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Abstract
Increasing levels of toxic mecury (Hg) is found in surface waters in boreal parts of
Fennoscandia. This is of great concern, as the methylmercury (MeHg) form, can be introduced
and accumulate in the aquatic food chain. One of the substances that has a great influence on
transport of Hg and the formation of MeHg is the dissolved natural organic matter (DNOM)
present in surface waters. DNOM binds the Hg and thereby enhances its transport from the pool
of Hg in the forest floor. It is also an necessary source of energy and nutrients for the sulphur
reducing bacteria that methylate Hg.
The size and structure of DNOM, however, will affect how it influences the transport and
methylation of Hg. This study aims to generate new insight into how DNOM influences Hg
transport in the environment, and specifically, how its size may have consequences for the
concentration and bioavailability of Hg.
Samples from the Inlet, Hypolimnion and Outlet of the dystrophic Lake Langtjern in Norway
was collected at three different seasons and size fractionated. Tangential flow filtration was
used to separate the DNOM in the samples at a 100 kDa size cut-off.
The water samples and their two size fractions were analysed for water chemistry, DOC
concentration, monomeric organic and labile inorganic-aluminium and -iron fractions, and total
Hg (TotHg) and MeHg concentrations. UV-Vis spectra of the samples were also taken to
determine DNOM structure, and the bioavailability of the DNOM fractions was investigated
by monitoring the oxygen consumption of bacteria added to the samples. Seasonal and spatial
trends as well as the effect of explanatory factors on response parameters have been assessed.
It was found that 87 to 92 % of TotHg and 87 to 94 % of MeHg are found in the HMW fractions.
Moreover, the low molecular weight (LMW) fraction of DNOM is more bioavailable to
bacteria: The consumption of LMW DNOM was found to be around six times faster than for
the HMW fraction. This raises the question regarding how bioavailable the MeHg in the HMW
fraction is as DNOM may also serve to adsorb the toxic forms of Hg , rendering them less
bioavailable and thus toxic.
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1 Introduction
1.1 Background
Mercury (Hg) and methylmercury (MeHg) are known toxic substances that can affect the
nervous system. Human exposure to Hg in its different forms can result in symptoms ranging
from developmental disorders in children exposed during foetal development, to motor or IQ
problems, or paralysis, and even death. The most infamous case of exposure to Hg was in
Minamata Bay in Japan, where wastewater — containing high levels of MeHg — was
continuously discharged into the bay between the years 1932 and 1968. This severely affected
the nearly 50 000 people living of the marine harvesting in the bay, giving rise to the name
Minamata disease to describe severe mercury poisoning. The Minamata case raised the
awareness to the detrimental effects of environmental Hg pollution and was the motivation for
the passage of the 2013 Minamata Convention on Mercury to control and limit the use of Hg
(WHO, 2016).
What makes Hg particularly dangerous is its capacity for bioaccumulation. The
bioaccumulation of Hg is mainly due to its high covalent index (soft or type B element), giving
it a strong affinity for sulphur atoms, e.g. in proteins (Ravichandran 2004). Consumption of
seafood contaminated with Hg and MeHg is the main exposure route for humans (WHO, 2016).
However, exposure to MeHg can also occur through other pathways (Zhang et al. 2010).
Despite the widely known health hazards posed by Hg and efforts by different governments and
organizations to reduce emissions, it is still in widespread use today, especially in developing
nations and poor communities. Various forms of Hg can still be found in products ranging from
batteries, light bulbs, light switches, pressure monitors, thermometers, and dental amalgams.
Coal burning for energy production is also a major source of Hg pollution, and it is still used in
artisanal and small-scale gold mining in some communities to extract the gold (WHO, 2016).
Anthropogenic activities have released an estimated 2.1×106 kg·yr-1 of Hg into its
biogeochemical cycle (Driscoll et al. 2013). Upon release to the environment, the Hg is readily
distributed due to the physicochemical characteristics of its different species. Elemental Hg has
low vapour pressure allowing it to be transported by convection of air masses. The oxidized
species are hydrophilic and thus convectively transported by aquatic and marine streams of
1

water. Both mechanisms transport the Hg species to cooler regions. While anthropogenic
sources are responsible for about 30 % of total annual emissions of mercury (UNEP, 2013),
observations that Hg is capable of long-range transport means that it may still affect
communities far from its release point (Kim et al. 2016).
Hg has been the focus of over 300 000 studies due to its toxicity and prevalence in the
environment, its bio-concentration into the food chain and bio-magnification through the
trophic levels causing accumulation in fish (Bhavsar et al. 2010) and its consumers, including
birds, whales, polar bears (Dietz et al. 2011), and humans (Wolkin et al. 2012). These studies
have increased our understanding of its transformation in to different Hg species, as well as the
drivers and pressures effecting their distribution, mobility, transport, fate and effect. This is a
prerequisite to assess best abatement methods for the remediation of Hg in the environment.
One of the main factors that affect Hg in the environment is the presence of natural organic
matter (NOM).

1.2 Previous studies
This study is preceded by a set of master studies on DNOM and Hg from the Langtjern
watershed and lake. It was demonstrated that runoff episodes due to heavy precipitation events
have an effect on the concentration and size character of DNOM in the runoff water. In a
tributary to Lake Langtjern, continued precipitation caused an increase in DNOM
concentration, but most of the DNOM introduced had a lower molecular weight character, and
had less aromatic character (Håland 2017). It was therefore postulated that more water
originating from the mineral soils on the ridges contributed to the increased discharge during
periods of heavy rain. The DNOM in the mineral soils has lower molecular weight and is less
aromatic than the DNOM coming from the bogs feeding the runoff during baseflow.
Martínez Francés (2017), studying the relationship between DNOM characteristics and Hg,
found that most of the total Hg and MeHg was retained in the high molecular weight DNOM
fractions. Also relative to the amount of DNOM, the absorbed amount of TotHg and MeHg
were 10 and 2 times higher, respectively, in the HMW fraction than in the LMW fraction. Still,
the ratio of MeHg to TotHg was higher in the low molecular weight DNOM fractions. The high
concentration of total Hg in the high molecular weight fraction is believed to be due to the
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higher content of DNOM in the fraction, where more functional groups that bind with Hg are
present.
Microorganisms that consume DNOM as a source of energy and nutrients also prefer low
molecular weight DNOM. High molecular weight fractions of DNOM tend thus to be more
refractory. This has consequences for the bio-concentration of MeHg into the food chain, as its
relatively lower concentration in the low molecular weight fraction means that there is less
MeHg available for uptake by bacteria and microorganisms (Martínez Francés 2017). The
strong binding of MeHg to S containing proteins found in abundance in the muscles of the
organisms causes it to bio-magnify up through the trophic levels in the food chain, which leads
to its bioaccumulation.

1.3 The CLIMER project
This research is part of the Climatic, abiotic and biotic drivers of mercury in freshwater fish in
northern ecosystems (CLIMER) project. The goal of this project is to better assess present and
future risk of Hg levels in biota and associated changes in ecosystem value from a toxicological
and fisheries perspective. An integral part of this is to understand how MeHg concentrations
and bioavailability are affected by different factors, in order to improve our ability to make
accurate predictions of future trends in Hg bioaccumulation in northern ecosystem food webs.
Specifically, this thesis research is under the first work package of the CLIMER project:
Process-oriented studies of catchment and in-lake Hg cycling. This work package is focused
on the role of DNOM and its influence on mobility, transport, fate and effect of Hg and MeHg
in aquatic systems.
The CLIMER project is a research collaboration between the Norwegian Institute for Water
Research (NIVA), the University of Oslo (UiO), and other institutions in Norway, Sweden, and
Canada.

1.4 Aim of the study
The overarching aim of this study is to better understand the role of DNOM in governing total
Hg and MeHg mobility, transport, and bioavailability in the environment.

3

It is hypothesized that the mercury species are associated to different size fractions of the
DNOM, and that these differ in bio-availability.
In this study, DNOM in seasonal water samples from Langtjern, a dystrophic lake located in
the boreal south-eastern area of Norway, were size fractionated using a 100 kDa size cutoff.
The two fractions were analysed for differences in water matrix (pH, conductivity, major
cations and anions, organic matter, and mercury content), and DNOM characteristics
(spectroscopic properties and biodegradability).
By assessing the differences in general structure, mercury content, and bioavailability of
DNOM between the size fractions, it is assumed that we will improve our knowledge regarding:
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Spatial and temporal trends in total Hg and MeHg.



Total Hg and MeHg associations with DNOM size fractions.



DNOM characteristics associated with the sorption of total Hg and MeHg.



Governing factors for biodegradability of DNOM and bioavailability of MeHg.

2 Theory
2.1 Mercury and methylmercury
Mercury in the environment exists in different forms, ranging from elemental (Hg0), ionic
(Hg22+ or Hg2+), or organically bound. In the atmosphere Hg0 is oxidized in the upper
troposphere and lower stratosphere, and is subsequently removed by sedimentation and
entrainment (Lyman and Jaffe 2011). Under slightly anoxic conditions in soil and sediments,
Hg0 may be oxidized and methylated by sulphate-reducing bacteria (Hu et al. 2013) or reduced
organic matter (Zheng et al. 2012). Organic forms of Hg include dimethylmercury
(CH3HgCH3), and the more common monomethyl species (CH3Hg+, usually referred to as
MeHg) mentioned earlier. In freshwater, over 90% of Hg2+ is complexed with dissolved natural
organic matter (DNOM), due to the omnipresence of DNOM (van Loon and Duffy 2011), while
chloride ion competition lowers this percentage in seawater (Ullrich et al. 2001). Of the
different forms, research has focused primarily on MeHg due to both its toxicity and its high
affinity for protein in animals. Studies have shown the over 95% of Hg found in fish is present
as MeHg (Ravichandran 2004).
Similar to persistent organic pollutants, the volatility of elementary Hg0 allows for its longrange convective transport with wind currents. Hg can be deposited onto the Earth’s surface
by deposition or precipitation. In colder areas, Hg becomes less volatile, allowing it to
accumulate (Wania 2003). This process wherein Hg is repeatedly evaporated and deposited as
it moves to colder regions is called global distillation or the grasshopper effect. Figure 2.1
shows the fluxes and pools of Hg on the Earth’s surface.
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Figure 2.1. Fluxes and pools of Hg on the Earth's surface (Driscoll et al. 2013).

The production of MeHg is through methylation. The methylation process occurs mainly in
anoxic conditions in soil and sediments by microorganisms, specifically sulphate-reducing
bacteria (Compeau and Bartha 1985, Ma et al. 2017). Oxidized Hg is directly methylated by
bacteria, but it is also possible for some sulphate-reducing bacteria to first oxidize Hg0 under
anoxic conditions, and be subsequently methylated (Hu et al. 2013). Various environmental
factors affect the methylation process. Some of these factors include redox conditions,
temperature and the presence of sulphides and organic matter. These factors often interact with
each other (Ullrich et al. 2001).
Hg has been the focus of over 300 000 studies due to its toxicity and prevalence in the
environment, its bio-concentration into the food chain and bio-magnification through the
trophic levels causing accumulation in fish (Bhavsar et al. 2010) and its consumers, including
birds, whales, polar bears (Dietz et al. 2011), and humans (Wolkin et al. 2012). These studies
have increased our understanding of its transformation in to different Hg species, as well as the
drivers and pressures effecting their distribution, mobility, transport, fate and effect. This is a
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prerequisite to assess best abatement methods for the remediation of Hg in the environment.
One of the main factors that affect Hg in the environment is the presence of natural organic
matter (NOM).

2.2 Natural organic matter
Natural organic matter (NOM) is a general term referring to naturally-occurring organic
compounds that are omnipresent in the environment. NOM is a heterogeneous continuum of
organic compounds, and as such, is mainly composed of carbon, hydrogen, and oxygen, with
carbon constituting around 50 % of its mass. Elements such as nitrogen and sulphur are also
present in smaller amounts, as are some metal cations which are complexed to the molecule
(van Loon and Duffy 2011).
Excretions of plants and animals, their dead material, and microbial remains are the main
sources of NOM in nature. These materials undergo decay through biotic and abiotic
respiration/oxidation, followed by transformation and recombination, resulting in a large
variety of structures in the environment.
NOM is present in the environment, mainly as products of the decomposition of dead plant
matter and excretions from living organisms. In cooler regions, such as in the boreal domain,
the decomposition of this organic matter is slower and incomplete, allowing for an
accumulation of more refractory high molecular weight NOM in these areas. It is also
omnipresent in aquatic systems, partly produced in situ (autochthonous), though mainly from
terrestrial environment (allochthonous) transported to the surface waters through surface or sublateral runoff, or from percolation through the soil column (van Loon and Duffy 2011).
Because NOM is the product of an incomplete decomposition process of a large variety of
organic compounds, it contains a broad continuum of heterogeneous forms or structures. It also
contains many different organic functional groups, including carboxylic acids, alcohols,
sulphides, amines, aldehydes, and aromatic moieties. The large range of sizes and functional
groups present in NOM make it impractical to ascertain the individual structure of the molecules
in a water sample (Schmitt-Kopplin and Junkers 2003), but there are methods that provide a
general characterization of the dissolved NOM (DNOM) present in a sample. Dissolved natural
organic matter (DNOM) is the fraction of NOM in aqueous solution smaller than 0.45 µm.
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Within DNOM, the molecules present can be classified as either humic or fulvic acids. This
classification is based on each fraction’s solubility in water at different pH conditions. In this
case, fulvic acid is soluble at the entire pH range, while humin is insoluble. Humic acid is
soluble only in basic conditions (pH > 2) (Appelo and Postma 2005, van Loon and Duffy 2011).
However, humic and fulvic acids can be differentiated based on other properties.
The main bulk of DNOM is in the form of humic acid, which has larger and relatively more
complex molecular structures, making them more resistant to degradation (Appelo and Postma
2005). They also contain more fatty acid groups and many aromatic rings and conjugated
double bonds along its structure, resulting in higher hydrophobicity. Fulvic acid, on the other
hand, has simpler and smaller structures than humic acid (Appelo and Postma 2005). Fulvic
acid contains higher amounts of acidic functional groups like carboxylic acids and phenols,
resulting in higher oxygen content. This characterization of the humic and fulvic acid fraction
is not as strict, however, as the complexity of its structure results in overlap of these distinctions.
Figure 2.2 shows generic molecular structures for humic and fulvic acids.

Figure 2.2. Generic molecular structures for humic and fulvic acids (Stevenson 1982).

The larger size and the presence of many different functional groups in humic acids allow for
the complexation of Hg. It has been shown that humic acids have a higher adsorption capacity
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for Hg2+ than to fulvic acids, and humic acids have higher binding strengths and lower
desorption capacities than fulvic acids (Zhang et al. 2009).

2.3 Environmental effects of NOM and DNOM
Because of the structure and properties of NOM and DNOM, they can have a significant effect
on the environment, particularly in aquatic systems.
The aromatic rings and the long conjugated structure in DNOM give it its characteristic yellow
or brown colour in water. This is usually taken as a sign that the water is not clear or drinkable.
In lakes, the colour of DNOM serves to attenuate or block the light from reaching deeper depths
(Foden et al. 2008). This has an impact on the ecology of benthic species that are dependent on
sunlight. DNOM’s impact on light attenuation can also affect chemical reactions and
photosynthesis that happen within bodies of water, including the photo-demethylation of MeHg
(Poste et al. 2015).
Its numerous weak acid functional groups facilitate the complexation of hard (type A)
polyvalent metal cations, which in turn affect the properties of these cations in the environment.
For example, aluminium toxicity in water bodies is affected by the presence of DNOM. The
complexation of aqueous aluminium cations by DNOM decreases aluminium’s toxicity towards
freshwater organisms (Dobranskyte et al. 2006), though the characteristics of DNOM may have
a strong influence on aluminium toxicity (Papathanasiou et al. 2011).
Many soft (type B) metal species have a strong affinity to DNOM. The presence of DNOM has
thus a strong influence on the speciation of soft metals in an aquatic system. This facilitates
their transport from terrestrial into aqueous systems, and may thus have negative effects
(Appelo and Postma 2005, Mladenov et al. 2010).
The methylation of Hg to MeHg is affected by DNOM in antagonistic ways. Refractory
moieties of DNOM can complex with Hg, thereby limiting its bioavailability for uptake by
methylating bacteria. On the other hand, DNOM serves as a nutrient source for bacterial growth,
which may enhance methylation rates. Abiotic methylation of mercury by humic or fulvic acids
is also possible (Ravichandran 2004). Overall, high DNOM amounts result in an increased Hg
methylation, as well as in a reduced loss of MeHg through photo-demethylation because of its
light attenuating effects (Poste et al. 2015). Thus, the presence, concentration, and
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physicochemical characteristics of DNOM will affect the bioavailability of Hg in organisms
present in lakes.
Because of all the different ways that DNOM can influence aqueous systems, it is important to
characterize it.

2.4 Characterization of DNOM
Physical and chemical properties of DNOM can be determined by the characterization of
DNOM. Some properties can be directly measured, while others are measured through proxies.
This is because DNOM is heterogeneous mixture of a continuum of organic compounds,
making it difficult, or practically impossible, to determine specific properties, like structure, of
individual compounds.

2.4.1 Size: filtration and fractionation
Filtration is one of the most common methods to fractionate compounds in solution by size.
One method that allows for the collection of both small and large fractions is through tangential
or cross-flow filtration (TFF). In TFF, the solute flows tangential to the surface of the
membrane, as opposed to flowing perpendicular to the surface, as in dead-end filtration. When
hydrostatic pressure is applied in TFF, molecules large than the membrane pores do not pass
through and are retained and concentrated, while smaller molecules, including water, pass
through (Everett et al. 1999). Figure 2.3 shows a diagram comparing both filtration methods.

Figure 2.3. (a) Dead-end filtration, where samples may clog up the membrane during the filtration process. (b)
Cross-flow or tangential flow filtration (Gottschalk 2011).

Tangential flow filtration has some benefits over dead-end filtration. Because the solute flows
tangential to the membrane surface, polarization effects and clogging are reduced. Any size
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cutoff can be selected, and large volumes (from 10 to 1000 L) can be fractionated (Guéguen et
al. 2002). Both size fractions are also generated, unlike in dead-end filtration, where only the
solute that passes through the membrane is collected.

2.4.2 Structure and functional groups: UV-Vis spectroscopy
Because of the complexity and large variety of compounds that comprise DNOM, a direct
determination of the structures and functional groups present in all its individual compounds
would be too difficult or complicated to achieve. Instead measuring collective proxies based on
the radiation absorption of DNOM may provide some information on the physical and chemical
collective characteristics of DNOM compounds (Hautala et al. 2000, Vogt and Gjessing 2008).
These proxies are determined by measurements of Ultraviolet and Visible light (UV-Vis)
absorption spectroscopy and DOC. UV radiation of relevance for DNOM characterization is
between the 200–400 nm range, while visible light is at the 400–700 nm range. When
electromagnetic radiation is absorbed by a molecule, its electrons are excited to a higher energy
state. In the case of UV-Vis spectroscopy, π and non-bonding electrons in double bonds absorb
electromagnetic radiation with wavelengths in the UV and visible light ranges. The
chromophores of a molecule are thus the sections or regions within the molecule that contain
conjugated double bonds that provide the observed colour of a substance. The normalized
absorbency of DNOM gives therefore a rough idea on the structure of DNOM in solution, as
its relative amounts of double bonds and conjugated double bonds are observed.
One of the proxies that can be determined is the specific UV absorbance (sUVa). This value is
defined as:
𝑠𝑈𝑉𝑎 = (

𝐴𝑏𝑠254𝑛𝑚
) × 100
𝐷𝑂𝐶

where Abs254nm is the absorbance at 254 nm, and DOC is the amount of dissolved organic
carbon, in mg/L. This value gives an indication on the degree of aromaticity of DNOM samples.
High values mean that there is a large fraction of conjugated double bonds and aromatic ring
groups present (Vogt and Gjessing 2008). Conjugated double bonds and aromatic ring groups
absorb UV radiation at around 200 to 290 nm (McMurry 2012).
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Another proxy is the specific absorbance ratio (SARUV), which is the ratio of two absorbance
values at two different wavelengths:
𝑆𝐴𝑅𝑈𝑉 =

𝐴𝑏𝑠254𝑛𝑚
𝐴𝑏𝑠400𝑛𝑚

This ratio is a proxy for the relative distribution of molecular weight in DNOM samples. A
higher SARuv value indicates a relatively low molecular weight (Vogt and Gjessing 2008).
From the information provided by the sUVa and SARuv values, other physical and chemical
properties of DNOM can be deduced. DNOM with high sUVa and low SARUV values are
conceived as rather HMW, aromatic, hydrophobic and refractory DNOM typical of terrestrial
origin, while DNOM with low sUVa and high SARUV values is conceived as rather LMW,
aliphatic, hydrophilic and biodegradeable DNOM generally of aquatic origin.

2.4.3 Bioavailability: biodegradation
Biodegradation of DNOM occurs as bacteria use it as a source of energy and nutrients. Various
heterotroph microorganisms use the organic carbon for biosynthesis, and produce carbon
dioxide and water. Structurally-complex DNOM may be transformed to smaller and simpler
molecules for further biodegradation (Tranvik and Hessen 1998, Marschner and Kalbitz 2003).
The microorganisms that utilize DNOM are also consumed by organisms up to one order of
magnitude larger in size. As all these organisms die, the decomposition products then return
into solution as DNOM, which is then consumed by the living microorganisms, forming a
“microbial loop” (Azam et al. 1983).
Similar to the fractionation of DNOM by size or solubility in different pH ranges, DNOM can
also be grouped based on its biodegradability.
Labile DNOM refers to easily biodegradable DNOM. This group consists mostly of smaller,
low molecular weight DNOM, with a more aliphatic structure, including carbohydrates
(Koivula and Hänninen 2001, Marschner and Kalbitz 2003).
The next group of DNOM involves those that are moderately biodegradable. They are more
stable and more slowly degraded. They are also products of earlier biodegradations of much
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larger molecules, making them an intermediate product between the recalcitrant and labile
DNOM groups (Marschner and Kalbitz 2003).
The final group of DNOM consists of recalcitrant material. These are mostly composed of large,
complex molecules, including those with many stable aromatic groups. The complexity, size,
and structure of these groups makes them very difficult and slow to degrade (Marschner and
Kalbitz 2003).
In a laboratory, however, there are other factors that affect rate and extent of biodegradation
than DNOM size and structure. These factors include: the type of incubation used, including
equipment; the duration of the incubation; the initial concentration of DNOM; the nutrients
added; the inoculum added; the temperature; and how the biodegradation is monitored. The two
most important factors for the quantification of biodegradation are the duration and the method
of monitoring the activity (Marschner and Kalbitz 2003).
There are a variety of methods to monitor biodegradation in the laboratory. They include
measuring the amount of DNOM itself (Badis et al. 2009), measuring the amount of bacteria
(Vallino et al. 1996), spectroscopic analysis (Kothawala et al. 2012), measuring carbon dioxide
production (Wickland et al. 2007), or measuring oxygen consumption (Gundersen et al. 2014).
Each method, however, has its advantages and disadvantages.
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3 Materials and Methods
3.1 Study site: Langtjern
Water samples for this research were taken from Langtjern (60°21′54.6″N 9°43′56.0″E), a
boreal lake catchment located in Buskerud County in southern Norway, approximately 120 km
northwest of Oslo at an elevation between 516 and 760 m a.s.l. The lake catchment has an area
of 4.69 km2, while the lake itself has a surface area of 0.227 km2 (Henriksen and Grande 2002).
The lake has an average depth of 2 m and a maximum depth of 12 m. The summer thermocline
is located approximately at 3 m (Braaten 2015). Before the 1970s, water in the lake itself was
acidic (pH 4.6–4.8), and the lake received acid precipitation (average pH 4.28). This has led to
the loss of the natural brown trout population in the 1960s (Wright 1983). The annual volume
weighted mean pH at Brekkebygda, a monitoring station near Langtjern, was measured at 5.01
in 2016 (Aas et al. 2017). Table 3.1 lists other morphometric and hydrologic data on Langtjern
(Henriksen and Grande 2002).
Table 3.1. Morphometric and hydrologic data on Langtjern (Henriksen and Grande 2002).

Height above sea level
Length
Maximum depth
Surface area
Volume
Mean depth
Catchment area
Outlet discharge
Theoretical retention time

516 m
1350 m
12 m
0.227 km2
560×103 m3
2.0 m
4.79 km2
750 mm/yr
58 days

63 % of the catchment area is covered by forest with very thin (less than 50 cm) cambisol or
podzolic mineral soils. The trees include pine (Pinus sylvestris), spruce (Picea abies), and birch
(Betula pubescens). The remaining area is covered by peat deposits (16 %) and exposed bedrock
(16 %). There are many small lakes and ponds in the area (Henriksen and Grande 2002). The
bedrock consists mostly of granites and gneisses. Water-saturated Histosols characterize the
peat soil along stream banks and bogs (Håland 2017).
Langtjern has been a site for long-term ecological monitoring study by NIVA since the early
1970s. Climate monitoring equipment were installed in 2010, and the lake’s water chemistry is
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recorded every two hours, with real-time data available online1. There has been no significant
direct human interference within the catchment since the early 20th century, making Langtjern
well-suited for environmental studies regarding water chemistry, biology, and effects of climate
change (NIVA, 2017).
Figure 3.1 shows a map of the Langtjern catchment indicating the streams flowing into and out
of the lake (de Wit et al. 2014). Two of these streams are of interest in the study: LAE03 is an
inlet stream, while LAE01 is the outlet stream. Another point of interest in the study is at the
lake water sampling site (in the Hypolimnion at 8 m depth) located near the inlet and outlet
points at the northern section of the lake. The lake depth at this point is around 9 m (Henriksen
and Grande 2002).

Figure 3.1. Langtjern catchment in Norway (de Wit et al. 2014).Sampling was done at LAE03 (Inlet), LAE01
(Outlet), and at 8 m depth (Hypolimnion) in the lake at a site located between the northern shoreline and the
unnamed islet in the upper area of the lake (approximate spots are marked with a cross).

1

http://www.aquamonitor.no/langtjern/
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Figure 3.2. Depth profile for Langtjern along the length of the lake. Samples at the Hypolimnion (8 m depth) were
collected at the northern basin (Henriksen and Grande 2002).

3.2 Water sampling
Water samples from Langtjern were collected in 2017 during the months of March, April, June,
September, and October. Different volumes were collected during the sampling. Table 3.2 lists
the specific collection dates, sampling points and sample volumes.
Table 3.2. Dates, locations, and volumes of the samplings done for the study.

Sampling Sampling
season
date, 2017
10 March
Spring
01 April
Summer
06 June
Fall
22 September
31 October

Sampling location
Inlet, outlet
Inlet, hypolimnion, outlet
Inlet, outlet
Inlet, hypolimnion, outlet
Inlet, outlet

Volume collected per
location, approximate
1L
10 L
10 L
10 L
1L

Photos taken from the fall sampling can be found in Appendix A.1.
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Collection of the samples in the Inlet and Outlet points was conducted by first rinsing the
prewashed high-density polyethylene (HDPE) containers three times with water from the site,
disposing of the rinse water downstream, then collecting the samples in the containers.
For the Hypolimnion samples, a Niskin bottle2 was used to collect water at the appropriate
depth. The bottle was first rinsed with sample water, and the next samples collected were used
to rinse the sample container, before the actual collection of sample water commenced.
All samples were stored in a cold (4 °C) and dark room and were removed only as needed for
analysis.

3.2.1 Sampling conditions
Table 3.3 shows the conditions that were monitored at Langtjern during the samplings. The data
are from NIVA’s AquaMonitor website1. Precipitation measurements cover about 48 h prior to
the sampling time. The temperature readings for the Hypolimnion were from 6 m depth readings
from a buoy situated near the sampling location.
Table 3.3. Conditions in Langtjern during sampling. Data taken from NIVA's AquaMonitor website.

2

Sampling
date, 2017
10 March

Temperature,
weather station
-5 °C

Precipitation,
before sampling
2.8 mm

01 April

1 °C

9.5 mm

06 June

13 °C

6.8 mm

22 September 9 °C

17.5 mm

31 October

0.2 mm

2 °C

Sampling
location
Inlet
Outlet
Inlet
Outlet
Hypolimnion
Inlet
Outlet
Inlet
Outlet
Hypolimnion
Inlet
Outlet

Water
temperature
0.7 °C
0.3 °C
0.3 °C
0.5 °C
3.8 °C
8.1 °C
13.5 °C
8.1 °C
9.9 °C
5.0 °C
(No data)
2.1 °C

https://en.wikipedia.org/wiki/Nansen_bottle
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3.3 Sample preparation
All equipment for sampling and filtration of the samples were prepared prior to the sampling
dates.
HDPE containers of appropriate sizes (1 or 10 L) were acid washed (approximately 10 %
HNO3), rinsed with Type I water (Merck Millipore Milli-Q® Integral 5 Water Purification
System) and allowed to dry. The containers with sample were covered with aluminium foil to
protect its contents from light.
Glass fibre filters (GE Healthcare Life Sciences Whatman, Grade GF/F Glass Microfiber
Filters) with 0.7 μm pore size were placed in a glass beaker, covered with aluminium foil, and
combusted in a furnace (Nabertherm Industrieofenbau D-2804) for 5 hours at 450 °C. The
combustion was done to remove any possible sources of contamination, including carbon or
mercury, which may end up in the samples.
Filtration of samples commenced within a day of sample collection or reception from NIVA.
The samples were taken out of the cold storage, and allowed to warm up to room temperature.
Aspirators3 were used for the filtration, with the collection equipment being covered in foil to
minimize exposure to light. Prior to filtering, the filtration setup and the collection equipment
were first rinsed with Type I water, then conditioned with a few mL of the sample. For the 10 L
volume samples, filtration was done at two cut-offs: using the 0.7 µm glass fibre filters first,
followed by a membrane filtration with a 0.2 μm size cut-off (Sartorius Stedim Biotech
Cellulose Acetate Filter, Type 11107), while the 1 L samples were filtered directly at 0.2 μm.
Pre-filtration with 0.7 μm filters was done to remove larger particles that otherwise would slow
down or block the filtration process through the 0.2 μm size. Large particulate matter, including
debris, was removed with the 0.7 μm filter, necessitating changes of the 0.7 μm glass fibre
filters when they became clogged.
Filtration at 0.2 μm — instead of the customary 0.45 μm — was conducted in order to sterilize
the samples by removing bacteria, as the smallest bacteria have diameters down to about 0.3 μm
(Madigan and Martinko 2006). Sterilization and storage of samples in a cold and dark room
allowed for the preservation of the DNOM in water samples for some time.

3

https://en.wikipedia.org/wiki/Aspirator_(pump)
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3.4 Size fractionation
Size fractionation was performed at NIVA using a tangential flow filtration system (KWR
Watercycle Research Institute Membrane Testing Apparatus). Only the 10 L volume samples
from the spring, summer, and fall seasons (Table 3.2) were size fractionated. The fractionation
procedure was based on a method optimized and implemented through a previous master study
(Martínez Francés 2017), and was conducted using an Alfa Laval GR40PP polysulphone
membrane on polypropylene support material, with a molecular size cut-off of 100 kDa and a
maximum operating pressure of 15 bars.
The procedure for the size fractionation is given in Appendix A.2.

3.5 Conductivity and pH
Conductivity and pH were measured in all fresh samples. Conductivity was measured according
to ISO 7888 (1985) while pH was measured according to ISO 10523 (2008).
Conductivity was measured using a Mettler-Toledo FiveGo™ conductivity portable meter with
an LE703 conductivity probe. Conductivity and temperature measurements were recorded.
Sample pH was measured using a Thermo Scientific Orion™ Dual Star™ pH/ISE Dual Channel
Benchtop Meter, with an Orion™ 8102BNUWP ROSS Ultra™ pH Electrode.

3.6 Dissolved organic carbon analysis
Dissolved organic carbon (DOC) concentration was analysed at the Department of Biosciences,
UiO, according to ISO 8245 (1999). A Shimadzu TOC-VCPH with an ASI-V auto-sampler was
used. Calibration standards were made using potassium hydrogen phthalate.
The analysis was done using the non-purgeable organic carbon (NPOC) instrument setting,
which involves the acidification of the samples with HCl to remove CO2, and catalytic
decomposing the remaining carbon in the sample to CO2 at 680 °C. The CO2 generated is then
measured by a non-dispersive infrared (NDIR) detector.
For the fractionated samples, measured DOC in the two size fractions was used to find the
estimated DOC based on the volume of water in each fraction after the fractionation process.
The measured DOC in each fraction was multiplied by the fraction volume to give the mass of
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DOC (in mg C). The percentage of this DOC relative to the bulk DOC mass was then calculated.
This percentage was then used to calculate the DOC concentration of each size fraction, using
the measured DOC from the pre-fractionated sample.
Details on the TOC analysis are given in Appendix A.4.

3.7 Major cations
Total concentration of aluminium (Al), iron (Fe), calcium (Ca), magnesium (Mg), potassium
(K), and sodium (Na) cations were determined at the Department of Chemistry, UiO, using an
inductively coupled plasma optical emission spectrometer (ICP–OES) according to ISO 22036
(2008). The instrument used was a Varian Vista AX CCD simultaneous ICP–OES with axial
viewing, using a V-groove nebulizer and a Sturman Master spray chamber. The axial viewing
ICP–OES allows for more sensitivity and a better detection limit in the analysis. ICP–Expert,
from Agilent Technologies, was the software used for the operation of the instrument and for
preliminary data analysis.
More details on the analysis of major cations are provided in Appendix A.5.

3.8 Major anions
The concentrations of fluoride (F-), chloride (Cl-), nitrite (NO2-), sulphate (SO42-), and nitrate
(NO3-) in the samples were determined according to ISO 10304-1 (2007) at the Department of
Chemistry, UiO. A ThermoFisher Scientific Dionex Integrion HPIC System with a Dionex ASDV Autosampler was used for the analysis.
A 4 μm AS anion analytical column, along with an anion electrolytically regenerated suppressor
(Dionex™ AERS™ 500, 2 mm) and a conductivity detector (Dionex™ Integrion™
Conductivity Detector) were used. Potassium hydroxide was used as the eluent. Chromeleon 7,
from Thermo Scientific, was the software used for the operation of the instrument and for
preliminary data analysis.
More details on the analysis of major anions are provided in Appendix A.6.

3.9 UV-Vis absorbance
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The full spectrum from λ = 200 to 800 nm of all samples were measured in quartz cuvettes
using a Shimadzu UV-1800 UV-Vis Spectrophotometer at the Department of Chemistry, UiO.
The instrument was background-corrected with Type I water on both the sample and reference
cuvettes.

3.10Aluminium and iron fractionations
Samples were also analysed for aluminium and iron concentration in the monomeric organic
(Alo and Feo) and labile inorganic (Ali and Fei) fractions. This was done by having two sets of
samples: one analysed for the total monomeric amount (Ala and Fea); and another where the
labile inorganic fraction is removed using a cation exchange column, then analysed in the same
manner as the former, which gives concentrations for the remaining organic-bound fraction.
This analysis method was based on previous studies (Barnes 1975, Driscoll 1984, Sullivan et
al. 1986, Rudberg 1995).
The extraction of monomeric Al in the samples is done by complexing it with 8hydroxyquinoline (oxine) and extracting the resulting aluminium oxinate into methyl isobutyl
ketone (MIBK). The analysis is done at pH 8.3 to avoid most interferences that may occur at
other pH conditions: below pH 8.5, Mg and Ca form hydroxyquinolates slowly, while Al
becomes less recoverable at pH values below 8. An interference in Al analysis at pH 8.3 is Fe,
which also reacts with 8-hydroxyquinoline (Barnes 1975).
The MIBK extracts are analysed by UV-Vis absorbance (Section 3.9) at λ = 395 and 600 nm.
The absorbance at λ = 395 nm corresponds to both Al and Fe present in the sample, while the
absorbance at λ = 600 nm corresponds to Fe in the sample, and acts as a correction factor.
Because readings at λ = 600 nm pertain only to Fe, they can also be used to measure both
organically bound and inorganic Fe.

3.11Biodegradation
The procedure for measuring the amount of biodegradable material in the sample and the
respiration rate is based on previous research done in the Environmental Sciences research
section of the Department of Chemistry, UiO, to optimize the biodegradation process (Håland
2017, Martínez Francés 2017).
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The rate of consumption of organic matter in the samples was determined by observing the
decrease in oxygen levels as this is consumed by bacteria when biodegrading the organic
material. The oxygen content was measured using a PreSens SensorVial (SV-PSt5-4mL) with
a SensorDish® Reader (SDR) Basic Set.
The SensorVials used in the experiment are borosilicate glass vials, and screwcaps with a
rubberized septum to seal the vials. A spot type sensor (PreSens Oxygen Sensor Spot SP-PSt5)
is located at the bottom of each SensorVial. The sensors are made of hydrophobic silicone
doped with rubidium, and has a luminescent dye.
The vials are placed in a 24-well plate, which is placed on top of the SDR (Figure 3.3). At every
15-second interval during the analysis, the SDR emits a flick of light that excites the dye. After
excitation, the sensor phosphorescent light that is detected by the SDR. During this process,
oxygen in the solution will act as a quencher, and will reduce the luminescent lifetime. The
partial pressure of oxygen in the sample will thus determine the luminescent lifetime in the
sensor. This luminescent lifetime is translated back to oxygen concentration by software
(PreSens SDR_v38), allowing for the measurement of the concentration of oxygen in the
sample. The sensors themselves have been calibrated by the manufacturer before delivery.

Figure 3.3. Left: PreSens Oxygen Sensor Spot SP-PSt5. Light from the bottom excites the dye in the spot, which
causes a phosphorescent emission that is measured. Center: The sensor is located at the bottom of the vial. Right:
The vials are placed in a 24-well plate, which is placed on top of the SDR (PreSens 2016, PreSens 2018).

The relationship between luminescent lifetime or sensor response with oxygen concentration is
given by a variant of the Stern-Volmer equation:
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𝐼0
= 1 + 𝐾𝑠𝑣 × [𝑂2 ]
𝐼
where I0 is the luminescent lifetime without oxygen, Ksv is the quenching rate, [O2] is the oxygen
concentration, and I is the luminescent lifetime of the sample at a given O2 concentration.
Details on the biodegradation procedure and results are provided in Appendix A.9.

3.12Total mercury and methylmercury
3.12.1

Total mercury

Determination of total mercury (TotHg) concentrations in the samples was done according to
EPA Method 1631 (2002). The analysis was performed at NIVA using cold vapour atomic
fluorescence spectroscopy (CVAFS). For both total and methylmercury determination, a
Brooks Rand Labs MERX automated system with Model III Atomic Fluorescence Detector
was used. In this method, bromine monochloride (BrCl) is first added to the sample to oxidize
all Hg in the sample to Hg2+:
𝐻𝑔0 + 𝐵𝑟 + → 𝐻𝑔2+ + 𝐵𝑟 −
This oxidation step allows for the analysis of all BrCl-oxidizable forms and species of mercury
found in a sample, including Hg0, strongly organo-complexed Hg2+ compounds, as well as
several covalently bounded organo-mercurials, adsorbed particulate Hg, in addition to the Hg2+
in the sample. The oxidation step also preserves Hg0 in aqueous samples, by preventing its
evaporation. After oxidation, hydroxylamine hydrochloride (NH2OH·HCl) is added to reduce
any free halogens remaining in the solution. This is conducted in order to prevent interference
with the CVAFS determination (i.e. gold traps can be damaged by the free halogens). Prior to
analysis, stannous chloride (SnCl2) is added to reduce all the Hg2+ produced in the previous step
to volatile Hg0 (Kolopajlo 2017):
𝐻𝑔2+ + 𝑆𝑛2+ → 𝐻𝑔0 + 𝑆𝑛4+
The Hg0 is then volatilized from the solution by purging with nitrogen gas, then accumulated
by amalgamation onto a gold trap. The Hg0 is thermally desorbed at 450 °C from the gold trap
and carried by inert argon gas to a second gold trap. The Hg0 is again desorbed and carried by
23

argon gas into the CVAFS cell for detection at 253.7 nm. Figure 3.4 shows a schematic diagram
for a CVAFS system.

Figure 3.4. Schematic for a CVAFS system for TotHg determination (EPA, 2002).

3.12.2

Methylmercury

The determination of methylmercury (MeHg) concentrations was conducted according to EPA
Method 1630 (1998). The method involves the distillation of the aqueous sample, followed by
derivatization by aqueous ethylation, and purging and trapping by CVAFS. EPA Method 1630
is explained in detail in order to help assess the results to be discussed later (Section 4.8.2).
To analyse for MeHg, distillation is required in order to separate the MeHg from the matrix,
since the dissolved natural organic matter (DNOM) in the matrix interferes with the subsequent
ethylation step. A 50 mL sample aliquot is first placed in a distillation vessel. 1 % ammonium
pyrrolidine dithiocarbamate (APDC) solution is added to the sample in order to fractionate the
MeHg from the Hg2+ in the solution, as the APDC strongly complexes to Hg2+ and thereby
prevents its co-distillation. Approximately 40 mL of the aqueous sample is distilled into another
vessel at 125 °C under N2. The complexation with APDC and distillation thereby isolates MeHg
from potential interfering compounds, including inorganic Hg and aqueous organic material.
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Distillation provides higher recoveries than other separation methods, such as solvent extraction
(Horvat et al. 1993). The use of APDC also improves recovery of MeHg, although the
mechanism is unclear (Bloom and Von Der Geest 1995, Bloom et al. 1997, Bowles and Apte
1998). Figure 3.5 shows a schematic diagram of the distillation set-up.

Figure 3.5. MeHg distillation set-up (EPA, 1998).

The MeHg in the distilled sample is ethylated with sodium tetraethyl borate (NaBEt4):
𝐻3 𝐶– 𝐻𝑔+ + 𝐶𝐻3 𝐶𝐻2 ∙ → 𝐶𝐻3 – 𝐻𝑔– 𝐶𝐻2 𝐶𝐻3
Studies have shown that a pH value between 3 and 7 provides the best ethylating results. An
acetic acid/acetate buffer at a pH of 4.9 is therefore added to the sample prior to the ethylating
step (Liang et al. 1994).
The resulting more volatile methylethylmercury (MeEtHg) is separated from the solution by
purging with nitrogen gas and trapped onto a graphitic carbon (Carbotrap®) trap. The MeEtHg
is then thermally desorbed from the trap and carried by inert argon gas through a gas
chromatography (GC) column at 85–100 °C. The GC separates any possible interferences from
the sample that may have been co-distilled — such as Hg0, dimethylmercury, (CH3–Hg–CH3)
or diethylmercury (CH3CH2–Hg–CH2CH3) — and may be derivatized to volatile Hg
compounds (Liang et al. 1994).
Each eluent, including the analyte, exits the GC and passes through a pyrolytic decomposition
column (with a temperature of around 700 °C) that converts the organic Hg species to elemental
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mercury (Hg0). The Hg0 is then carried by argon gas to a CVAFS cell for detection. The
expected retention times for the eluents are 1 min for Hg0, 2.5 min for MeEtHg, and 4 min for
diethylmercury. If dimethylmercury is present, it would appear as a second peak that is not fully
resolved from Hg0 (Liang et al. 1994). Figure 3.6 shows the schematic diagram of a CVAFS
system for MeHg determination.

Figure 3.6. Schematic of a CVAFS for MeHg determination (EPA, 1998). The MeHg analysis requires a GC to
separate other interferences, unlike the CVAFS for TotHg determination.
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4 Results and Discussion
4.1 Size fractionation and dissolved organic carbon
The DNOM in three replicates were fractionated on all the samples from spring, summer, and
fall — except for the spring sample collected from the Hypolimnion, due to volume limitations.
The fractionation was done in replicates to check on the repeatability of the fractionation
process. The first two replicates used small volumes of around 2 L, and the final replicate (called
Sample) used the largest volume (around 4 L). Only the samples collected from the final
replicate was used for further analyses.

4.1.1 Total organic carbon recovery of the size fractionation
DOC concentrations were measured as a proxy for the DNOM in the fractionated samples.
These include samples placed into the fractionation tank (Bulk; < 0.2 µm), the high molecular
weight (HMW, or Concentrate; between 100 kDa and 0.2 µm), and the low molecular weight
(LMW, or Permeate; < 100 kDa) fractions.
The sample DOC data were used to check the DOC balance for any gain or loss. Percentage
gain or loss of DOC from the fractionation of the final replicates are given in Table 4.1. Tables
A.1, A.2, and A.3 in the appendix give the DOC distribution and DOC gain and loss for all the
replicates.
Table 4.1. DOC gains and losses for the final fractionated samples. See section A.2 in the Appendix for the results
of all the samples.

Spring
Summer
Fall

Sample DOC gain/loss (%)
Inlet Outlet Hypolimnion
-9.05 1.14
1.45
7.80
-1.53
(No sample)
3.93
7.43
0.31

The relative DOC gain or loss per run span from -9.05 % to +7.80 %. This is close to the results
achieved from previous trials of the fractionation procedure, where recovery values were
between -6 to +7 % (Martínez Francés 2017).
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The gain or loss of DOC during fractionation may be due to different factors. The loss of DOC
may be due to the fouling of carbon on the membrane used during fractionation, while DOC
gains may be due to contamination of the sample, despite efforts to eliminate any possible
contaminations during the process. There is a weak correlation between the recovery and the
DOC concentration in the bulk sample (R2 = 0.76, p < 0.05). The differences may thus also be
due to uncertainties in the analysis of the three DOC data used for the calculations, as there is
a 2 % error in each DOC measurement.

4.1.2 Dissolved organic carbon analysis
DOC concentrations in the bulk sample from the Inlet, Hypolimnion, and Outlet are presented
in Figure 4.1, including previous data available (Martínez Francés 2017). The DOC
concentrations span between 8 and 18 mg C·L-1.

DOC, mg C·L-1

DOC, Bulk Samples
20
18
16
14
12
10
8
6
4
2
0
Spring

Summer

Fall

Spring

2016
Inlet

Summer

Fall

2017
Hypolimnion

Outlet

Figure 4.1. Bulk DOC concentrations at the Inlet, Outlet, and Hypolimnion, from March 2016 to September 2017.

The highest DOC concentrations were found in the Inlet samples during the fall season. This is
partly due to that there is a large amount of litter-fall during this season, which contribute to a
higher level of fresh DNOM in water systems. More importantly though, this is linked to that
there was also some precipitation before the September samplings in 2016 (Martínez Francés
2017) and 2017 (Section 3.2.1), contributing to a higher runoff. The higher levels of runoff lead
to higher flows of water through the shallow soil layers in the mineral soil on the ridges, which
are also rich in DNOM, allowing for its transport directly into the lake (Håland 2017).
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The Bulk DOC at the Inlet at each season is higher (R2 = 0.78, p < 0.05) than at the Outlet. This
implies that the photo- and bio-degradation of DNOM in the lake itself is larger than the in-lake
autochthonous DNOM production.
The most similar DOC concentrations between Inlet and Outlet are found during the spring
samples (i.e. for April 2017, Inlet: 10.34 mg C·L-1, Outlet: 10.29 mg C·L-1). This may be due
to the conditions at the lake during early spring, where ice still covers the surface of the lake,
and water temperatures are below 1 °C (Section 3.2.1). The lack of sunlight penetration and the
cold temperatures are most likely keeping the DNOM in the lake intact, causing very little
change in the amount of DNOM as the water passes through the Hypolimnion. This is also
partly due to stable runoff conditions during winter, allowing for the drainage to replace the
water in the Hypolimnion, and giving a uniform chemistry from Inlet to Outlet.
It must, however, be noted that Lake Langtjern has another major inlet point at the southern
shore of the lake (Figure 3.2). Moreover, there is also a large influx of groundwater seepage
into the lake. The concentration of DNOM in the Inlet (LAE03) may thus not be representative
of all the water running into the lake.
Estimated concentrations of LMW DNOM in the bulk samples are shown in Figure 4.2. The
average concentrations vary between 0.77 and 2.03 mg C·L-1, comprising on average only 12 %
of the DNOM in the sample. The absolute and relative amounts of LMW DNOM generally
increase from the Inlet to the Outlet.
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Estimated DOC, LMW fraction
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Figure 4.2. Comparison of the measured Inlet, Hypolimnion, and Outlet DOC amounts in the LMW fraction. The
estimates include available data from the fall season of 2016 (Martínez Francés 2017).

The estimated concentrations of HMW DNOM in the samples are shown in Figure 4.3.

Estimated DOC, HMW fraction
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Figure 4.3. Comparison of the measured Inlet, Hypolimnion, and Outlet DOC amounts in the HMW fraction. The
estimates include available data from the fall season of 2016 (Martínez Francés 2017).

In the HMW fraction, spatial trends are reversed, with the Inlet samples containing more HMW
DNOM than the Outlet samples. The decrease in HMW DNOM from the Inlet to the Outlet and
the increase in LMW DNOM from the Inlet to the Outlet also points to the possibility that
photo- or bio-degradation happens in the lake, breaking down the larger molecules to smaller
ones before they are transported out of the lake. The higher LMW DNOM in the Outlet
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compared to that of the Inlet is also due to that autochthonous produced DNOM in freshwater
lakes is LMW DNOM.

4.2 Conductivity
Table 4.2 shows the conductivity readings for the final fractionated samples, along with
measured DOC and estimated DOC values.
Table 4.2. Conductivity, measured DOC in the fractions, and estimated DOC from the Bulk samples for the final
fractionated samples. See section A.3 in the Appendix for the results of all the samples.

Season

Location

HMW
LMW
HMW
Outlet
LMW
HMW
Hypolimnion
LMW
HMW
Inlet
LMW
HMW
Outlet
LMW
HMW
Inlet
LMW
HMW
Outlet
LMW
HMW
Hypolimnion
LMW
Inlet

Spring

Summer

Fall

Fraction

DOC
Conductivity
(mg
(μS·cm-1)
C·L-1)
19.18
11.5
9.92
4.36
20.50
12.4
11.82
5.28
15.19
12.1
8.27
3.40
17.69
14.1
8.43
6.10
11.39
10.3
8.21
6.37
19.71
22.4
9.07
7.90
16.41
20.8
8.33
9.23
9.80
11.1
5.74
4.01

Estimated
DOC
(mg C·L-1)
9.04
1.38
9.16
1.31
8.95
0.84
9.80
1.42
7.86
1.63
16.1
1.92
14.5
2.16
8.17
1.06

There is a weak but significant (R2 = 0.69, p < 0.001) correlation between conductivity and
estimated DOC. This correlation is most likely because DNOM governs the pH of the solution
through its large number of weak acid functional groups.
This has also been found in an earlier study, albeit with a stronger correlation (R2 = 0.98,
p < 0.05) between conductivity and measured TOC (Håland 2017). However, the earlier study
used conductivity measurements in the field and compared them to measured TOC, while the
correlation found here are between conductivity measured in the laboratory and estimated DOC
values for each fraction. Further studies may be needed, but conductivity measurements may
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be used as a proxy for DOC measurements in the field in such dilute and very dystrophic lake
systems.

4.3 pH
The pH of the samples were measured throughout the sample preparation and fractionation
process. All water samples were acidic, as expected at Langtjern. For the samples that were
fractionated, the pH values of the samples increased from the raw (unfiltered) samples to the
LMW fractions (Figures 4.4 and 4.5). This increase in pH may be due to the removal of the
acidic functional groups of the DNOM during the fractionation process, as the concentration of
DOC is much lower in the LMW than in the HMW fraction. This has also been observed with
previous fractionations performed (Martínez Francés 2017).

pH of Sample Fractions, Inlet
5.4
5.2

pH

5
4.8
4.6
4.4
4.2
4
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Raw water

Summer
Bulk

HMW fraction

Fall
LMW fraction

Figure 4.4. pH of Inlet raw water, bulk water, HMW, and LMW size fractions during spring, summer, and fall.
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pH of Sample Fractions, Outlet
5.8
5.6
5.4

pH

5.2
5
4.8
4.6
4.4
4.2
Spring
Raw water

Summer
Bulk

HMW fraction

Fall
LMW fraction

Figure 4.5. pH of Outlet raw water, bulk water, HMW, and LMW size fractions during spring, summer, and fall.

Table 4.3 shows the pH measurements at Langtjern’s Outlet during the sampling date, taken
from NIVA’s AquaMonitor (Section 3.1).
Table 4.3. In-situ pH measurements during sampling, taken from AquaMonitor.

Season
Spring
Summer
Fall

pH Range
4.47–4.53
4.89–4.95
4.47–4.53

A comparison of the pH measurements between the laboratory samples and from the
AquaMonitor data shows that the pH values measured in the collected sample are generally
higher than those monitored in-situ at the site. This may be due to the difference between
equipment used to measure the pH, or differences in temperature.

4.4 Major cations and anions
Using data for pH and DOC in a model developed by Oliver et al. (1983), the anionic
contribution of DNOM as DNOM–A- in the samples was estimated. For lakes located in
southern Norway such as Langtjern, it was determined that the weak acid contribution of
organic carbon is 5.5 µeq·mg C-1 (Henriksen and Seip 1980).
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Calculated conductivity (based on species activities and specific conductivity) was strongly
correlated to measured conductivity (R2 = 0.89) across all the samples and fractions. Moreover,
the average ion balance was -1 µeq·L-1, though ranging from -15 to 6. This documents all
together a very good data quality. The highest negative balances were found in the HMW
fraction. This is commonly found due to that the cations are measured as total concentrations
after acid digestion, while anions are measured as free anions. Any cations associated to
inorganic and organic colloids are therefore included in the measures. In addition, Al and Fe
were not included in the results, and the contribution of DOC to the anions were estimated, so
discrepancies are to be expected. While Al and Fe were measured along with the other cations,
they were not included as both Al and Fe are mainly bound to organic matter, and Fe can also
take on different oxidation states.
Figures 4.6, 4.7, and 4.8 show the major cation and anion concentrations in the Bulk, HMW,
and LMW sample fractions, respectively. The figures show very dilute water with ionic strength
in the Bulk solution at around 60 µM, with the lowest ionic strength during the summer season.
Calcium and DNOM account for about half of the cationic and anionic charges, respectively.
This is in agreement with previous samplings done on Langtjern, where Ca2+ and DNOM–Adominate (Håland 2017, Martínez Francés 2017). The DNOM in the spring samples have the
lowest charge contribution.
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Major Cations and Anions, Bulk
Summer
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Tot-F Cl- NO3- SO42-
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Org. charge H+ K+

Inlet 8 m depth Outlet
Na+ Mg2+ Ca2+

Figure 4.6. Concentration (in µeq·L-1) of the major cations (calcium (Ca2+), potassium (K+), magnesium (Mg2+),
sodium (Na+), and hydrogen (H+) and anions (fluoride (F-), chloride (Cl-), nitrite (NO2-), sulphate (SO42-), nitrate
(NO3-), and DNOM–A-) in the Bulk samples.

Major Cations and Anions, HMW Fractions
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Figure 4.7. Concentration (in µeq·L-1) of the major cations (calcium (Ca2+), potassium (K+), magnesium (Mg2+),
sodium (Na+), and hydrogen (H+) and anions (fluoride (F-), chloride (Cl-), nitrite (NO2-), sulphate (SO42-), nitrate
(NO3-), and DNOM–A-) in the HMW fractions.
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Major Cations and Anions, LMW Fractions
Fall
Summer
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Figure 4.8. Concentration (in µeq·L-1) of the major cations (calcium (Ca2+), potassium (K+), magnesium (Mg2+),
sodium (Na+), and hydrogen (H+) and anions (fluoride (F-), chloride (Cl-), nitrite (NO2-), sulphate (SO42-), nitrate
(NO3-), and DNOM–A-) in the LMW fractions.

In the LMW fraction, the ionic strength is only 44 µM, with the lowest values found in the Inlet,
increasing through the Hypolimnion, and the highest in the Outlet during all three seasons. The
is Ca2+ and DNOM–A- is less dominant, allowing for Na+ and Cl- to become the main cation
and anion in most of the samples.
A rather unexpected feature is that the concentrations of the major inorganic cations and anions
are highest in the HMW fraction. Conceptually, these ions are clearly lower in molecular size
than the 100 kDa cutoff of the membrane. They are therefore expected to be lost from the HMW
fraction. The exception would be the cations that are complexed to the DNOM, and the cations
making up the charge balance of the DNOM–A-. These cations are Type 1, or hard elements
that do not bind strongly to DNOM. Moreover, the inorganic anionic charge constitutes between
30 to 50 % of the total negative charge. A revision of the concept for this filtration clearly needs
a reconsideration.
The relatively high charge contribution by chloride, accounting for up to 60 % of the anionic
charge, points out that it may clearly play an important role as a counter-ion for the MeHg
cation, allowing it to be distilled in the MeHg fractionation analysis.
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4.5 Aluminium and iron fractionation
The concentration of monomeric and total Al and Fe fractions in the HMW and LMW samples
are shown in Figure 4.9.
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Figure 4.9.Total, organic-bound, and labile monomeric Al and Fe fractions in HMW and LMW samples from the
Inlet, Hypolimnion and Outlet.

The concentration of total Al is larger than the monomeric Al fractions in the HMW samples.
This is due to polymeric Al compounds in the sample, such as amorphous oxy-hydroxides and
clay particles. Most of these polymeric compounds do not pass through the filter causing minor
difference between the total and monomeric Al in the LMW samples. The concentration of total
Fe is lower than the monomeric forms implying some problems with the data.
The Al in solution is mainly bound to the DNOM (Alo), though inorganic labile Al species (Ali)
do constitute a significant amount of the monomeric Al in most samples, especially in the LMW
fraction as these inorganic ionic species easily pass through the 100 kDa membrane. Rather
surprising is that about half (46 %) of the Alo passes through the membrane even though only
10 % of the DNOM is LMW. This may be due to that the LMW DNOM has more functional
sites that the Al can bind to. There were only traces of inorganic labile Fe species (Fe i) found
in the LMW fractions. This is due to the low solubility of inorganic Fe3+ at the sample pH. On
the other hand the amount of organically bound Fe (Feo) was similar to the Alo on a molar basis.
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The exception are some very high concentrations in some of the samples from the
Hypoliminion. This may be due to slightly reducing condition allowing for increased
concentrations of Fe2+.
The relative amount of DNOM found in the HMW fraction is positively correlated to both the
total-Al (R2 = 0.81, p < 0.05) and total-Fe (R2 = 0.73, p < 0.05). This may suggest that these
trivalent cations play an important role binding the DNOM molecules together, producing
larger DNOM flocks that do not pass through the membrane.

4.6 DNOM structure and storage effects
The UV-Vis absorbency spectra of the samples were measured in order to characterize the
structure of the DNOM present in the samples. The absorbency of the samples were also reanalysed after some time to determine if short- or long-term storage of the samples had any
effect on the DNOM on the samples.

4.6.1 DNOM structure
Figure 4.10 shows the SARUV of the HMW and LMW fractions.
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Figure 4.10. SARUV for the HMW (top) and LMW (bottom) fractions.

SARUV is used as a proxy for the relative molecular weight of DNOM. An increase in SAR UV
corresponds to a decrease in the length of the conjugated double bonds and thus is a proxy for
the size of the DNOM. In this case, the SARUV in the HMW fractions is, on average, 18 %
lower than that of the LMW fractions. This is an expected result as the HMW DNOM would
have larger structures. On the other hand, the differences were less than expected, suggesting
that the size of the DNOM in the two size fractions are not very different.
Figure 4.11, which shows the sUVa for the HMW and LMW fractions, support the SAR UV
results. sUVa is a proxy for aromaticity. However, unlike for SARUV, an increase in sUVa
indicates an increase in aromaticity. In this case, the graphs show a reverse in trend.
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Figure 4.11. sUVa for the HMW (top) and LMW (bottom) fractions.

4.6.2 Storage effects on DNOM
The stability of the DNOM in the samples were re-measured after 158 days for the March,
April, and June samples, and after 33 days for the September and October samples. This was
done in order to check whether there were any significant changes when it comes to the SARUV
of the samples after long periods of storage. Significant changes in SARUV indicate changes in
DNOM structure. Biodegradation studies were done after this period for the samples. Figure
4.12 shows the results.
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Figure 4.12. Percent change in SARUV after 33 and 158 days, to check DNOM stability.

There was generally less than 10 % change in SARUV after 33 or 158 days, for each of the
different size fractions. The quality of DNOM had changed significantly during storage after
158 days (p < 0.05, for both HMW and LWM fractions). Changes after 33 days were less than
after 158 days. For samples after 33 days, the changes had, on average, involved a slight
increase in SARUV, while older samples generally show an overall decrease in SARUV.
Since a decrease in SARUV involves increases in molecular weight, the LMW fraction may have
DNOM that is combining or being synthesized into larger fractions.

4.7 Biodegradation
Biodegradation and respiration rates were calculated using the results from the PreSens
SDR_v38 software. The raw results were presented as plots (Section A.9.5) of O2 concentration
(µmol O2·L-1) versus time (min). A typical course of changes in the oxygen levels are given in
Figure 4.13, showing the monitored oxygen levels during the biodegradation of a reference
glucose sample with bacteria from Langtjern added. As can be seen in the figure, the
biodegradation of DNOM in the sample undergoes an initial lag phase, where the bacteria
population need time to grow or to adjust to new conditions. This results in a reading where the
oxygen levels increase to a maximum point, before it starts to decline when there is enough
bacteria to consume the DNOM in the sample.
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Figure 4.13. Oxygen consumption (in µmol O2·L-1) versus time (in minutes) of a reference glucose sample.
RStudio® was used to process the data. The red section is used by the program to calculate the oxygen consumption
rate. Section A.9.5 in the Appendix provides further details on the determination of the biodegradation and
respiration rates.

Average respiration rates for the samples, calculated using RStudio®, are depicted in Figure
4.14.
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Figure 4.14. Average respiration rates of the different fractions. The respiration rates are grouped either by season
(spring, summer, and fall), or by location (Inlet, Hypolimnion, and Outlet). An average of all the samples (All) is
also included.

The LMW DNOM is, as expected, more bioavailable to the bacteria in the samples, generating
higher respiration rates (p < 0.05). The average respiration rate for all LMW samples is around
6 times faster than the rate for the HMW fraction. This is because the LMW samples contain
smaller DNOM which are more readily degraded by the bacteria. The difference between the
three fractions in all the samples are also significantly different (p < 0.05).
There are no significant (p > 0.05) differences in the respiration rates between the different
seasons, except for a lower rate in the fall samples. This is probably due to the greater amounts
of DNOM overall during the fall season, which necessitates more time for the bacteria to
consume. No significant (p > 0.05) differences in biodegradation of the DNOM were recorded
between the Inlet, Hypolimnion and the Outlet, though the DNOM in the Bulk samples from
the Inlet were on average the least biodegradable.
A weak positive correlation (R2 = 0.45, p = 0.07) is found between the degree of biodegradation
of the bulk sample and the absorbency ratio at λ = 200 and 300 nm, possibly reflecting that
smaller molecules are more biodegradable than larger molecules. With the HMW fraction, there
is a strong negative correlation between the respiration rate (mol O2/g C h) and the absorbency
at λ = 600nm (R2 = 0.86, p < 0.05). This may reflect that the more coloured DNOM is less
biodegradable than the less coloured. This is confirmed by a positive correlation between the
respiration rate and the SAR at λ = 400 and 600 nm (R2= 0.61, p < 0.05).
43

There is a very strong correlation between the total concentration of potassium (K) and the
respiration rate (R2 = 0.82, p < 0.05) in the HMW fraction. This may be due to that K is a
limiting nutrient, despite the fact that K2HPO4 was added as one of the nutrients to all the
samples before the biodegradation assay. In the LMW fraction, the respiration rate is negatively
governed by the amount of LMW DOC (R2 = 0.68, p < 0.05). The strongest correlation was
found with absorbency at λ = 465nm (R2 = 0.94, p < 0.001). Apparently, the more LMW DNOM
in the sample and the more coloured it is, the lower is the respiration rate. This could indicate
that the DNOM concentration is co-varied with more recalcitrant moieties on the DNOM. We
thus also find a negative correlation between the sUVa and the biodegradability (R2 = 0.73,
p < 0.05) in the LMW fraction. The pH appears also to play a role as there is a positive
correlation between the H+ concentration and biodegradability (R2 = 0.81, p < 0.05). Likewise,
strong negative correlation with TotHg (R2 = 0.85, p < 0.05) and total-Al (R2 = 0.85, p < 0.05)
may lead to speculations of an inhibiting effect on the biodegradation, though this is not likely
the case.
One notable result is how the Bulk samples have lower respiration rates than the HMW samples
(p < 0.05). This is an unexpected result, as the Bulk is a mixture of both the HMW and LMW
fractions, and it was expected that the Bulk sample would have a respiration rate in between the
two fractions. One possible reason for the slower respiration rate is that bacteria grows at a
diauxic growth rate (Madigan and Martinko 2006). In this case, after a certain lag phase, the
bacteria first consumes the labile fraction in the solution. After all this is consumed, a second
lag phase occurs before the remaining recalcitrant fraction is consumed by the bacteria (Håland
2017). This bi-phasic growth where a second lag phase occurs will increase the amount of time
for the biodegradation to occur, and will therefore decrease the respiration rate. This may be
happening in the Bulk samples, where the bacteria first consume the LMW DNOM, undergo
an extra lag phase, then finally consume the HMW DNOM.
Another observable trend is the decrease in bioavailability from spring to fall. This is probably
due to the greater amounts of DNOM overall during the fall season, which necessitates more
time for the bacteria to consume.
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4.8 Total mercury and methylmercury
4.8.1 Total mercury
Figure 4.15 shows the percent total mercury (TotHg) distributions in the Inlet, Hypolimnion,
and Outlet.
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Figure 4.15. Size fraction distribution of total mercury in the Inlet (top), Hypolimnion (centre), and Outlet
(bottom), during the spring, summer, and fall seasons.
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The graphs show that TotHg in all sampling sites is mostly found at the HMW fractions, i.e.
between 87 to 92 % of TotHg are in the HMW fractions. This is to be expected, as higher
concentrations of DNOM mean more possible sulphhydryl groups for Hg to complex to.
The ratio of TotHg to DOC is shown in Figure 4.16.
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Figure 4.16. Densities of mercury in the HMW and LWM DNOM size fractions in the Inlet (top), Hypolimnion
(centre), and Outlet (bottom), assuming all Hg is bound to organic matter.

48

The figures show that the TotHg/DOC ratios are higher in the HMW fraction, in all the sample
locations taken. This indicates that the HMW DNOM moieties are better at binding and
transporting Hg than the LMW moieties. This result also agrees with previous studies by
Martínez Francés (2017).
In the LMW fraction the TotHg concentration appears to be governed by the DOC concentration
(R2 = 0.73, p < 0.05) and the colour of DNOM (i.e. absorbency at λ = 465) (R2 = 0.89, p < 0.05).
This clearly reflects the important role of DNOM in increasing the mobility and transport of
Hg. TotHg is also strongly co-correlated to the total-Al (R2 = 0.85, p < 0.05) concentration in
this size fraction.

4.8.2 Methylmercury
Methylmercury (MeHg) was also measured for both size fractions. However, some samples
have MeHg amounts below the method limit of detection (MLOD) of 0.02 ng/L. These include
all LMW fraction Inlet samples and the LMW fraction Hypolimnion sample from the spring
sample. The results were nevertheless retained in order to estimate the distribution of MeHg in
the fractions. Figure 4.17 shows the distribution of MeHg in the LMW and HMW size fractions
in the Inlet, Outlet, and Hypolimnion.
Similar to the TotHg samples, most of the MeHg is found in the HMW fraction, i.e. between
87 to 94 % of MeHg are in the HMW fractions.
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Figure 4.17. Size fraction distributions of methylmercury in the Inlet (top), Hypolimnion (centre), and Outlet
(bottom), during the spring, summer, and fall seasons.
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Figure 4.18 shows the MeHg/DOC ratios for the Outlet sample. The ratios for the Inlet and
Hypolimnion samples have been excluded because the amounts are below the MLOD.
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Figure 4.18. Densities of methylmercury in the HMW and LWM DNOM size fractions, assuming all Hg is bound
to organic matter.

Similar to the TotHg/DOC ratios, the MeHg/DOC ratios show that the density of the MeHg on
the DNOM is higher in the HMW fractions than in the LMW fractions.
It is clear from these data that the bulk of MeHg is associated to the HMW DNOM fraction.
This is a paradox, as MeHg is conceived as the bioavailable Hg fraction that passes through cell
membranes, and as such should be more associated with the LMW fraction. That the MeHg is
associated with the HMW DNOM is likely due to that the MeHg is a cation, causing it to form
electrostatic ion pairs with organic anions. Moreover, the Hg is likely to be associated to the
sulfhydryl groups (–SH) on the DNOM.
This is connected to how MeHg is measured in samples. In EPA Method 1630 for the
determination of MeHg (Section 3.12.2.), the MeHg is distilled out of the sample, separating it
from Hg2+ (complexed to APDC) and DNOM in the sample, and the distillation will also
transfer Hg0 and ethylmercury (EtHg). The MeHg associated to DNOM through ion pair
associations are distilled as well. The distillation of MeHg and EtHg must be in the form of ion
pairs with chloride. This distilled Hg species are then ethylated, converting EtHg to
diethylmercury and MeHg to MeEtHg, which are separated by GC. This means that the method
is able to capture the MeHg electrostatically associated to the DNOM.
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But the question is then: Is MeHg bound to DNOM through ion pair formation bioavailable?
This is likely not readily the case as the bacteria are not able to engulf the molecule. With other
Type 2 or soft toxic metals such as lead, cadmium, zinc, and copper, the DNOM has a
detoxifying effect by binding with the metals and making them less bioavailable. DNOM thus
has an antagonistic effect in making Hg bioavailable. On the one hand, it is a necessary source
of energy and nutrients for methylating bacteria, but it also binds Hg, rendering the it less
bioavailable.
The density of MeHg relative to DNOM is higher in the HMW fraction than in the LMW
fraction (Figure 4.18), though this difference is minor and much less than for TotHg (Figure
4.16). MeHg is thus preferentially leached through the 100 kDa membrane compared to TotHg.

4.8.3 Total mercury and methylmercury ratios
The percentage of MeHg in TotHg measured for each sample was calculated and is shown in
Figure 4.19. The Hypolimnion contains the most MeHg per TotHg among the different
sampling locations, while the Inlet has the least amount of MeHg/TotHg. This indicates that
there are important sources converting TotHg to MeHg in the lake, but that there are also
important sinks. Important sources are apparently related to deeper lake water and thus likely
to the reducing conditions near the bottom, while sinks are possibly related to photo-oxidation
close to the water surface. The difference between the MeHg/TotHg ratio is highest in the spring
Hypolimnion and Outlet samples. This is likely due to the more stagnant water and the reducing
conditions prevailing during the winter season, leading to a greater production of MeHg.
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Figure 4.19. MeHg/TotHg percentages. Ratios are compared either between season and size fraction (top) or
sampling location and season (bottom).
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5 Conclusion
DNOM has a strong influence in the chemistry of dystrophic waters, and thus plays an important
role in these aquatic environments. The bioavailability of DNOM is to a large extent determined
by its size. Moreover, the concentrations of metal ions, especially Hg, are to a large extent
dependent on the concentration and functional characteristics of the DNOM. DNOM is also an
important source of energy and nutrients for the bacteria that methylate Hg. This means that
DNOM is an important governing factor for the Hg transport and its methylation by bacteria,
and eventually, the bio concentration and bioaccumulation up through the food chain.
Seasonal fluctuations in the DNOM concentrations were found, and the fractionation of the
samples allowed for a better understanding of the processes governing these trends in the lake,
such as photo- and bio-degradation of HMW DNOM, and the autochthonous production of
LMW DNOM. Results from previous studies by Håland (2017) and Martínez Francés (2017),
where it was found that increases in DNOM concentrations were caused by episodes of
precipitation, was also confirmed.
It was found that the storage of samples for 158 days had led to changes in the structure of the
DNOM, with changes in the SARUV from -11 to 9 %. However, instead of an expected
degradation of DNOM from long term storage, it was found that DNOM combines or
synthesizes into larger molecules. This is especially more evident in LMW DNOM fractions.
Biodegradation studies confirmed that the LMW DNOM fraction is the most bioavailable,
while the Bulk samples are the least bioavailable. While it was expected that the HMW fraction
would be the least bioavailable, the Bulk sample may simply seem less bioavailable as the
bacteria degrades the material in two phases. This means that studying the bioavailability of
substances which are correlated to DNOM size will require some fractionation process.
The major bulk of both TotHg and MeHg were found in the HMW fraction. That the MeHg
molecule, despite its small size, is mainly found in this fraction was also observed in a preceding
study. On the other hand, the MeHg/TotHg ratio was found to be higher in the LMW fraction.
However, since the LMW fraction contains less than 13 % of the TotHg, the LMW MeHg levels
were not high.
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Biodegradation studies showed that the LMW DNOM is more bioavailable to bacteria. This
result, along with the finding that most of the TotHg and MeHg in all samples were found in
the HMW DNOM fraction, leads to the conclusion that the MeHg itself may not be as easily
bioavailable as assumed. This may explain the poor relationship found between MeHg
concentrations in water and MeHg in the aquatic food chain
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6 Recommended Future Work
It would be interesting to further study the effects of storage — both short- and long-term —
on DNOM structure and concentration. It may also be helpful to find an optimal storage
condition for samples, in order to be able to store samples for a longer period of time.
This research and a previous study has found a correlation between DOC concentration and
electrical conductivity, and further studies on creating a model to determine DOC concentration
from conductivity measurements in low ionic strength and dystrophic waters may be helpful in
the future, in order to easier estimate DOC in-situ.
It may also be interesting to determine why the concentration of major inorganic cations and
anions in fractionated samples are higher in the HMW fraction. A closer review of the
fractionation process, or a better understanding of the membrane material may contribute to
such studies. Also, finding out how strongly bound the cations are to the DNOM in samples
may help answer such question.
The lack of a standard method to determine the biodegradability of DNOM in samples makes
it difficult to compare results as current methods are improved upon. A standardized method
needs to be developed in order to better relate results from different laboratories.
It has been determined that higher concentrations of both TotHg and MeHg are found in the
less bioavailable HMW fraction of DNOM. While this should mean that Hg is less likely to be
taken up by bacteria, finding out exactly how much of the mercury is taken up may be an
interesting study. This may involve running biodegradation experiments, filtering out the
bacteria when done, and analysing the remaining sample for TotHg and MeHg.

56

References
Aas, W., M. Fiebig, S. Solberg and K. E. Yttri (2017). Monitoring of long-range transported air
pollutants in Norway, Annual Report – 2016, Norwegian Institute for Air Research: 117.
Appelo, C. A. J. and D. Postma (2005). Geochemistry, groundwater and pollution. Leiden,
Balkema.
Azam, F., T. Fenchel, J. Field, J. Gray, L. Meyer-Reil, F. Thingstad and F. Azam (1983). "The
ecological role of water-column microbes in the sea." Marine ecology progress series.
Oldendorf 10(3): 257-263.
Badis, A., F. Z. Ferradji, A. Boucherit, D. Fodil and H. Boutoumi (2009). Characterization and
biodegradation of soil humic acids and preliminary identification of decolorizing actinomycetes
at Mitidja plain soils (Algeria). Afr. J. Microbiol. Res. 3: 997-1007.
Barnes, R. B. (1975). "The determination of specific forms of aluminum in natural water."
Chemical Geology 15(3): 177-191.
Bhavsar, S. P., S. B. Gewurtz, D. J. McGoldrick, M. J. Keir and S. M. Backus (2010). "Changes
in Mercury Levels in Great Lakes Fish Between 1970s and 2007." Environmental Science &
Technology 44(9): 3273-3279.
Bloom, N. S., J. A. Colman and L. Barber (1997). "Artifact formation of methyl mercury during
aqueous distillation and alternative techniques for the extraction of methyl mercury from
environmental samples." Fresenius' Journal of Analytical Chemistry 358(3): 371-377.
Bloom, N. S. and E. J. Von Der Geest (1995). "Matrix modification to improve the recovery of
MMHg from clear water using distillation." Water, Air, and Soil Pollution 80(1): 1319-1323.
Bowles, K. C. and S. C. Apte (1998). "Determination of Methylmercury in Natural Water
Samples by Steam Distillation and Gas Chromatography−Atomic Fluorescence Spectrometry."
Analytical Chemistry 70(2): 395-399.
Braaten, H. F. V. (2015). Mercury in boreal freshwater fish – factors and processes governing
increasing concentrations, University of Oslo.

57

Compeau, G. C. and R. Bartha (1985). "Sulfate-Reducing Bacteria: Principal Methylators of
Mercury in Anoxic Estuarine Sediment." Applied and Environmental Microbiology 50(2): 498502.
de Wit, H. A., A. Granhus, M. Lindholm, M. J. Kainz, Y. Lin, H. F. V. Braaten and J. Blaszczak
(2014). "Forest harvest effects on mercury in streams and biota in Norwegian boreal
catchments." Forest Ecology and Management 324: 52-63.
Dietz, R., E. W. Born, F. Rigét, A. Aubail, C. Sonne, R. Drimmie and N. Basu (2011).
"Temporal Trends and Future Predictions of Mercury Concentrations in Northwest Greenland
Polar Bear (Ursus maritimus) Hair." Environmental Science & Technology 45(4): 1458-1465.
Dobranskyte, A., R. Jugdaohsingh, C. R. McCrohan, E. Stuchlik, J. J. Powell and K. N. White
(2006). "Effect of humic acid on water chemistry, bioavailability and toxicity of aluminium in
the freshwater snail, Lymnaea stagnalis, at neutral pH." Environmental Pollution 140(2): 340347.
Driscoll, C. T. (1984). "A Procedure for the Fractionation of Aqueous Aluminum in Dilute
Acidic Waters." International Journal of Environmental Analytical Chemistry 16(4): 267-283.
Driscoll, C. T., R. P. Mason, H. M. Chan, D. J. Jacob and N. Pirrone (2013). "Mercury as a
Global Pollutant: Sources, Pathways, and Effects." Environmental Science & Technology
47(10): 4967-4983.
Everett, C. R., Y.-P. Chin and G. R. Aiken (1999). "High-pressure size exclusion
chromatography analysis of dissolved organic matter isolated by tangential-flow
ultrafiltration." Limnology and Oceanography 44(5): 1316-1322.
Foden, J., D. B. Sivyer, D. K. Mills and M. J. Devlin (2008). "Spatial and temporal distribution
of chromophoric dissolved organic matter (CDOM) fluorescence and its contribution to light
attenuation in UK waterbodies." Estuarine, Coastal and Shelf Science 79(4): 707-717.
Gottschalk, U. (2011). 3.57 - Overview of Downstream Processing in the Biomanufacturing
Industry A2 - Moo-Young, Murray. Comprehensive Biotechnology (Second Edition).
Burlington, Academic Press: 669-682.

58

Guéguen, C., C. Belin and J. Dominik (2002). "Organic colloid separation in contrasting aquatic
environments with tangential flow filtration." Water Research 36(7): 1677-1684.
Gundersen, C. B., T. Andersen, S. Lindahl, D. Linke and R. D. Vogt (2014). "Bacterial
Response from Exposure to Selected Aliphatic Nitramines." Energy Procedia 63(Supplement
C): 791-800.
Hautala, K., J. Peuravuori and K. Pihlaja (2000). "Measurement of aquatic humus content by
spectroscopic analyses." Water Research 34(1): 246-258.
Henriksen, A. and M. Grande (2002). Lake Langtjern – fish studies in the Langtjern area 1966
- 2000, Norwegian Institute for Water Research: 45.
Henriksen, A. and H. M. Seip (1980). "Strong and weak acids in surface waters of southern
Norway and southwestern Scotland." Water Research 14(7): 809-813.
Horvat, M., L. Liang and N. S. Bloom (1993). "Comparison of distillation with other current
isolation methods for the determination of methyl mercury compounds in low level
environmental samples: Part II. Water." Analytica Chimica Acta 282(1): 153-168.
Hu, H., H. Lin, W. Zheng, S. J. Tomanicek, A. Johs, X. Feng, D. A. Elias, L. Liang and B. Gu
(2013). "Oxidation and methylation of dissolved elemental mercury by anaerobic bacteria."
Nature Geoscience 6: 751.
Håland, A. (2017). Characteristics and Bioavailability of Dissolved Natural Organic Matter in
a Boreal Stream during Storm Flow, University of Oslo.
International Organization for Standardization (1985). ISO 7888:1985 Water quality -Determination of electrical conductivity: 6.
International Organization for Standardization (1999). "ISO 8245:1999 Water quality -Guidlines for the determination of total organic carbon (TOC) and dissolved organic carbon
(DOC)." 11.
International Organization for Standardization (2007). ISO 10304-1:2007 Water quality -Determination of dissolved anions by liquid chromatography of ions -- Part 1: Determination
of bromide, chloride, fluoride, nitrate, nitrite, phosphate and sulfate: 15.

59

International Organization for Standardization (2008). ISO 10523:2008 Water quality -Determination of pH: 13.
International Organization for Standardization (2008). ISO 22036:2008 Soil quality —
Determination of trace elements in extracts of soil by inductively coupled plasma - atomic
emssion spectrometry (ICP - AES): 30.
Kim, K.-H., E. Kabir and S. A. Jahan (2016). "A review on the distribution of Hg in the
environment and its human health impacts." Journal of Hazardous Materials 306: 376-385.
Koivula, N. and K. Hänninen (2001). "Concentrations of monosaccharides in humic substances
in the early stages of humification." Chemosphere 44(2): 271-279.
Kolopajlo, L. (2017). Analytical Methodologies for Arsenic, Selenium, and Mercury: A
Historical Perspective. Elements Old and New: Discoveries, Developments, Challenges, and
Environmental Implications, American Chemical Society. 1263: 141-172.
Kothawala, D. N., E. von Wachenfeldt, B. Koehler and L. J. Tranvik (2012). "Selective loss
and preservation of lake water dissolved organic matter fluorescence during long-term dark
incubations." Science of The Total Environment 433(Supplement C): 238-246.
Liang, L., M. Horvat and N. S. Bloom (1994). "An improved speciation method for mercury
by GC/CVAFS after aqueous phase ethylation and room temperature precollection." Talanta
41(3): 371-379.
Lyman, S. N. and D. A. Jaffe (2011). "Formation and fate of oxidized mercury in the upper
troposphere and lower stratosphere." Nature Geoscience 5: 114.
Ma, M., H. Du, D. Wang, S. Kang and T. Sun (2017). "Biotically mediated mercury methylation
in the soils and sediments of Nam Co Lake, Tibetan Plateau." Environmental Pollution
227(Supplement C): 243-251.
Madigan, M. T. and J. M. Martinko (2006). Brock biology of microorganisms. Upper Saddle
River, N.J, Pearson Prentice Hall.
Marschner, B. and K. Kalbitz (2003). "Controls of bioavailability and biodegradability of
dissolved organic matter in soils." Geoderma 113(3): 211-235.

60

Martínez Francés, E. (2017). Biodegradability and Spectroscopic Properties of Dissolved
Natural Organic Matter Fractions Linked to Hg and MeHg Transport and Uptake, University
of Oslo.
McMurry, J. (2012). Organic chemistry. Belmont, Calif., Brooks Cole.
Mladenov, N., Y. Zheng, M. P. Miller, D. R. Nemergut, T. Legg, B. Simone, C. Hageman, M.
M. Rahman, K. M. Ahmed and D. M. McKnight (2010). "Dissolved Organic Matter Sources
and Consequences for Iron and Arsenic Mobilization in Bangladesh Aquifers." Environmental
Science & Technology 44(1): 123-128.
Norwegian Institute for Water Research (NIVA). (2017, 11/12/2017). "Langtjern – long term
ecological

monitoring."

Retrieved

05/01/2018,

2018,

from

https://www.niva.no/en/services/environmental-monitoring/langtjern.
Oliver, B. G., E. M. Thurman and R. L. Malcolm (1983). "The contribution of humic substances
to the acidity of colored natural waters." Geochimica et Cosmochimica Acta 47(11): 20312035.
Papathanasiou, G., K. N. White, R. Walton and S. Boult (2011). "Toxicity of aluminium in
natural waters controlled by type rather than quantity of natural organic matter." Science of The
Total Environment 409(24): 5277-5283.
Poste, A. E., H. F. V. Braaten, H. A. de Wit, K. Sørensen and T. Larssen (2015). "Effects of
photodemethylation on the methylmercury budget of boreal Norwegian lakes." Environmental
Toxicology and Chemistry 34(6): 1213-1223.
PreSens (2016). SensorDishes® & SensorVials Instruction Manual.
PreSens. (2018). "SensorVial SV-PSt5-4mL - Product."

Retrieved 04/05/2018, 2018, from

https://www.presens.de/products/detail/sensorvial-sv-pst5-4ml.html.
Ravichandran, M. (2004). "Interactions between mercury and dissolved organic matter––a
review." Chemosphere 55(3): 319-331.
Rudberg, B. (1995). Aluminium, jern og silisium i jordvæske fra HUMEX-feltet : fraksjonering
av aluminium og jern, B. Rudberg.

61

Schmitt-Kopplin, P. and J. Junkers (2003). "Capillary zone electrophoresis of natural organic
matter." Journal of Chromatography A 998(1–2): 1-20.
Stevenson, F. J. (1982). Humus chemistry : genesis, composition, reactions. New York, Wiley.
Sullivan, T. J., H. M. Seip and I. P. Muniz (1986). "A Comparison of Frequently Used Methods
for the Determination of Aqueous Aluminum." International Journal of Environmental
Analytical Chemistry 26(1): 61-75.
Tranvik, L. J. and D. O. Hessen (1998). Aquatic humic substances : ecology and
biogeochemistry. Berlin, Springer.
Ullrich, S. M., T. W. Tanton and S. A. Abdrashitova (2001). "Mercury in the Aquatic
Environment: A Review of Factors Affecting Methylation." Critical Reviews in Environmental
Science and Technology 31(3): 241-293.
United Nations Environment Programme (UNEP) (2013). Global Mercury Assessment 2013:
Sources, Emissions, Releases and Environmental Transport. Geneva, United Nations
Environment Programme.
United States Environmental Protection Agency (EPA) (1998). Method 1630: Methyl Mercury
in Water by Distillation, Aqueous Ethylation, Purge and Trap, and Cold Vapor Atomic
Fluorescene Spectrometry: 55.
United States Environmental Protection Agency (EPA) (2002). Method 1631, Revision E:
Mercury in Water by Oxidation, Purge and Trap, and Cold Vapor Atomic Fluorescence
Spectrometry: 45.
Vallino, J. J., C. S. Hopkinson and J. E. Hobbie (1996). "Modeling bacterial utilization of
dissolved organic matter: Optimization replaces Monod growth kinetics." Limnology and
Oceanography 41(8): 1591-1609.
van Loon, G. W. and S. J. Duffy (2011). Environmental Chemistry: A Global Perspective.
United Kingdom, Oxford University Press.
Vogt, R. and E. Gjessing (2008). Correlation between optical and chemical properties of
DNOM.

62

Wania, F. (2003). "Assessing the Potential of Persistent Organic Chemicals for Long-Range
Transport and Accumulation in Polar Regions." Environmental Science & Technology 37(7):
1344-1351.
Wickland, K. P., J. C. Neff and G. R. Aiken (2007). "Dissolved Organic Carbon in Alaskan
Boreal Forest: Sources, Chemical Characteristics, and Biodegradability." Ecosystems 10(8):
1323-1340.
Wolkin, A., D. Hunt, C. Martin, K. L. Caldwell and M. A. McGeehin (2012). "Blood mercury
levels among fish consumers residing in areas with high environmental burden." Chemosphere
86(9): 967-971.
World Health Organization (WHO). (2016, 2016/01). "Mercury and health."

Retrieved

2016/10/28, from http://www.who.int/mediacentre/factsheets/fs361/en/.
Wright, R. F. (1983). "Input-output budgets at Langtjern, a small acidified lake in southern
Norway." Hydrobiologia 101(1): 1-12.
Zhang, H., X. Feng, T. Larssen, G. Qiu and R. D. Vogt (2010). "In inland China, rice, rather
than fish, is the major pathway for methylmercury exposure." Environmental Health
Perspectives 118(9): 1183-1188.
Zhang, J., J. Dai, R. Wang, F. Li and W. Wang (2009). "Adsorption and desorption of divalent
mercury (Hg2+) on humic acids and fulvic acids extracted from typical soils in China." Colloids
and Surfaces A: Physicochemical and Engineering Aspects 335(1): 194-201.
Zheng, W., L. Liang and B. Gu (2012). "Mercury Reduction and Oxidation by Reduced Natural
Organic Matter in Anoxic Environments." Environmental Science & Technology 46(1): 292299.

63

Appendix
A.1 Sampling site photos

Langtjern, the sampling site for the study, taken on 22 September 2017. This photo was taken from the northern
shore of the lake, facing south. Hypolimnion samples were taken near the island at the center of the photo.
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Outlet (LAE01) of Langtjern.

Inlet (LAE03) of Langtjern. A V-notch weir was installed in the inlet to gauge the water level.
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A.2 Size fractionation
A.2.1 Procedure
All glassware used for the fractionation process were heated in a furnace at 450 °C to combust
any organic matter within the containers. All plastic containers used were new. This was done
to minimize any possible contamination of organic material or mercury in the containers.
The fractionation system consists mainly of a feed tank, a peristaltic pump (Watson Marlow
701S), and a test cell. The samples (or feed) are placed in the feed tank, which drains at the
bottom toward the peristaltic pump. The pump circulates the feed to the test cell, where the
membrane is situated. Inside the test cell, the molecules in the feed either pass through the
membrane if they are below 100 kDa, or tangentially flow across the membrane if the molecules
are too large. Water molecules and aqueous ions thus flow freely through the membrane along
with the fraction of DNOM that is smaller than 100 kDa. The two fractions are then pumped
out of the test cell. Both fractions can either be collected separately or allowed to recirculate
back into the tank to condition the system.
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The tangential flow filtration system (KWR Watercycle Research Institute MTA) in use at NIVA. The tank is
located at the bottom of the system. The membrane is installed between the metal blocks located above the tank.
The sample flows through the membrane and is fractionated by size.

The 100 kDa size cut-off was chosen as previous experiments using a 10 kDa cut-off yielded
TOC results below the limit of quantification of 1.86 mg C/L (Section 3.6) (Martínez Francés
2017).
Prior to the fractionation of the samples, the membrane was washed inside the system by
pumping a 0.2 % Na-EDTA and NaOH solution to remove the protective coating on the surface
of the membrane. The membrane was physically compressed (compacted) overnight by running
water through the system at 10 bars. The membrane was tested in between fractionations to
ensure that the flow rates through the system were acceptable. The compaction, membrane
67

testing, and cleaning of the system used water purified by reverse osmosis (RO water). Before
replacing the water with samples for fractionation, the RO water inside the tank and from the
fractions were collected and analysed for TOC, to check for any possible contamination within
the tank or inside the tubings. A small aliquot of the sample water was also collected for TOC
analysis prior to the fractionation process.
Three replicates were performed for all the samples, except for the hypolimnion lake sample
from April, where only two replicates were conducted. The first two replicates used small
volumes (about 2 L as feed and 0.3 L collected from each fraction), while the third replicate
used a larger volume (over 4 L as feed and 1 L collected from each fraction). The volume of
sample placed into the tank and collected during the fractionation were measured to check the
balance of volume in the system.
Once the sample has been placed in the tank, the pump was started and the two fractions were
collected and measured as flush water before disposal. The flush water was disposed as it was
used to condition the system. The total volume of flush water (from the two fractions) was
measured to make sure that the total volume in the system had at least a 4:1 ratio with the
volume of each fraction collected (e.g. a volume of 0.3 L was collected for each fraction when
1.2 L of sample was left in the tank, and 1 L collected when 4 L of sample was left in the last
replicate). After approximately 0.5 L of flush water was reached (to ensure conditioning of the
system and that the tubings have been washed with the sample), the two fractions were collected
and recirculated back into the feed tank for the next 30 minutes. The recirculation was done to
ensure that the system has been completely conditioned. After recirculation, the HMW and
LMW fractions were finally collected for analysis. The remaining sample in the tank was
drained and collected, and its volume measured.
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A.2.2 DOC analysis of size fractions
Calculations for the DOC distributions and gains and losses for the spring samples.

Location

Replicate Fraction

1

Inlet

2

Sample

1

Outlet

2

Sample

1
Hypolimnion
Sample

Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW

Sample
DOC
volume
(mg/L)
(L)
10.126
1.60
11.725
1.30
5.190
0.30
10.460
1.59
12.707
1.29
4.899
0.30
10.418
3.47
11.547
2.47
4.359
1.00
10.144
1.49
10.985
1.19
7.873
0.30
10.257
1.51
11.866
1.21
7.075
0.30
10.468
3.98
12.369
2.98
5.279
1.00
9.689
2.02
12.051
1.52
2.817
0.50
9.787
3.99
12.113
2.99
3.400
1.00

DOC
DOC
mass distribution
(mg)
(%)
16.20
15.24
90.73
1.56
9.27
16.63
16.39
91.77
1.47
8.23
36.15
28.52
86.74
4.36
13.26
15.11
13.07
84.70
2.36
15.30
15.49
14.36
87.12
2.12
12.88
41.66
36.86
87.47
5.28
12.53
19.57
18.32
92.86
1.41
7.14
39.05
36.22
91.42
3.40
8.58

DOC
DOC
gain/loss gain/loss
(mg)
(%)
0.60
3.69

1.23

7.40

-3.27

-9.05

0.32

2.11

0.99

6.41

0.48

1.14

0.15

0.79

0.57

1.45
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Calculations for the DOC distributions and gains and losses for the summer samples.

Location Replicate Fraction

1

Inlet

2

Sample

1

Outlet

2

Sample
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Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW

DOC
(mg/L)
11.970
14.394
7.871
10.952
14.132
4.602
11.216
14.094
6.102
7.370
7.802
5.437
8.316
9.703
4.480
9.490
10.343
6.369

Sample
volume
(L)
1.45
1.15
0.30
1.51
1.21
0.30
3.99
2.99
1.00
1.49
1.19
0.30
0.99
0.74
0.25
3.98
2.98
1.00

DOC
DOC
DOC
DOC
mass distribution gain/loss gain/loss
(mg)
(%)
(mg)
(%)
17.36
1.56
8.98
16.55
87.52
2.36
12.48
16.54
1.94
11.75
17.10
92.53
1.38
7.47
44.75
3.49
7.80
42.14
87.35
6.10
12.65
10.98
-0.07
-0.60
9.28
85.06
1.63
14.94
8.23
0.07
0.82
7.18
86.51
1.12
13.49
37.77
-0.58
-1.53
30.82
82.87
6.37
17.13

Calculations for the DOC distributions and gains and losses for the fall samples.

Location

Replicate

1

2

Inlet

Sample

1

Outlet

2

Sample

1

Hypolimnion

2

Sample

Fraction
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW
Bulk
HMW
LMW

Sample
DOC
volume
(mg/L)
(L)
17.767
1.37
22.188
1.07
11.756
0.3
17.939
1.32
23.000
1.02
7.624
0.30
18.047
3.97
22.410
2.97
7.904
1.00
17.146
1.42
19.959
1.12
11.338
0.30
16.957
1.57
22.264
1.17
7.127
0.40
16.633
3.97
20.777
2.97
9.231
1.00
9.342
1.38
10.559
1.08
6.832
0.30
9.439
0.92
12.245
0.70
3.453
0.23
9.229
3.78
11.146
2.78
4.008
1.00

DOC
DOC
DOC
DOC
mass distribution gain/loss gain/loss
(mg)
(%)
(mg)
(%)
24.34
2.93
12.03
23.74
87.07
3.53
12.93
23.68
2.07
8.73
23.46
91.12
2.29
8.88
71.65
2.82
3.93
66.56
89.39
7.90
10.61
24.35
1.41
5.78
22.35
86.79
3.40
13.21
26.62
2.28
8.55
26.05
90.14
2.85
9.86
66.03
4.91
7.43
61.71
86.99
9.23
13.01
12.89
0.56
4.35
11.40
84.77
2.05
15.23
8.68
0.68
7.85
8.57
91.52
0.79
8.48
34.89
0.11
0.31
30.99
88.55
4.01
11.45

A.3 Conductivity and pH
Before measuring the conductivity of samples, the instrument was first calibrated using a
calibration solution at 84 μS·cm-1. The pH meter was calibrated with buffer solutions at pH 4.00
and 7.00.
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pH, conductivity, and temperature readings of samples from the spring.

Season

Spring

Location

Fraction
Raw
Bulk
Inlet
HMW
LMW
Raw
Bulk
Outlet
HMW
LMW
Raw
Bulk
Hypolimnion
HMW
LMW

Conductivity Temperature
pH
(μS/cm)
(°C)
5.19
15.60
17.9
4.91
17.11
17.7
4.91
19.18
14.9
5.31
9.92
15.9
5.21
13.94
15.8
4.97
17.74
17.5
4.93
20.50
18.0
5.30
11.82
17.2
5.39
12.30
17.0
5.42
13.04
16.1
5.33
15.19
16.8
5.67
8.27
16.3

pH, conductivity, and temperature readings of samples from the summer.

Season

Location
Inlet

Summer
Outlet
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Fraction
Raw
Bulk
HMW
LMW
Raw
Bulk
HMW
LMW

Conductivity Temperature
pH
(μS/cm)
(°C)
4.94
13.94
19.5
4.96
14.61
17.9
4.86
17.69
17.8
5.31
8.43
16.9
5.44
9.57
16.8
5.51
9.38
17.3
5.45
11.39
17.4
5.64
8.21
16.8

pH, conductivity, and temperature readings of samples from the fall.

Season

Location

Fall

Fraction
Raw
Bulk
Inlet
HMW
LMW
Raw
Bulk
Outlet
HMW
LMW
Raw
Bulk
Hypolimnion
HMW
LMW

Conductivity Temperature
pH
(μS/cm)
(°C)
4.56
22.50
20.8
4.58
21.40
19.7
4.74
19.71
18.3
5.10
9.07
19.3
4.81
19.65
21.0
4.75
20.60
21.3
4.81
16.41
18.3
5.20
8.33
18.7
5.36
23.10
22.8
5.63
16.17
21.1
5.71
9.80
19.4
5.90
5.74
19.1

A.4 Total organic carbon analysis
The potassium hydrogen phthalate used for the calibration standards were first dried at around
105–120 °C for at least one hour, prior to the preparation of solutions. A 1000 ppm C stock
solution was made, which was then used to prepare standard solutions ranging from 3 ppm C
to 30 ppm C.

TOC Calibration
120
100
y = 3.5123x + 1.8586
R² = 0.9998

Area

80
60
40
20
0
0

5

10

15

20

25

30

35

Concentration, mg·L-1

Calibration curve for the TOC analysis.
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A.5 Major cations
The instrument settings for the Varian Vista AX CCD simultaneous ICP–OES are as follows:
Instrument settings for the ICP–OES analysis.

Parameter
RF power
Plasma Ar flow
Auxiliary Ar flow
Nebulizer Ar flow
Instrument stabilization delay
Sample uptake delay
Pump rate
Rinse time
Reading time
Number of replicates

Settings
1.00 kW
15.0 L/min
1.50 L/min
0.75 L/min
15 s
30 s
15 rpm
10 s
1.00 s
3

All standards and samples in the analysis were matrix matched by adding concentrated (65 %)
nitric acid to a final concentration of 0.3 M. Calibration standards were run after every twelve
samples to compensate for instrumental drift, and a blank test after the last calibration point
was done to ensure that there are no cations carried over prior to sample analysis. A rinsing
solution was also used in between sample readings to avoid the same cation signal carry over
between succeeding samples.
Multiple wavelengths were analysed for each cation during the experiment, but only one
wavelength was selected for the determination of the analyte concentration. The best
wavelength was selected based on signal intensity (in counts per second, or c/s) and the absence
of neighbouring signals within a given wavelength.

A.6 Major anions
A Thermo Scientific Dionex Seven Anion Standard II (in deionized water), with Lot # 1195PW, was used for the preparation of the calibration standards. The standard contains the
following anions: fluoride (20 mg·L-1), chloride (100 mg·L-1), nitrite (100 mg·L-1), bromide
(100 mg·L-1), sulphate (100 mg·L-1), nitrate (100 mg·L-1), and phosphate (200 mg·L-1).
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A.7 UV-Vis absorbance
The instrument’s lamps were first allowed to warm up for a minimum of 30 minutes before the
start of any analysis.
The sample cuvette was rinsed with Type I water after every sample. The readings were saved
as comma-separated values (CSV) files to allow for the determination of absorbance values at
specific wavelengths.

A.8 Aluminium and iron fractionations
A 30 mL aliquot of the sample is taken, then phenol red is added as an indicator. 8hydroxyquinoline is added to complex with Al in the solution. A 25 % NH3 solution is then
added until the mixture turns red due to the phenol red indicator. An ammonium acetate
extraction buffer is then added to the solution to adjust and keep the solution pH at 8.3. MIBK
is then added to extract the aluminium oxinate from the solution. The resulting mixture is then
allowed to stand to let the two phases separate, and the aqueous layer discarded. The organic
layer with MIBK is then saved for analysis (Barnes 1975).

A.8.1 Ion exchange
A peristaltic pump with a 38 mL/min speed is used to first pump an eluent (4×10-4 M NaCl
solution) through the exchange column (Merck Ion exchanger Amberlite® IR-120, strongly
acidic cation exchanger). After around 60 mL of the eluent has rinsed the column, the sample
is pumped through. 60 mL is used to condition the column and tubing, and the next 35 mL was
collected for extraction.

A.8.2 Extraction
All samples (total and organic fraction) and standards were run through the extraction process.
30 mL of the sample was placed into a plastic extraction funnel. The following solutions were
then added sequentially to the sample in the funnel as quickly as possible, using dispensers to
assist:


0.25 mL phenol red



mL 8-hydroxyquinoline
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25% aqueous NH3 until the solution turns red (approximately 0.25 mL)



2.5 mL extraction buffer



10 mL methyl isobutyl ketone (MIBK)

The solution was then shaken for 20 seconds. Afterwards, the funnel was placed on a stand to
rest to allow the phases to separate. Except for a small amount, the lower water layer was
discarded, while the remainder

MIBK

phase was collected. The collected samples were then

stored for a day in a cold room to allow for the complete separation of the two phases.

A.8.3 Analysis of Fractions
After extraction, the samples and standards were analysed using a UV-Vis spectrophotometer
(Section 3.8). The absorbance values at 395 nm (Al) and 600 nm (Fe) were measured to
determine concentrations.

A.9 Biodegradation
A.9.1 Inoculum preparation
A nutrient solution was prepared by dissolving K2HPO4 and NH4NO3 to produce a 0.01 M stock
solution of both phosphate and nitrate. 1 mL of this nutrient solution was added to
approximately 99 mL of water from Langtjern filtered through a 2.0 μm filter. The filtration
was done to remove any particles or microorganisms larger than bacteria. A 2.0-μm cutoff was
selected in order to remove the larger organisms that may consume the bacteria. This will leave
the bacteria as the dominant organism in the inoculum (Håland 2017).
The filtered solution was then placed in a 250-mL Erlenmeyer flask, and covered in foil. The
flask was then placed on a shaker running at 100 rpm (Edmund Bühler Compact Shaker KS15A) for around 3 days.

A.9.2 Sample preparation
A glucose solution containing 10 mg DOC/L acts as a reference material which the bacteria can
easily degrade during the experiment.
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On a set of 25-mL volumetric flasks, 250 μL each of the inoculum and the prepared nutrient
solutions were placed. The flasks were then filled to the mark with either the glucose reference
material or the samples. The final solutions were mixed well.
Approximately 5.3 mL of the solution were then delivered into the SensorVials. The vials have
a maximum filling volume of 5 mL, but an excess amount was added to ensure that no
headspace remained upon closing the vials. Three replicates for the glucose reference and
samples were used on each run. Blanks using Type I water were also used.
The vials were tightly closed with screw caps, with the top area sealed with Parafilm to ensure
no leakage of oxygen during the experiment. The vials were then placed in a 24-well plate,
which was then placed on the SDR.

A.9.3 Biodegradation proper
The plate with sample vials equipped with oxygen sensor was then set in an incubator (INCULine IL 56 Prime) set at a constant temperature of 25 °C. The oxygen reading is initiated as
soon as possible.
The software used for oxygen reading was PreSens SDR_v38, which allows for the continuous
measurement of oxygen content in each vial at an interval of 15 seconds. The biodegradation
process was allowed to run for at least 3 days.

A.9.4 Cleaning of vials
At the end of the biodegradation experiment, the samples were analysed for their UV-Vis
absorbance (Section 3.9) before being discarded. The vials were then rinsed with Type I water,
then filled with a 20 % ethanol solution for 1–2 hours, then rinsed with Type I water once again.
The vials were then allowed to dry in an oven for 3 days at around 55 °C.

A.9.5 Biodegradation results
The rate of biodegradation of a sample was calculated by finding the slope of the curve where
oxygen decreases:
𝐵𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =

[𝑂2 ]𝑖 − [𝑂2 ]𝑓
𝑇𝑓 − 𝑇𝑖
77

where [O2] is the concentration of oxygen (in µmol/L), T is the time (in hours), and f and i
denote the final and initial points of the experiment. The biodegradation rates were determined
using RStudio®. The respiration rate is then calculated by dividing the biodegradation rate by
the estimated amount of DOC in the sample. Respiration rates are measured in mol O2/g C·h.
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