous sediment deposits surveyed in Sweden to date are believed to have their origin in 

the early years of pulp and paper manufacturing, with the greater part deposited before the 1970s (Apler 

et al., 2014; Norrström & Karlsson, 2015; Norrlin et al., 2016). The pulp and paper industry are a 

subdivision of the forestry industry primarily dedicated to supplying commercial wood pulp for use in 

the making of paper goods such as for example newspaper, cardboard and hygiene paper (Rivera et al., 

2018). This segment of forestry has grown steadily from producing approximately 30 million tonnes of 

paper globally in 1946 (Suhr et al., 2015) to 420 million tonnes in 2017 (Swedish Forest Industries 

Federation, 2018), with large scale production heavily dominated by a few well industrialized and 

heavily forested countries on the northern hemisphere. At a stable production of around 10 million 

tonnes annually Sweden is currently the ninth largest paper producer globally, and since more than 90% 

of that is exported. Sweden is the fourth largest exporter after Germany, the US and Finland (Swedish 

Forest Industries Federation, 2018). The actual process of pulping wood and refining it into paper is and 

has always been resource intensive both in regards to energy and natural resources, this is especially 

true in regards to water demand, which is estimated at around 75 – 230 m3 per tonne produced (Pokhrel 

& Viraraghavan, 2004). In the last decades, the resulting wastewaters have been processed using 

sedimentation pools and other technologies to remove solids and pollutants before release. However, 

for more than half a century before stronger environmental protection laws came into effect in Sweden 

in 1969, that waste water often containing wood fibre and other pollutants was discharged untreated 
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directly into local lakes, rivers and the sea (SFS 1969:387; Ali & Sreekrishnan, 2001; Apler et al., 2014). 

Unfortunately, there is very little documentation available on the emissions from Swedish pulp mills 

from this time, but early estimates specified that on average 2% of the fibres manufactured and used 

during pulp and paper production were lost to waste waters between 1960 and 1969 (Blidberg, 1969). 

More recent investigations suggest that the fibre loss might have been as high as 10% at some production 

plants in the period before 1975 (Norrström & Karlsson, 2015). Furthermore, during a multi-industry 

survey of environmental remediation needs, the Swedish Environmental Protection Agency assessed 

that all Swedish pulp mills combined deposited more than 10 million tonnes of fibres throughout the 

period from 1909 to 1983. This would make fiberbanks a likely occurrence at most pulp and paper 

industries (Swedish Environmental Protection Agency, 1995). As the environmental movement 

awakened in the sixties and legislative pressures mounted, the industry started to modernize and greater 

focus was put on making pulp and paper in a more environmentally friendly way. Among other things, 

this resulted in the development of primary treatment plants located at all pulp mills which greatly 

improved the situation, reducing emissions of both solids and other pollutants over the last decades 

(Norrström & Karlsson, 2015; Apler, 2018).  

3.1.2    Fiberbanks and fibre rich sediments 

When waste water containing wood or cellulose fibres is discharged into a recipient, local water 

conditions and the size and density of the fibres will decide how the fibre is distributed. If the fibres are 

predominantly of a coarse and dense character with a high settling velocity or if the water movements 

are low with little currents or wave or stream erosion, most fibres will settle and accumulate in close 

proximity to the wastewater pipes from which they originated. These deposits consisting primarily of 

cellulose fibre and wood chips with very low amounts of natural minerogenic sediments are commonly 

called fiberbanks. Conversely, if the fibres are predominantly fine grained, they are easily kept in 

suspension, or if the receiving waters are highly turbulent and erosional, the majority of fibres will be 

transported a longer distance away from their point of origin, and often form what is called fibre-rich 

sediments covering a larger surrounding area. Fibre-rich sediments contain less wood fibre and higher 

levels of natural minerogenic sediments in comparison to fiberbanks. However, the conditions are often 

mixed, causing the heavier fraction of the fibres to quickly settle and accumulate into a fiberbank while 

the lighter fraction remains in suspension and settles in calmer accumulation zones further away (Apler 

et al., 2014; 2019; Norrlin et al., 2016).  

    To date, the Swedish Geological Survey (SGU) in collaboration with local county boards has 

performed a number of surveys into the extent and risk associated with fibrous sediments. The first one 

was a cooperation between Västernorrland county and SGU that took place from 2010 to 2011 and is 

commonly called “Fiberbanksprojektet”. Fiberbanksprojektet was a method study with a primary focus 

on developing a hydroacoustic method for identifying and surveying fibrous sediments and a secondary 

focus on estimating contamination levels in affected sediments. Throughout the survey, 22 areas located 
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near pulp and paper industries were analysed using the hydroacoustic method as well as sediment 

chemical analysis whenever fibrous sediments were encountered. In conclusion the project found that 

hydroacoustic surveys in combination with sediment sampling is a valid method for identifying and 

mapping fibrous sediments, as well as other useful features such as local geomorphology, underwater 

mass movements, sediment erosion and transport (Apler et al., 2014). Furthermore, the classification 

and distinction between fiberbanks and fibre-rich sediments were developed during this project (Apler 

et al., 2014). A second survey was conducted in collaboration between the Gävleborg, Jämtland, 

Västernorrland, Västerbotten, Norrbotten Countys and SGU from 2015 to 2016. During this project the 

previously developed hydroacoustic and sediment sampling methods were used to examine the spatial 

and volumetric extent as well as the contamination levels of fibrous sediments in 11 coastal and 6 lake 

or riverine locations (Norrlin et al., 2016). Since current estimates from the Swedish County 

administrative boards’ database for the national contaminated areas indicate that there are approximately 

380 areas in Sweden located near where pulp mills and paper industries might have emitted fibrous 

sediments, these surveys have only examined a small fraction of the locations that are believed to have 

been exposed to pulp industry waste (Norlin & Josefsson, 2017). Out of the 39 surveyed locations, 28 

showed signs of fibrous sediments. 19 sites had both fiberbanks and fiber-rich sediments and 9 sites 

contained only fiber-rich sediments. In the 28 locations where fibrous sediments were located, fiber rich 

sediments were estimated to cover an area of roughly 26km2 while fiberbanks were estimated to cover 

about 2.5 km2. See map in figure 1 for the spatial distribution of the currently surveyed fibrous sediment 

deposits in Sweden as well as the remaining unsurveyed locations potentially contaminated. The water 

saturated volumetric extent of the currently surveyed fiberbanks was estimated at around 7 000 000 m3, 

however this is an uncertain estimate due to the technical difficulties in measuring the thickness of this 

kind of deposit (Norlin & Josefsson, 2017).  

3.1.3    Contaminants in fibrous sediments 

Before wastewater treatment was enforced by law and implemented by the industry, waters released 

from pulp and paper mills could contain a wide range of contaminants. Some of those contaminants are 

naturally occurring in the raw wood material used and were released during mechanical or chemical 

processing. That is mostly organic material in the form of cellulose and lignin and a mixing of other 

organic compounds such as resin acids, fatty acids and alcohols, but also inorganic elements such as 

calcium, potassium, magnesium, manganese, silica, lead, mercury, cadmium, chromium, copper, nickel 

and zinc (Apler et al., 2019). The lighter inorganic elements are often naturally occurring in trees while 

the heavy metals often come from bleaching or pulping processes and also to some degree from the 

uptake of heavy metals by the trees themselves during their lifetime (Apler et al., 2019). Other, more 

toxic contaminants are the result of direct use or spillage of different bleaching and impregnation 

formulas as well as insecticides. Two of the more noteworthy ones are PCB which was sometimes used 

as a de-inking agent during the recycling of paper, and DDT which was commonly used as an insecticide 
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by the forestry industry (Apler, 2018; Dahlberg et al., 2020). Both belong to a group of compounds 

called persistent organic pollutants (POPs) which are known for their adverse effects on humans and 

ecosystems as well as their persistence in the environment.  

 

Figure 1. Map showing the fibrous sediment sites surveyed 2010 – 2016, as well as paper, pulp and wood product 

industry locations, potentially contaminated by fibrous sediments. (Map translated from Norlin & Josefsson, 2017)   
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3.2    Gas production in fiberbanks 

3.2.1    Methane 

Methane (CH4) is an organic gas that under normal temperature and pressure conditions is odourless, 

has low water solubility and is combustible when mixed with air. It is naturally produced by both 

geological and biological processes and can be found in a diverse range of environments, from deep 

sub-seafloor environments where it is held in the form of frozen methane hydrates to the intestinal tract 

of ruminant mammals where it is produced during the fermentation of plant-based foods (Bastviken, 

2009; Encyclopædia Britannica, 2019). The relative abundance of CH4 on earth makes it an interesting 

potential fuel source and it has garnered increasing interest in recent years for that purpose, especially 

in regards to seafloor methane hydrate extraction (Chen et al, 2018). The many natural sources of CH4, 

the large natural stores and the fact that it is a highly potent greenhouse gas (GHG) does however also 

make it a considerable potential climate threat.  

    The potential impact of different greenhouse gases is often compared using their global warming 

potential (GWP), which is a relative value showing the climate influence of a specific GHG when 

compared to carbon dioxide (CO2). The GWP is derived from how effectively the gas absorbs infrared 

radiation, in what part of the infrared spectrum that absorption takes place and lastly from its residence 

time in the atmosphere (Elrod, 1999; IPCC, 2013). Using the GWP scale, CH4 is estimated to have an 

impact as large as 34 times greater than that of CO2 when calculated over a 100-year timescale with 

climate carbon feedbacks included (IPCC, 2013). This is remarkable when considering that CH4 has a 

relatively short atmospheric residence time at approximately 10 years compared to the up to 200 year 

residence time of CO2. (IPCC, 2013; Encyclopædia Britannica, 2020). The high GWP can be explained 

in part by the greater heat absorption potential of the CH4 molecule when compared to that of CO2, 

molecule for molecule it will absorb and trap considerably more energy in the atmosphere. On top of 

that CH4 absorbs infrared energy in frequency bands that are much less saturated by already available 

gas in the atmosphere, and will therefore have a disproportionally large effect on intercepted infrared 

radiation levels if increased. Lastly when CH4 degrades in the atmosphere, ozone is formed which also 

contributes to the greenhouse effect (Encyclopædia Britannica, 2020).  

    These traits make CH4 a very potent GHG and it is estimated to have caused as much as 20% of the 

observed warming since the beginning of the industrial era (Kirschke et al., 2013). Unfortunately, 

current research also suggests that its rate of increase in the atmosphere har risen dramatically in recent 

years. In the period from 2014 to 2017 the amount of CH4 in the atmosphere increased by approximately 

9.4 ppb/year on average, such rates have not been observed since the 1980s. The cause of this growth is 

still debated, but some potential explanations put forth are increased fossil fuel emissions, decreased 

CH4 oxidation rates in the atmosphere and increased biogenic emissions from wetlands (Nisbet et al., 

2019). The biogenic emissions from wetland sediments originate from the same anoxic processes that 

affects fiberbank sediments and will therefore be explained in more detail. Biological CH4 is formed 
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and emitted from anoxic wetland soils and sediments as organic matter (OM) decomposes. This 

decomposition involves many steps e.g. OM hydrolysis and fermentation but the actual gas formation 

occurs in the final degradation step called methanogenesis (Bastviken, 2009; Due et al., 2010). 

Methanogenesis is performed by a group of microorganisms which through a strictly anaerobic process 

convert substrate produced in earlier degradation steps, most importantly acetate (CH3COO) or 

hydrogen (H2) into CH4. The level of availability in those substrates controls in what way CH4 is actually 

formed. In a setting where acetate is the primary substrate available for methanogenesis it is said to be 

acetotrophic (acetate dependant) and in that case CH4 is formed by splitting CH3COO into CH4 and CO2. 

If hydrogen is more available the process instead become hydrogenotrophic and CH4 is formed when 

H2 reacts with CO2 resulting in CH4 and H2O (Bastviken, 2009).  

    Methane produced in anoxic wetland sediments can follow a number of different pathways out of the 

sediments, the two most significant ones are through diffusion over concentration gradients in pore water 

or through physical transport in rising bubbles (ebullition). At low levels of gas production, dissolved 

CH4 will diffuse through sediments or into the water column towards areas of lower concentration. If 

waters are anoxic some will accumulate and eventually diffuse into the atmosphere across the air-water 

interface.  If the water contains oxygen, most of the CH4 will be oxidized to CO2 by methanotrophic 

microbes when leaving the anoxic sediments (Bastviken et al., 2004; DelSontro et al., 2011). However, 

if gas production levels are high enough that not all gas can be dispersed through diffusion, eventually 

sediment porewaters will get supersaturated. Once the total pressure of the dissolved gases exceeds the 

surrounding hydrostatic pressure, all additional gas produced will enter CH4-rich bubbles in the 

sediment. Bubble formation is facilitated by the extremely low solubility of CH4 in water. When those 

bubbles then find or produces a conduit out of the sediments, they result in rapid gas transport up through 

the water column (Bastviken et al., 2004; Scandella et al., 2011). Depending on factors such as bubble 

volume, temperature, water gas concentration and water depth, a fraction or in some cases all of that gas 

will dissolve during transport, the rest will cross into the atmosphere at the surface (DelSontro et al., 

2011;2015; McGinnis et al., 2006). The relative importance of diffusion and ebullition is often hard to 

quantify, in large part due to the extremely heterogenic nature of ebullition, both on temporal and spatial 

scales (Bastviken et al., 2004; DelSontro et al., 2011;2015; Linkhorst et al., 2020). There are however 

recent studies indicating that ebullitive fluxes might be considerably larger than previously believed, 

especially in settings with shallow water, high temperature and high organic substrate supply (DelSontro 

et al., 2011; 2016; Grinham et al., 2018).  

3.2.2    Ebullition in fiberbanks 

The fibrous sediments studied in this project and the region in which they are located is different in 

many aspects when compared to the sediments and locations that are often associated with strong 

methane hotspots and climate influence. In regards to location, the waters along the northern Swedish 

coast are not particularly warm. According to temperature measurements at a station located in the sea, 
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south east of the study sites, about 35km from land. At a depth of 10m the mean annual temperature is 

7.0 oC with a standard deviation (SD) of 5.0, and at a depth of 40m the annual mean is just 3.1 oC, with 

a SD of 1.6. Those means were calculated from measurements performed by Umeå marine science 

centre (UMF) at station C3, 8 – 10 times per year between 2015 and 2019 (Appendix 1) (SMHI, 2020). 

The two studied fiberbanks are also situated at a depth of 12 and 15 meters (Apler et al., 2014). These 

two factors would generally reduce the GHG emissions by ebullition, first the hydrostatic pressure of 

more than 10 meters of water would hinder bubble formation and the low temperatures would slow 

down methanogenesis ultimately reducing the chances of super saturated pore water. According to 

Bastviken (2009), methanogenesis has a Q10 of 4.1 ± 0.4, meaning that an increase in temperature by 

10°C would result in methanogenesis increasing approximately fourfold. And according to DelSontro 

et al., (2016) ebullitive fluxes in natural sediments are the largest in shallow waters less than 3 meters 

and in temperatures over 10°C. What could potentially negate part of these two disadvantages is the 

fiberbank sediments themselves, they are comprised almost entirely of cellulose fibres or wood chips 

and as such have a high OM content. High carbon loading like this is believed to increase CH4 production 

by stimulating the anoxic conditions needed and by providing large quantities of substrate for 

methanogenesis (Sobek et al., 2012; DelSontro et al., 2016; Grinham et al., 2018; Hilgert et al., 2019). 

Apart from that, recent studies also show that there is ebullition taking place in fiberbank sediments. 

According to Norlin and Josefsson (2017), gas release was observed either directly or in the form of 

pockmarks in 76% of presently known fiberbanks and the lack of pockmarks for the remaining 24% 

should according to the authors not be taken as definitive proof that ebullition does not take place.  

3.3    Study sites 

The fiberbank samples studied in this project comes from two separate fibrous sediment sites (Väja and 

Sandviken) both of which are situated along the innermost western part of the Ångermanälven river 

estuary (Fig.2 Map B). That estuary constitutes the final 50km reach of the 450km long Ångermanälven 

river, to where it discharges in the Baltic Sea. Due to the regions natural resources and location it has 

held several saw and pulp mills over the years (Apler et al., 2014; 2019). Unfortunately, the legacy of 

that industry can now be seen as multiple fibrous sediment sites located in the estuary (Fig.2; Map B). 

The fibrous sediment sites relevant to this project, Väja and Sandviken are located roughly 5km apart, 

Väja is positioned in a bay called Bollstafjärden 2km from the main estuary channel and Sandviken is 

situated downstream from there in the main river channel. In the portion of the estuary where these sites 

are positioned the waters run deep and contain intruding brackish waters along the bottom overlain with 

fresh river water. The deep water provides rather steep river sides giving a fjord like setting with a 

maximum water depth at Sandviken of approximately 100m followed by Väja at roughly 50m. The 

estuary bottom in itself, not including fibrous sediments consists primarily of post glacial clays with 

smaller localized fractions of glacial clay, moraine and bedrock. See figure 2, map C for site locations, 

the spatial extent of the associated fibrous sediment deposits and the marine geology surrounding them. 
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Figure 2. Map A shows the general location of the studied fiberbanks with a red frame. Map B shows the location 

of several fibrous sediment sites found within Ångermanälven estuary. Map C give the location of the study sites 

& sediment sampling location, the fibrous sediments in their vicinity and the naturally occurring marine sediments. 

(GSD-Orthophoto, 0.5m colour © Lantmäteriet; Marine geology 1:500 000 © Geological survey of Sweden; 

Fibrous sediment © Geological survey of Sweden; GSD-Overview map 1:250 000 © Lantmäteriet).     
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3.3.1    Väja 

The fibrous sediments found in Väja are believed to originate from Väja paper mill which came into 

production in the later part of the 19th century, starting with two sawmills followed by a pulp mill in 

1914-1915. The Väja mill expanded gradually and by 1969 it is estimated to have produced 100 000 

tonnes of unbleached pulp annually. 1969 is also the year when the first attempts at wastewater treatment 

were made, up until that point wastewaters from production containing left over fibres were discharged 

untreated into Bollstafjärden. That discharge led to the accumulation of a large fiberbank on the steep 

side of the river channel in the waters directly adjacent to the Väja mill as well as fiber rich sediments 

spread over larger distal areas in the bay (Apler et al., 2014). The surface of the fiberbank lies at a water 

depth of 15m and it covers an area of about 70 000 m2, it has a maximum thickness of no less than 6m 

and consists almost entirely of cellulose fiber with only a small portion of wood chips (Apler et al., 

2014;2019). With a total organic content (TOC) level of 15% (Dahlberg et al., 2020) it has resulted in 

the entire deposit from surface to bottom becoming anoxic and there is considerable gas production 

indicated by abundant pockmarks and sonar images. The fiberbank is separated into two parts by an 

erosional feature down the middle, this is believed to have been caused by water erosion from a waste 

water pipe. The more widely dispersed fiber rich sediments in Väja are estimated to cover an area of 

800 000 m2 (Apler et al., 2014;2019). 

3.3.2    Sandviken 

Located 3.5 km east and downstream from Väja lies Sandviken, a region with a similar industrial history. 

Here the production started out as a sawmill in 1869 which grew to become one of the largest in the 

region, but in 1928 after nearly 60 years of production that sawmill was closed and rebuilt into a pulp 

mill. The pulp mill then stood in production and manufactured unbleached pulp until 1979 when the 

operation closed (Apler et al., 2014). The fiberbank resulting from this activity is located just offshore 

outside the old mill at a depth of around 12 meters. Sandviken sediment has a mean TOC of 6.6% 

(Dahlberg et al., 2020) and similar to Väja it is also hypoxic from surface to bottom. It also has 

comparable dimensions with a spatial extent of roughly 55 000 m2 and a thickness of up to 6m. However, 

the fiberbank composition here is very different to that of Väja, consisting almost entirely of wood 

splinters and wood chips compared to Väja’s altogether cellulose composition. Apart from the fiberbank 

there are also fiber rich sediments covering a larger surrounding area nearly 500 000m2 in size (Apler et 

al., 2014;2019). See figure 3 for a photo of the two different sediments.  
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Figure 3. Photos depicting the two types of fiberbank sediment taken during collection. (photo: courtesy of Alizée 

Lehoux)   

4    Material and methods 

The amount of gas bubbles released from the fiberbank sediments was measured in a laboratory with 

the sediments held in columns filled with artificial seawater, using an optical bubble sensor located 

above the sediments measuring the volume of each bubble released through ebullition. The first part of 

the method, 4.1 describes the collection of the sediments, their locations and how they were prepared, 

the preparation of the artificial seawater and lastly gives a short explanation of the optical bubble sensor. 

For details on the setup of each experiment see method 4.2, and for information on how the bubble logs 

are processed and how the ebullition is estimated see method 4.3.   

4.1    Material preparation and sensor description 

4.1.1    Sediment preparation 

The fiberbank sediment samples examined in this study were collected by other personnel during a 

previous project using boxcorers. Boxcorers are essentially boxes with a lower trapdoor that upon impact 

with the bottom sediment closes, trapping sediment which can then be winched up and collected. 

Sediment collected this way is disturbed and not suitable for stratigraphy but it is an effective way to 

collect large quantities of sediment rapidly. The sediments have since collection in October 2018 been 

stored in plastic containers in a cold room (4ºC). There are multiple containers of sediment from both 

Väja and Sandviken and samples from within the same fiberbank are generally very similar in physical 

features. Due to time constraints and the similarities among samples from the same fiberbank, sediment 

from only one sampling site in each fiberbank (Väja and Sandviken) were used for the experiments. The 

location of each sample site can be seen in figure 2. Additionally, both sediment samples were 

thoroughly homogenized in their original plastic containers before sediment was sub-sampled for use in 

the different experiments. 
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4.1.2    Artificial seawater 

The artificial seawater used in all experiments was prepared according to the method and formula by 

Kester et al. (1967). That formula provides a seawater solution with a salinity of 35‰ which is then 

diluted to 5‰ to fit the lower salinity of the brackish waters surrounding the fiberbanks. To fully 

submerge the fiberbank sediment samples and sensors in the columns used for the experiments there 

was a total of approximately 30L of 5‰ diluted seawater needed, and the following formula was used 

to calculate how much undiluted 35‰ seawater solution that would require. 𝐶1 × 𝑉1 = 𝐶2 × 𝑉2 , where 

C1 is the initial solutions concentration, V1 is the initial solutions volume, C2 is the diluted solutions 

concentration and V2 is the diluted solutions volume. By solving for initial volume, 𝑉1 =  
5‰×30L

35‰
 , it is 

calculated that 4.3L seawater at 35‰ is needed, therefore all parts of the original formula were 

multiplied by 5 in  order to prepare 5L of undiluted seawater at 35‰ concentration (Table. 1) Following 

the recommendations of the paper the seawater solution was prepared in two separate containers, one 

holding the gravimetric salts and two thirds of the distilled water (part 1) and the other holding the 

remaining salts and distilled water (part 2). After mixing the two parts thoroughly in separate container 

they were stirred together resulting in 5L of artificial seawater at 35‰. 4.3L of that solution were then 

mixed with 25.7L of distilled water resulting in the final artificial seawater used in the experiments.  

Table 1. List of the chemical ingredients used to manufacture 5 litres of seawater at a concentration of 35‰. 

        

4.1.3    Ebullition Sensor 

All ebullition measurements during the experiments were conducted using two pairs of optical ebullition 

sensors that I developed and manufactured in a previous project. In practical terms, this type of ebullition 

sensor uses IR LEDs and IR phototransistors to measure the transmittance of IR light through a glass 

funnel at two points separated by a known distance (Fig. 5). Due to the much lower density of the 

ebullition gas compared to the funnel glass and water, when a bubble passes the IR LEDs it results in a 

substantial increase in light refraction. The increase in refraction causes a large drop in the IR 

transmittance measured by the IR phototransistor, and that change is used to log the time when the 

leading and trailing edge of a bubble passes both sets of LEDs. The sensor logger then uses those 

timestamps along with the known distance between the lower and upper LED to calculate the rise 
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velocity of the bubble. The rise velocity and the time difference between the leading and trailing edge 

of the bubble is then further used to calculate the bubbles length in the funnel. Lastly that length and the 

inner cross section area of the funnel is used to calculate the bubble volume.  

    In the sensors built for this project specifically, the loggers used were Arduino Nanos, which are 

budget friendly, open-source development boards. These development boards have both analog and 

digital in and output pins and can with programming be instructed to perform very simple to very 

complex actions based on for example readings on an analog input pin, like a changing voltage. There 

are a lot of sensory and other equipment compatible with these boards, ranging from temp, distance and 

humidity sensors to GPS trackers and 3G connectivity, making them very useful in a wide range of 

applications. In this application the loggers were programmed to measure the voltage across a set of 

phototransistors and to perform actions based on that input. Phototransistors work like resistors but their 

resistance varies depending on how much light incident on the face of their optics, and as bubbles will 

refract the light from the opposite IR-LED, this reading can be used for the logger to sense when gas 

bubbles are passing. There is of course a fair bit of programming needed for the logger to perform this 

function, log the correct things, do the calculations and give reliable logs, a major part of that however 

is related to reading input values and storing time stamps for use in calculations and as such does not 

require very advanced programming. Still, the program used will not be detailed here as that is not the 

purpose of this project, but all programming will gladly be supplied to anyone interested.  

    For a detailed look at the electronics used and the wiring of the logger see figure 4. The phototransistor 

design is fairly common and often used as a voltage divider in this way with a resistor acting as 

pulldown, in this case a 10k ohm resistor was used. The resistors used for the IR-LEDs are chosen 

depending on the type of funnel used, distance to phototransistor, turbidity of water etc. as the resistance 

sets the strength of the IR-LED output and needs to be finetuned based on the desired signal strength 

and power consumption. There are cheaper alternatives than the Everlight IR optics used here but they 

are side facing and rectangular making them easily attachable and very compact which is preferable in 

this design.         
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Figure 4. Schematic view of all electronic components used for one ebullition sensor and how they were wired to 

the Arduino Nano. 

The physical and electronical setup of the sensors were inspired by Delwiche et al. (2015) but were 

modified in some ways to better suit laboratory use. First of all, the logger itself was placed in a 3D-

printed protective box outside the column and connected to the IR-optics with signal wires, instead of 

having it below water within the optics housing. This way, more than one funnel could be monitored by 

each logger and the bubble logs could be printed directly to a computer for easier access, removing the 

need for memory modules and allowing real-time monitoring of ebullition events. Having the loggers 

above water and continuously connected to computers also simplified power supply as that came directly 

from the USB port and removed the cost and maintenance of batteries. These changes also meant that 

the underwater optics housing could be made much more compact, and therefore easily be 3D-printed. 

As seen in figure 5, the optics housing is constructed to hold only the two sets of optics and the wiring 

to the signal cable which exit the housing through a water sealed opening in the upper right corner. The 

housing is further sealed by o-rings around the glass funnel tube at both ends and once assembled and 

glued together the optics and housing should be maintenance free. As the housing only attach to the 

funnel by o-rings, in case of a broken funnel the optics housing can be slid of the funnel tube and be re-

attached to a new funnel of the same diameter.  

    The 3D printed parts were produced in PETG plastic on an Ender 5 Pro, which is a relatively 

affordable printer available to the public. The 3D-modeled parts were created in FreeCAD and then 

sliced in CURA 4.2 for printing. The above water parts used standard nozzle (0.4mm) and generic PETG 

settings with a layer height of 0.2mm and around 60mm/s print speed. The underwater optics housing 
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which needed to stay water proof for months at a time required a more fine-tuned setup of the printer to 

produce good enough seals with o-rings and signal wire. As there are dozens of settings to tune, only 

the most important will be mentioned here and a full config file and the parts themselves will be available 

for anyone interested upon request. The most important however, is to keep a layer height of at most 

0.12mm, any more and the o-rings would leak due to layering channels. Next is print speed which for 

this specific printer could not be increased over 25mm/s on either inner or outer layers. Finally cooling 

fans should be kept low (<60%), this might sound counter-intuitive but was needed in this case to allow 

the plastics to fuse together enough to not let water in between print layers.         

 

Figure 5. Cross section of sensor housing showing the optics setup used to log gas bubbles. 

4.2    Laboratory experiments 

4.2.1    General setup  

All experiments were assembled in plexiglass or PVC columns and started using this procedure. First 

the chosen sediment was carefully added to the bottom of a column to the desired level. A sediment 

anchor was then friction fitted inside the column on top of the sediment to avoid sediment suspension 

and uplift during initial gas build up when gas is still confined in the sediment. With the sediment locked 

in place a bubble gathering funnel and the ebullition sensor was attached inside the upper part of the 

column in such a way that all ebullition bubbles would be collected and funnelled into the sensor to be 

measured. The artificial sea water was then added as carefully as possible to avoid unnecessary sediment 
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suspension and turbidity, to a level where the entire ebullition sensor and glass funnel was fully 

submerged. The ebullition sensors were then started approximately 24 hours later when most suspended 

particles had settled. For a graphic presentation of the setup see figure 6 or appendix 2. Throughout all 

experiments the water level in the columns were kept as stable as possible and the sediments were left 

undisturbed, to make sure that any differences observed in the ebullition data were attributable to 

differences between the sediments or to changes in incubation temperature.       

 

Figure 6. Graphic representation of the sensor equipment setup in the column experiments 

4.2.2    Ebullition and sediment thickness experiments 

Ebullition measurements were first performed on fiberbank sediments from both Väja and Sandviken at 

two sediment thicknesses in room temperature (20 oC). These experiments were performed at that high 

temperature to stimulate ebullition rates and that way get larger daily ebullition volumes and larger 

quantities of bubbles for comparison. The measurements were done using four columns, one pair of high 

columns (height 200cm, diameter 10cm) and one pair of low columns (height 40cm, diameter 9.3cm). 

The high columns were used to test ebullition from both types of fiberbank at a sediment thickness of 
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50cm, while the low columns were used to test ebullition from both types of fiberbank sediment at a 

thickness of 10cm. Once an ebullition sensor was activated in a column it was kept running continuously, 

measuring all released gas bubbles until the volume of gas released daily had stabilized. The daily gas 

release was considered stable once the standard deviation over five consecutive days was less than 20% 

of the mean. Initially however, experiments were often continued after that had occurred, at those times 

the last five stable days of the experiment were analysed and if they were within the stable criterion they 

were used. The fiberbank sediments from Väja settled and compacted a short time into each experiment 

and that compacted thickness is what has been used for all calculations and extrapolations. For more 

detailed information on these experiments see table 2 below.     

Table 2. Detailed information regarding the ebullition and thickness experiments.  

 

4.2.3    Ebullition and temperature experiments 

Ebullition measurements were also performed on incubated fiberbank sediments from both Väja and 

Sandviken at multiple temperatures. Two low columns (40cm high and 9.3 cm in diameter), one holding 

9cm of Väja fiberbank sediment and the other 10cm of Sandviken fiberbank sediment were incubated 

at 4, 7, 10 and 15 oC. Both columns were transferred directly from the previous thickness experiments 

and held the same sediment used to test ebullition in room temperature. As in previous experiments the 

incubation tests were carried out at each temperature until the combined daily gas release by ebullition 

had stabilized enough that the standard deviation over five consecutive days was less than 20% of the 

mean, after that had occurred the temperature was increased to the next incubation temperature. 

4.2.4    Methane concentration measurements 

The concentration of CO2 and CH4 in the ebullition gas was measured using a Los Gatos greenhouse 

gas analyser 30P (GGA) and the results are given in dry mole fractions and ppm. For the measurements, 
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ebullition gas was collected in 1 litre Tedlar test bags over 5 days. To collect the gas the bags was 

attached on top of the ebullition sensor funnels in such a way that it would not influence the transport 

of bubbles through the funnel but instead collect the bubbles just below the water surface at the top of 

the column. Gas from two columns in room temperature was measured, one holding 34cm of sediment 

from Väja and the other 50cm from Sandviken. The GGA measurements were performed five times on 

gas samples from Väja and Sandviken each, every sample containing 1ml of gas. During testing the 

atmospheric pressure was at 1027 mbar and the temperature 19.3 oC.  

    The resulting gas concentrations found in table 3, were then converted and summed into carbon 

dioxide equivalents released per cubic metre of ebullition gas. This was done by multiplying the mean 

gas concentration in mole/ml with the molar mass of the gas and then converting that to grams per cubic 

metre. The CH4 concentration were then converted into CO2 equivalents by multiplying with its 100-

year GWP of 34 which includes climate carbon feedbacks (IPCC, 2013) (A further explanation of GWP 

can be found in background 3.2.1 methane). That is then added to the CO2 concentration, resulting in 

the combined CO2 equivalents released per cubic metre of ebullition gas. For details see table 3 and 

accompanying result text.  

4.3    Data processing 

4.3.1    Sensor logs  

The bubble logs resulting from the ebullition experiments contain three data points for every bubble 

measured, first the time of day when it was measured, second the time it took for that bubble to travel 

the distance from the lower LED to the upper LED on the funnel, and third the time difference between 

the leading and the trailing edge of the bubble which show for how long it covered one LED. The last 

two data points are used to calculate bubble volume. The time of day is used to separate them into daily 

estimates of combined ebullition volume, number of bubbles, mean bubble volume and min/max bubble 

volume using an automated process. The bubble volume V is calculated using this formula 𝑉 =

 
𝑑

∆𝑎𝑡
 × 𝑐𝑡 × 𝑎.  d = the distance between the lower and upper LED, ∆at = the activation time difference 

between lower and upper LED, ct = the activation time difference between the leading and trailing edge 

of the bubble (LED cover time) and a= funnel cross section area.  

4.3.2    Error correction  

Due to technical limitations, very high rates of ebullition will in rare cases result in errors from bubbles 

overwriting each other. This can only occur when two or more bubbles enter the funnel with very little 

separation and the initial bubble is small enough to fit between the upper and the lower LEDs. If this is 

the case, it is possible for the bubbles trailing the initial bubble to activate the lower LEDs before the 

initial bubble has activated the upper LEDs and been fully processed. This causes the sensor to measure 

the initial bubble using measurements from two different bubbles resulting in easily spotted errors where 

the sensor log will indicate that the overwritten initial bubble has moved the distance between the lower 



19 

 

and upper LEDs in too short amount of time. These errors are rare but since the affected variable (∆at) 

is used as a divisor when calculating bubble volume, they can in extreme cases produce substantial errors 

if not corrected for.  

    Initial analysis of rapidly injected artificial bubbles indicated that real bubbles took a minimum of 15 

milliseconds to pass from the lower to the upper LEDs. Erroneous bubbles were therefore filtered out 

based on the rule that a bubble will only be measured if it takes a minimum of 15 milliseconds for it to 

move from the lower to the upper LEDs. That rule was later re-evaluated during the project, using data 

from a compilation of approximately 108 000 unique bubbles measured in different experiments. The 

compilation was analysed in the histogram seen in figure 7, which displays the distribution in the time 

that it took for bubbles to rise from the lower to upper LEDs. The threshold was increased to 20ms based 

on the large inconsistency in number of measurements above and below that threshold and the gradual 

increase following over it. Knowing from testing that overwriting errors rarely occur even when trying 

to induce them by injecting large amounts of bubbles simultaneously, the large gap from 15-20 

milliseconds to 20-25 milliseconds (an increase of nearly 400%) likely indicate that the lower limit for 

correct measurements lies somewhere around 20 milliseconds. The gradual increase above 20 

milliseconds further support this, correctly measured bubbles vary in rise velocity and using over 

100 000 measurements there should be a large number of measurements in all highly populated correct 

brackets with gradual steps between them. Using that threshold of 20 milliseconds, approximately 2300 

out of the 108 000 bubbles were deemed overwriting errors which is roughly 2.1%. All data collected 

before the updated error threshold were corrected to keep results consistent. 

    The bimodal distribution in the histogram is an effect of bubbles stacking in the funnel, when multiple 

bubbles enter the funnel in rapid succession their combined lift will displace the water occupying the 

funnel with greater force. This results in higher rise velocities and therefore less time taken to pass from 

the lower to upper LED. The first peak between 30-70 milliseconds are from this type of event with 

multiple bubbles releasing at once, the seconds peak between 110-135 milliseconds are from single 

bubbles traversing the funnel at lower velocity.   
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 Figure 7. Histogram showing the distribution of lower to upper LED activation times among bubbles, used to 

estimate error thresholds. Red bars contain bubbles that are below the error threshold and blue bars bubbles that 

are over the threshold.  

4.3.3    Sediment comparison and fiberbank emissions extrapolation 

Throughout the ebullition and sediment thickness experiments the combined daily volume of gas 

released, the daily bubble quantity and daily mean bubble volume were recorded for two thicknesses of 

Väja sediment and two thicknesses of Sandviken sediment. When daily ebullition levels had stabilized, 

the ebullition data from the two fiberbanks were compared. Since the sediment from Väja compacted 

considerably during those experiments, for a direct comparison the resulting ebullition data were divided 

by the sediment volume producing it. The measurements taken during the stable period from the low 

columns (Väja 8cm and Sandviken 10cm) were also used as part of the incubation data corresponding 

to 20oC.  

    The incubated samples were used to test the temperature influence on ebullition, and to give a very 

rough estimate of how large the GHG release could be from the combined Swedish fiberbank deposits. 

To achieve this the total daily gas release by ebullition was recorded throughout the incubations at all 

temperatures. The recorded stable ebullition estimates were then plotted against temperature and 

different curve fits were attempted to examine the relationship between temperature and ebullition. A 

power law curve was found to be the most representative and fitting model for the exponentially 

increasing ebullition. The equation and coefficients obtained from the fits, and the carbon dioxide 

equivalent estimates obtained from the GGA gas concentration measurements were then used to plot the 

total mass of GHG released daily from the estimated fiberbank sediments located in Sweden at 

temperatures from 0 – 20 oC, assuming that all sediment was either of the Väja or the Sandviken type. 
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For a volumetric estimate of Swedish fiberbanks, it was assumed that the approximately 340 locations 

that have not yet been surveyed contain similar amounts of fiberbank sediment as the 39 already 

investigated ones. So, with a current estimate of 7 000 000m3 (Norlin & Josefsson, 2017) for the 39 

surveyed so far, the total amount of fiberbank sediment located in Sweden if increased linearly would 

be around 68 000 000 m3.  

The following formula was used to produce the emission estimates.  

𝐺𝐻𝐺 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 𝑓𝑟𝑜𝑚 𝑆𝑤𝑒𝑑𝑖𝑠ℎ 𝑓𝑖𝑏𝑒𝑟𝑏𝑎𝑛𝑘𝑠 = (
𝑎∗𝑋𝑏

𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑒𝑑 𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡 𝑣𝑜𝑙𝑢𝑚𝑒
∗ 𝑓𝑖𝑏𝑒𝑟𝑏𝑎𝑛𝑘 𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒) ∗ 𝐶𝑂2𝑒𝑞. 

Where X is the temperature in oC, the incubated sediment volume is in m3, the fiberbank estimate is the 

volume estimate of Swedish fiberbanks in m3, CO2eq is the carbon dioxide equivalents in kg per cm3 of 

ebullition gas, and the a and b coefficients are the ones obtained from the power law curve fits of the 

Väja and Sandviken incubations.  

    To upscale the daily ebullition gas volume results from the lab experiments onto the purported 

68 000 000m3 of Swedish fiberbanks sediment, an annual mean water temperature of 7oC (X) were used 

along with the coefficients for how ebullition in the fiberbanks respond to temperature change (a & b). 

That is divided by the incubated sediment volume to find the daily volume of gas released per m3 of 

sediment according to the lab results. The first part of the equation was done this way to allow for testing 

at a range of temperatures and produce figures of how ebullition would change with changing water 

temperature. In the second part of the equation the daily volume of gas release per m3 of sediment is 

multiplied by the fiberbank estimate (68 000 000m3) and lastly that gas volume estimate is multiplied 

by the estimated carbon dioxide equivalent value for the gas, obtained from the GGA measurements.    

    To calculate Swedish fiberbank emissions this way involves a fairly large number of uncertain 

assumptions and extrapolations and builds on results from a very small study using a very small sample 

size. As such it can in best case provide a very rough estimate, it is a start however. For a more detailed 

discussion on potential error sources see chapter 6.4 Error sources.        

5    Results 

5.1    CH4 and CO2 concentrations in bubbles 

According to the GGA measurements (Table 3), sediment from the Väja fiberbank produce ebullition 

gas with a mean CH4 concentration of 493237ppm, so 49.3% of the gas released by ebullition is CH4. 

Ebullition gas from Sandviken sediment has a higher CH4 concentration of 586183ppm or 58.6%. The 

results are used to convert the gas concentrations into CO2 equivalents. The CH4 concentration of Väja 

20.8 µmol/ml is multiplied with its molar mass (16.04 g/mol) and converting to m3, results in 334g/m3. 

The CO2 concentration is lower at 4.6 µmol/ml, and multiplied with its molar mass (44,01g/mol) results 

in a concentration of 202 g/m3. This is then combined into carbon dioxide equivalents, resulting in 11.6 

kg of CO2 equivalents released per m3 of ebullition gas from Väja sediments. Sediments from Sandviken 
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fiberbank release gas with a mean CH4 concentration of 24.8 µmol/ml, but lower CO2 concentration of 

3.9 µmol/ml. Using the same calculations and conversions results in a CO2 equivalent value of 13.6 kg 

CO2 equivalents per m3 of ebullition gas released. 

Table 3. Results from gas concentration measurements using a Los Gatos GGA-30p. Five samples of ebullition 

gas were tested from both fiberbanks.  

 

5.2    Ebullition and sediment thickness 

Figures 8 and 9 below display the measured daily ebullition volume, daily mean bubble volume and 

daily bubble quantity for both types of sediment and both thicknesses tested. Important to note is that 

there was a problem with one of the ebullition loggers from day 8-10 in the 9 and 10cm experiments; 

the estimates from those days were therefore excluded. Both experiments holding sediment from the 

Väja fiberbank (8 and 34cm thick) started to release large quantities of ebullition bubbles already on day 

2 of the experiments. That large initial peak in ebullition persisted for approximately a week and resulted 

in some of the largest daily estimates throughout the project, both regarding bubble quantity and total 

volume. At the top of that peak, the 34cm Väja experiment released over 3000 ebullition bubbles in one 

day (Fig. 9, second graph). In that first week both thicknesses of Sandviken sediment remained largely 

inactive, with Sandviken 50cm releasing less than 100 bubbles daily. Once ebullition started to stabilize 

for both types of sediment, their variation in daily ebullition volume were much more similar, with peaks 

and lows appearing to be synchronized at times. This is especially noticeable in the comparison of daily 

ebullition gas volume between the 34cm Väja and 50cm Sandviken experiment (Fig. 9, first graph). 

From day 24 – 33 the two experiments follow a very similar pattern in daily ebullition volume, with 

synchronized lows on day 25, 28, 30 and 32 and peaks on day 26 and 31. Overall sediment from Väja 

continuously released larger volumes of ebullition gas daily at both thickness and at all times of the 

experiment. This is remarkable considering that both Väja columns, due of the initial compaction held 
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smaller volumes of sediment compared to the Sandviken columns. For a more in-depth comparison of 

the sediments during the stable phases (shaded in green) see table 4.      

 

 Figure 8. Daily ebullition data from the 10cm experiments in room temperature, from beginning to end of 

experiment. The stable ebullition phase is shaded in green.   

 

Figure 9. Daily ebullition data from the 50cm experiments in room temperature, from beginning to end of 

experiment. The stable ebullition phase is shaded in green.   

 

As the experiments with Väja sediment compacted to 8 and 34cm, they were no longer of the same 

sediment volume as the Sandviken experiments which they were meant to be compared to. To resolve 
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this and get direct comparisons between the two fiberbanks in the stable ebullition data (Table 4), the 

daily ebullition volume and the daily bubble quantity were divided by the volume of sediment in the 

experiment producing them (the sediment volumes can be found in table 2 in the material and methods 

section). In the low thickness experiments (Table 4, Väja 8 & Sandviken 10cm) Väja fiberbank sediment 

released on average 0.042 cm3 of gas, per cm3 of sediment used in the experiment daily, which is roughly 

83% more than Sandviken with an average of 0.023 cm3 of gas per cm3 of sediment. Similar results are 

found when comparing the daily ebullition volume at the higher thicknesses (Table 4, Väja 34 & 

Sandviken 50cm). Väja released 0.038 cm3 of gas per cm3 of sediment and day at this thickness, and 

Sandviken released 0.020 cm3, resulting in a 90% difference. 

    Apart from the differences observed in ebullition rate there were also minor differences in the quantity 

of bubbles released daily. In the low thickness experiments (Table 4, Väja 8 & Sandviken 10cm), Väja 

produced on average 0.448 bubbles per cm3 of sediment daily and Sandviken produced a similar rate of 

0.397 bubbles daily. In the high thickness experiments (Table 4, Väja 34 & Sandviken 50cm), Väja 

produced on average 0.363 bubbles daily while Sandviken released slightly fewer at 0.343 bubbles 

released per cm3 of sediment daily. As such there is a relatively small difference in the quantity of 

bubbles released between the two sediments in this experiment, with Väja releasing about 12% more 

bubbles at low thickness and 6% more at high thickness.     

    This would indicate that the higher daily ebullition volumes seen from Väja sediments is mostly 

attributable to releasing larger bubbles. The daily bubble volumes presented in table 4 are the mean 

bubble volume of all bubbles during that day along with their SD. The final mean and SD are in relation 

to the daily means. During the five stable days of the 8cm Väja experiment, roughly 1200 gas bubbles 

were released with a mean volume of 0.095 cm3, during that same time the Sandviken 10cm experiment 

released roughly 1350 gas bubbles with a mean volume of 0.057 cm3. In the five days of the Väja 34cm 

experiment, about 4850 bubbles were released with a mean volume of 0.106 cm3, compared to about 

6750 bubbles with a mean volume of 0.056 cm3 from the Sandviken 50cm experiment. So, in the low 

thickness experiments, bubbles released from Väja were approximately 67% larger on average, and in 

the high thickness experiments Väja released 89% larger bubbles (Table 4).              
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Table 4. Ebullition data measured during a stable ebullition phase over five consecutive days (the periods in figures 

8 & 9, shaded in green) displaying the daily ebullition volume, the daily quantity of bubbles and the daily mean 

bubble volume. The key values used in comparison, are shaded in blue for the low thickness experiments and green 

for the high thickness experiments. 

 

5.3    Ebullition and sediment temperature 

The incubated fiberbank samples resulted in the ebullition measurements seen in figure 10 below. Daily 

ebullition estimates were done while increasing the temperature stepwise from 4 to 7 to 10 and lastly to 

15oC. There was no ebullition measured from either Väja or Sandviken at 4oC, and the little ebullition 

measured from Sandviken at 7oC, never meet the stable criteria at that temperature. From 7 to 15oC both 

sediments show an increased daily ebullition volume at each step of increased temperature. The response 

in ebullition volume to changes in temperature is also quite rapid in the 10 and 15oC incubations, with 

ebullition often starting to increase within the same day of the temperature increase.  
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Figure 10. Daily ebullition estimates from the incubated Väja and Sandviken samples, showing the entire length 

of the incubation experiment with temperature increased stepwise from 4 to 15oC. 

In figure 11 and 12 below, the stable daily ebullition estimates collected during incubations and the 

estimates from the stable ebullition periods in room temperature at 20oC, has been plotted. The results 

show that ebullition from both fiberbanks increases exponentially with temperature, and that ebullition 

rates accelerate strongly at temperatures over 10oC. If using the equation and coefficients obtained to 

compare the increases in ebullition from 0 – 10 oC and from 10 – 20 oC. Ebullition from Väja increases 

roughly 4.1 times more between 10 – 20 oC (A difference of 17.98cm3) than between 0 – 10 oC (4.34 

cm3). The difference is even larger in Sandviken where ebullition increases 6.7 times more going from 

10 – 20 oC (A difference of 13.42cm3) than from 0 – 10 oC (2.01cm3).  

    When comparing the measurements from the stable phases at 10 and 20oC. In Väja the stable mean 

ebullition at 10oC were 5.98 cm3 per day with a SD of 0.48. at 20oC the mean daily ebullition was 23.07 

cm3 with an SD of 1.02. That would be an increase of 3.86 times. In Sandviken the mean daily ebullition 

at 10oC were 3.18 cm3 per day with a SD of 0.58. At 20oC the mean daily ebullition in Sandviken was 

15.57 cm3 with an SD of 1.90, which is an increase of 4.9 times.  
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Figure 11. The influence of temperature on the daily ebullition volumes from Väja fiberbank sediments. 

 

Figure 12. The influence of temperature on the daily ebullition volumes from Sandviken fiberbank sediments. 

 

The daily GHG emission estimates from the 68 000 000m3 of fiberbank sediment potentially located in 

Sweden (Fig.13) were calculated using the equation and coefficients presented in figure 11 and 12 along 

with the calculated carbon dioxide equivalents for the ebullition gas. The estimates assume that all 

sediment was of either the Väja or Sandviken type. According to the calculations, sediments of the type 

found in Väja are more potent regarding GHG emissions. The ebullition gas released from Väja hold 

less CO2 equivalents per volume unit of gas, but with its higher rate of ebullition it still quickly outpaces 

sediments from Sandviken in total emissions.  
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Figure 13. Estimated daily emission levels from 68 000 000m3 of fiberbank sediment at a range of temperatures, 

calculated from ebullition levels during incubation and GGA gas concentration measurements. Assuming that all 

of the sediment is similar to that from either Väja or Sandviken.  

6    Discussion 

6.1    The impact of fibrous sediment properties on gas ebullition 

This study shows that when ebullition is in a steady state and sediments are located in a stable 

environment such as during the ebullition and sediment thickness experiments, there are large 

differences in both ebullition rate and mean bubble volume between the two sediment types. During a 

stable ebullition phase, sediment from Väja is estimated to release on average 83 to 90% larger volumes 

of ebullition gas per day and unit of sediment (Table 4), and according to the bubble volumes measured 

in those stable ebullition phases that difference is mostly attributable to the on average 67 to 89% larger 

bubbles that are released from Väja (Table 4). There were also lesser differences between the two 

sediments when looking at the quantity of bubbles released, with the largest difference found in the low 

columns where Väja released on average 12% more bubbles daily (Table 4, Väja 8cm & Sandviken 

10cm). As mentioned earlier, methanogenesis and therefore ebullition rates are strongly influenced by 

temperature (Bastviken, 2009; DelSontro et al., 2016; Aben et al., 2017) and organic matter content in 

the sediment (Sobek et al., 2012; DelSontro et al., 2016; Grinham et al., 2018). Changes in atmospheric 

or hydrostatic pressure has also been shown to influence the short-term variability in ebullition rates 

(Grinham et al., 2018). However, as the experiments comparing Väja and Sandviken were performed 

simultaneously in the same room and therefore under very similar temperature and pressure conditions, 

those two drivers can be ruled out. That leaves a difference in organic matter content as the most likely 

reason for the difference in ebullition rate found between the two sediments (Table 4). In natural 

sediments, areas of high organic content and thus ebullition is often the result of high sedimentation 

rates, such as those found in river deltas or man-made impoundments like reservoirs where there is a 
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continuous and large influx of new sediment and organic matter (Sobek et al., 2012; Maeck et al., 2013; 

Hilgert et al., 2019). Research also show that CH4 formation occur predominantly in sediment younger 

than 6 – 12 years of age (Isidorova et al., 2019). Most of the anthropogenic sediment found in Väja and 

Sandviken were deposited more than 50 years ago however, and are of roughly the same age (Apler et 

al., 2014). Any differences observed in ebullition rate are therefore more likely to be linked to 

differences in organic content already there during deposition. In a recent study focusing on the 

contaminants found in the Väja and Sandviken fiberbanks, measurements of the total organic carbon 

(TOC) content indicate that Väja sediment has a mean TOC of 15% while Sandviken has a mean TOC 

of 6.6% (Dahlberg et al., 2020). That much higher organic content in the Väja sediment could very well 

explain the 83 – 90% higher ebullition rates found in this study (Table 4).  

    The initial peaks in ebullition observed from both thicknesses of Väja sediment (Fig. 8 & 9) is likely 

the result of small gas pockets already in place in the sediments as the experiments started, perhaps as a 

result of the homogenisation. As the Väja sediments compacted and gas conduits started to form from 

further gas build up, the pre-existing gas along with newly formed gas were freed from the sediment in 

a short period of time. The lack of an initial ebullition peak in the Sandviken sediments might be due to 

its much coarser sediment, which would not be able to hold as many gas bubbles. This could perhaps 

also explain the on average 67 to 89% larger bubbles released from Väja sediment as well as their wider 

distribution in volume, compared to bubbles released from Sandviken (Table 4). In a study into the 

effects of sediment properties on the formation, storage and release of methane bubbles, Liu et al., (2016) 

found that bubbles released from coarse sediments are smaller and has a narrower size distribution when 

compared to bubbles released from finer sediment.  

6.2    The impact of temperature on gas ebullition 

In the analysis of the daily ebullition estimates during incubation (Fig. 11 & 12), it shows that the 

ebullition rate from both Väja and Sandviken increases exponentially with temperature, with very strong 

acceleration in ebullition rates at temperatures over 10oC. In Väja the increase in ebullition is 4.1 times 

larger between 10 – 20oC than between 0 – 10oC. In sediments from Sandviken the difference is even 

bigger with a 6.7 times larger ebullition increase from 10 – 20oC than from 0 – 10oC. This is in agreement 

with DelSontro et al., (2010) and Aben et al., (2017) whose results also indicate that ebullition rates 

accelerate strongly at temperatures over 10oC. Aben et al., (2017) also argues that, if this is a threshold 

temperature above which GHG emissions by ebullition strongly increases, that would be of major 

concern as it could cause sudden shifts in global GHG emissions as temperatures increases due to climate 

change.     

    Another way to compare the temperature effect on ebullition rates found in this study with results 

from natural sediments, is by calculating the Q10 value, also called the temperature coefficient. The Q10 

in a biological or chemical system is the rate of change observed when increasing the temperature by 

10oC (DelSontro et al., 2016). According to the results from the incubation of Väja sediment (Fig.11 
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and analysis), the mean daily ebullition volume increased by about 3.9 times from 10oC to 20oC. The 

measured mean daily ebullition from Sandviken sediment increased by about 4.9 times in response to 

the same temperature increase (Fig.12 and analysis). Those rates of ebullition increase with temperature 

are similar to those observed from natural sediments, who are found to produce about a fourfold increase 

in ebullition from a 10oC temperature increase (Bastviken, 2009; Yvon-Durocher et al., 2014). The 

stronger Q10 value found in sediment from Sandviken would be hard to explain without further details, 

but the results in Yvon-Durocher et al., (2014) also indicate that there can be considerable site-to-site 

variability from natural sediments as well, and the same is likely true for fiberbank sediments. 

6.3    GHG emissions from Swedish fiberbanks  

The GHG emission estimates for the entirety of Swedish fiberbank deposits (Fig. 13) should only be 

taken as a rough indication of the emission levels that could be expected from Swedish fiberbanks as 

sediment temperatures change throughout the year. The estimates are based on a number of assumptions; 

first of all the total fiberbank volume used (68 000 000m3) is an extrapolation based on the fiberbank 

volume estimates by Norlin and Josefsson (2017), and assumes that the ratio of fiberbank sediment 

found in the locations surveyed this far, holds true for the remaining locations as well. Then the gas 

production and gas concentrations are based on only two types of fiberbank sediment (Väja and 

Sandviken). The two fiberbanks studied are greatly different in composition however, with one nearly 

pure cellulose fibre and the other mostly wood chips. That makes them extreme cases in regards to 

composition, with most other fiberbanks either having a similar composition or placing somewhere in 

between.  

    With those assumptions in mind, looking at the daily emissions presented in figure 13, Swedish 

fiberbank deposits could potentially produce fairly large annual GHG emissions. For example, if annual 

emissions are calculated based on the mean annual water temperature at a depth of 10m in the sea outside 

of the study sites (Mean & SD: 7.0 ± 5.0 oC. UMF Station C3, Appendix 1),and considering similar 

fiberbank deposition depths and temperature variations for the rest of Swedish fiberbanks, then, annual 

GHG emissions in CO2 equivalents would be in the range from approximately 550 000 tonnes if based 

on the emissions data used for Sandviken sediment in figure 13, to about 900 000 tonnes if based on 

Väja sediment. To put that into perspective, the total annual Swedish GHG emissions were estimated at 

51 800 000 tonnes CO2 equivalents in 2018 (Statistics Sweden (SCB), 2018). So, according to these 

calculations, Swedish fiberbank emissions could potentially be as large as 1.1 – 1.7% of the total 

Swedish GHG emissions. And judging by the strong temperature influence observed on ebullition in 

fiberbanks, that estimate could increase rapidly as water temperatures rise from a warming climate, 

making fiberbank remediation more important than ever.    
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6.4    Error sources  

There are a several large assumptions, extrapolations and potentially very large error sources which 

needs to be considered when reviewing the results. First of all, this is a small study built on a very small 

sample size. Only two different fiberbanks were examined and sediment came from only one location 

in each fiberbanks. There is really no way of telling if such a small sample is representative for the larger 

part of fiberbanks. The tested fiberbanks are believed to be somewhat extreme in composition however 

and it is assumed that most fiberbanks fall somewhere in between.  

    The combined volume of Swedish fiberbanks estimated at 68 000 000 m3, is based on the assumption 

that the currently unsurveyed fiberbank locations will show similar levels of fibrous sediment as the 

ones that has been surveyed. This is a large potential error source as the emissions calculated from the 

laboratory experiments are multiplied by this value when extrapolating. It is not illogical to assume that 

most pulp and paper industries from this time period discharged somewhat similar amounts of fibrous 

sediments but it is a large assumption none the less. 

    There is also the fact that the actual gas concentrations in the ebullition gas was only measured at one 

temperature (room temperature, 20oC). It would have been preferable to do at least one more test at a 

very low temperature to see the difference, but that was not possible. The concentrations of the gas are 

also strong multipliers in the calculations and therefore strong error sources. There is also only one 

annual mean water temperature used which is in turn based on a single water depth. In reality fiberbanks 

will be located in a range of different depths and climates.        

    During the incubation experiments, the Väja and Sandviken sediment was only kept at 4oC for 9 days. 

As no bubbles where measured by the ebullition sensors in either sediment over that time, it was assumed 

that no ebullition occurred at such low temperatures. There are however studies attempting to estimate 

CH4 emissions from lakes by quantifying the ebullition bubbles trapped in their ice cover. One such 

study was performed on lakes in northern Sweden located in an area with a mean annual air temperature 

of 0.07oC, and its results show that bubbles continued to accumulate in the ice throughout winter and 

that ebullition bubbles can cover substantial ice areas across lake surfaces (Wik et al., 2011). Another 

study by Walter et al., (2006) using remote sensing to map ebullition point sources and that way estimate 

CH4 emissions from North Siberian lakes, indicates that ebullition is the dominant emission mode from 

lakes in that region. If ebullition occurs in natural sediment located in subarctic climates even as the 

lakes are frozen, it is quite likely that it would have also occurred in the fiberbank sediments eventually, 

had the incubations been left at 4oC for longer. It is therefore rather likely that the ebullition and emission 

estimates presented here are underestimated at low temperatures. 

    Another aspect that is important to note is that the emission estimates (Fig. 13) are based on ebullition 

bubbles measured at a water depth of only about 30cm, whereas the minimum water depth at the two 

fiberbanks investigated are 12 and 15 meters. As mentioned in the background, depending on factors 

such as bubble volume, temperature, water gas concentration and water depth, a fraction or in some 
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cases all of the gas bubble will dissolve during transport (DelSontro et al., 2011;2015; McGinnis et al., 

2006). If a large portion of the gas bubbles are in fact dissolved during transport from the fiberbanks, 

the emission estimates might instead be largely overestimated.   

    There are of course also the potential errors in the actual bubble measurements from the sensors. The 

sensors were tested thoroughly before the laboratory experiments started and went through multiple 

redesigns before the final version, but at the same time they are assembled by hand. Even small, less 

than a tenth of a millimetre differences in the distance between optics for example can make quite a 

difference in estimates when hundreds of thousands of bubbles are summed.    

7    Conclusion  

This study shows that there are differences in ebullition from different types of fiberbanks, both 

regarding the overall ebullition rate but also in regards to the average volume of the bubbles they release. 

In stable conditions at room temperature with ebullition in a steady state, sediment from Väja released 

between 83 and 90% more gas by ebullition daily and had 67 to 89% larger bubbles on average than 

Sandviken sediment (Table 4). And throughout all experiments both in room temperature and during 

incubation, sediments from Väja always reached higher ebullition rates (Fig. 8, 9 & 10). The 83 – 90% 

higher ebullition rates observed from Väja sediment is believed to be linked to the much higher organic 

matter content measured in that sediment (Dahlberg et al., 2020). The difference found in average bubble 

volume between the two sediments is thought to be related to their difference in overall particle size, as 

Väja having finer particles and releasing larger bubbles is in agreement with literature showing similar 

findings from natural sediments (Liu et al., 2016).   

    It has also been established that temperature has a similar influence on the ebullition rate from 

fiberbank sediments as it does on ebullition rates from natural sediments. The ebullition from both 

fiberbank sediments increased exponentially with temperature, and accelerated very strongly at 

temperatures >10oC (Fig. 11 & 12 and analysis). This is similar to findings from natural sediments which 

also display a form of threshold at 10oC (DelSontro et al., 2010; Aben et al., 2017). Aben et al., (2017) 

also argues that this kind of threshold temperature above which GHG emissions by ebullition could 

strongly increase, is concerning as that could cause sudden shifts in global GHG emissions from climate 

warming. Q10 values based on the ebullition rates during incubations also show that the methanogenesis 

in fiberbanks follows similar rates of increase as in natural sediments, with a Q10 for Väja of about 3.9 

and a Q10 in Sandviken of about 4.9 (Fig. 11 & 12 and analysis). Compared to a mean value in natural 

sediments of 4 (Bastviken, 2009).  

    As far as emission estimates go, the total emissions from Swedish fiberbanks would be hard to 

calculate in any precise way at this point, as a large portion of them is yet to be surveyed. But a rough 

estimate based on the results from this study indicate that annual emissions could range from 550 000 – 

900 000 tonnes of CO2 equivalents annually. That would mean that emissions from Swedish fiberbanks 
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could be as large as 1.1 – 1.7% of the combined annual Swedish GHG emissions. To substantially 

increase the precision of this estimate would require further surveys into the extent, location, water depth 

and composition of the remaining fiberbanks, and considering that the surveys completed this far has 

covered roughly 10% of the locations believed to be contaminated by fibrous sediment (Norlin and 

Josefsson 2017), and furthermore that those 10% required multiple very large scale ventures, and an 

incredible effort both in time and cost. It is not very likely that the majority of Swedish fiberbanks will 

have been surveyed in the near future, but there are also other ways in which one could improve the 

estimate at lower cost and effort. One could for example investigate the water depth at the locations 

where fiberbanks are believed to be located, and then group fiberbanks after water depth. As the annual 

mean water temperature varies greatly with depth, this would enable a more precise emission estimate 

by calculating emissions from groups of fiberbanks, based on multiple annual mean water temperatures 

instead of just using one. Another way to improve this further would be by grouping fiberbanks after 

the type of industry that produced them, if there is a correlation between the manufacturing practices at 

the site and fiberbank composition.       

8    Acknowledgements 

First of all, I would like to thank my supervisors Alizée Lehoux and Sebastian Sobek for all their help, 

guidance and patience throughout the project, you helped me finish this project in the midst of a 

pandemic and for that I am very grateful. I would also like to thank my wonderful wife, family and 

friends who kept me on my feet and moving in the right direction.  

9    References 

Aben, R.C.H., Barros, N., van Donk, E., Frenken, T., Hilt, S., Kazanjian, G., Lamers, L.P.M., Peeters, 

Edwin T. H. M, Roelofs, J.G.M., de Senerpont Domis, Lisette N, Stephan, S., Velthuis, M., Van de 

Waal, Dedmer B, Wik, M., Thornton, B.F., Wilkinson, J., DelSontro, T. & Kosten, S. (2017) Cross 

continental increase in methane ebullition under climate change. Nature Communications. Vol.8, no.1, 

pp.1682-8. DOI:10.1038/s41467-017-01535-y. 

 

Ali, M. & Sreekrishnan, T.R. (2001) Aquatic toxicity from pulp and paper mill effluents: a review. 

Advances in Environmental Research. Vol.5, no.2, pp.175-196. DOI: 10.1016/S1093-0191(00)00055-1 

 

Apler, A., Nyberg, J., Jönsson, K., Hedlund, I., Heinemo, S.Å. & Kjellin, B. (2014) Fiberbanksprojektet: 

Kartläggning av fiberhaltiga sediment längs Västernorrlands kust. Report: 2014:16 by the Swedish 

Geological Survey, Uppsala, Sweden. 

 

Apler, A. (2018) Dispersal and environmental impact of contaminants in organic rich, fibrous sediments 

of industrial origin in the Baltic Sea. Uppsala universitet, Naturresurser och hållbar utveckling. 

 

Apler, A., Snowball, I., Frogner-Kockum, P. & Josefsson, S. (2019) Distribution and dispersal of metals 

in contaminated fibrous sediments of industrial origin. Chemosphere. Vol.215, pp.470-481. 

DOI:10.1016/j.chemosphere.2018.10.010. 



34 

 

 

Bastviken, D., Cole, J., Pace, M. & Tranvik, L. (2004) Methane emissions from lakes: Dependence of 

lake characteristics, two regional assessments, and a global estimate. Global Biogeochemical Cycles. 

Vol.18, no.4. DOI:10.1029/2004GB002238. 

 

Bastviken, D. (2009) Methane. In Likens, G.E. Encyclopedia of Inland Waters. pp.783-805. Oxford, 

Elsevier.   

 

Blidberg, G. (1969) Fiberåtervinning i svensk pappersindustri. Industrins Vatten och Luftvård AB (IVL 

AB). Norsk Skogindustri. Vol.11 no.340. 

 

Chen, L., Feng, Y., Okajima, J., Komiya, A. & Maruyama, S. (2018) Production behavior and numerical 

analysis for 2017 methane hydrate extraction test of Shenhu, South China Sea. Journal of Natural Gas 

Science and Engineering. Vol.53, pp.55-66. DOI:10.1016/j.jngse.2018.02.029. 

 

Dahlberg, A., Apler, A., Vogel, L., Wiberg, K. & Josefsson, S. (2020) Persistent organic pollutants in 

wood fiber–contaminated sediments from the Baltic Sea. Journal of Soils and Sediments. Vol.20, no.5, 

pp. 2471-2483.  
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Appendix 1: Water temperature readings from station C3. 
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Appendix 2: Experiment setup during room temperature 

testing (Left 50cm & right 10cm). 
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