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Abstract

Methane concentration maxima in surface waters have been observed in several studies, which
contradicts the understanding of methane production occurring strictly in anoxic environments. Various
hypotheses of production pathways of the gas in that zone have been presented, but with further
research needed to be conducted in the subject. In this bachelor thesis, it is investigated if indications
are seen of methane production in the oxygenated surface water in the area of Askd, northern Baltic
proper, and if the possible production is effected by the summer algal bloom. Contribution to water-
air-fluxes from the possible production and indications of production pathway(s) are also examined.
Water samples (profiles and surface waters), incubation experiments, water-air-flux measurements and
gualitative analyses of phytoplankton genera were conducted before, during and after the algal bloom
in the Askd area. Concentrations of methane, carbon dioxide and nitrous oxide were analysed as well
as the isotope composition of the methane. The collected data shows of high concentrations of methane
in surface waters with respect to the atmosphere and with increasing methane during the algal bloom:
range between ~ 20 - 30 nM at deeper areas and ~ 140 - 150 nM at shallower areas. A concentration
maxima within the thermocline was found in one of the sites in June, otherwise, increasing
concentrations towards the seafloor were seen. The isotope composition in surface waters was “*C-
depleted when compared to methane in the atmosphere, with a range between ~ -60%o to -55%o
throughout the summer. The water profiles also showed of more depleted methane in surface waters
than in bottom waters in most of the months. The methane water-air-fluxes were highest in August at
the southern part of Askd, with fluxes up to 5.0 £ 0.4 mg m™ day " in shallow water areas. Dark incubation
experiments (5 weeks long) did not provide any signs of methane production. Conclusions from this
investigation is that it is believed that a vertical upward transport of diffusing gas from the sediment
was not the only source of methane to the surface water. Two other methane sources are suggested, i)
ebullition of *C-depleted methane from the sediment with bubbles reaching up to the mixed layer: in
situ at the northern side of Askd as well as at shallower areas at the southern side with further lateral
transport to open coastal waters, ii) methane production in the photic zone of the surface water at the
southern side of Asko. Further research is needed to be conducted in the Askod area to provide more
insights of these hypotheses: light incubation experiments of surface water, data of water currents in
the area, isotope composition of methane from diffusion and ebullition from the sediments as well as
geophysical acoustic data from ebullition sites.
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1. Introduction

Methane (CH,4) as an atmospheric greenhouse
gas has a contributing role in the research about
climate change. The global annual mean of the
atmospheric  concentration of CH; has
increased since the beginning of the pre-
industrial time from 0.722 ppm in year 1750
(IPCC, 2013) to 1.89 ppm in 2011 (Dlugokencky,
2017). Sources of CH, to the atmosphere are
from either anthropogenic sources or natural
sources, where natural sources include
emissions from wetlands, termites, plants, lakes
and oceans (Bousquet et al., 2006). Even
though there has been extensive research
about methane and its emission sources to the
atmosphere, the annual global CH4 budget with
sources and sinks is not complete where
observed long-term variations in atmospheric
concentration is not yet explained (IPCC, 2013).

An on-going debate that could be of use to
create further insights of these observed
variations  regards CH; production in
oxygenated surface waters. Dissolved CH, in
oceans and freshwater lakes is produced
through biological activity. The production has
long been believed to strictly occur in anoxic
environments by methanogenic archaea
(methanogens) during anaerobic respiration
(Ferry, 1993a). Although, concentrations
maxima of CH, in oxygenated surface waters
has regularly been observed. Production
processes for CH, in the oxygenated zone is not
yet understood. Different theories have been
presented, but no agreement has been made.
One suggestion is interaction between
methanogens with either zooplankton (Angelis
and Lee, 1995; Karl and Tilbrook, 1994) or
phytoplankton (Grossart et al.,, 2011; Tang et
al., 2014), while other theories regards the role
of nutrient limitations in the water (Karl et al.,
2008; Damm et al., 2010). Several of the
observations of high CH,; concentration in
surface waters have been made in freshwater
lakes and in high latitude oceans waters. It is
therefore of interest to investigate if similar
observations can be made in the brackish water
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of the Baltic Sea. For this bachelor thesis,
further examinations are made concerning the
theory of CH4 production due to interaction
between methanogens and phytoplankton.

1.1 Aim & hypothesis

The aim of this bachelor thesis is to investigate
if there are indications of methane production
in oxygenated surface waters due to
methanogens-phytoplankton interaction and to
analyse if this production of CH, significantly
contributes to a water-air-flux. It is also of
interest to search for indications of production
pathway(s) of CH, in the waters of the study
area. To meet the aims, concentration and
isotope composition of CH4 in water columns
were analysed and amount of water-air-fluxes
were measured before, during and after the
summer algal bloom in the area of Askd, south
of Stockholm. Light and dark incubation
experiments were conducted to investigate if
the CH,4 concentration and isotope composition
changed during incubation. Dominating genera
of phytoplankton in the surface waters were
also examined.

The working hypothesis is that there exists a
CH4 production in the surface waters in the
study area that significantly contributes to a CHy
water-air-flux. The production pathway is
believed to be through hydrogenotrophic
methanogenesis, where methanogens uses H,
produced by cyanobacteria. Therefore, the
hypothesis is that the methane concentration
should increase during the summer algal
blooms.

1.2 Background

Profiles of CH, concentrations throughout a
water  column usually  show lower
concentrations in the oxygenated surface
waters, with increasing concentrations towards
bottom waters (Whiticar, 1999). What governs
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the distribution of CH, in the water column is
the CH,; production by methanogens in the
anoxic sediments, which provides a CH, flux
from the sediment to the water either by
diffusion or by ebullition. When CH,4 enters the
water column, a vertical transport of CH,
diffuses the gas upwards. Although, this
transport is limited in highly stratified waters
and due to aerobic and anaerobic methane
oxidation by organisms in the water, the
concentration decreases towards the surface
(Reeburgh and Heggie, 1977). Similar water
profiles have been observed in the Baltic Sea,
with surface concentrations of CH,; < 8 nM and
bottom waters > 80 nM (Gllzow et al., 2013). It
has also been observed surface waters
supersaturated with CH,, leading to conclusions
that the Baltic Sea is a source of CH, to the
atmosphere (Bange et al., 1994; Giilzow et al.,
2013; Schmale et al., 2010).

Regarding the isotope composition of CH, in a
water column, usually heavier compositions are
found in the surface water compared to in the
bottom waters. This is due to that production in
the sediment provides *C-depleted CH, and
when diffusing into the water, oxidation of the
gas enriches the CH, with §*C (Whiticar, 1999).
Dissolved CH, in the surface water in
equilibrium with the atmosphere provides
similar values as CHy in the gas phase (Knox et.
al., 1992).

Methanogenesis is the production of CH,; by
methanogens during oxidation of carbon-
containing components. There are different
pathways for the CH4 production, meaning that
methanogens use different compounds as
source of carbon and source of energy to
produce methane. The production pathways
are hydrogenotrophic methanogenesis (eq. 1)
(Mahetal., 1977), acetoclastic methanogenesis
(eq. 2) (Gelwicks et al, 1994) and
methylotrophic  methanogenesis (eq. 3)
(Deppenmeier et al., 1996; Penger et al., 2012):

4H2 (Gq) + COZ - CH4 (Gq) +2H20
(eq. 1)
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CH3;COOH > CH, (ag) + CO, (ag)

(eq. 2)
4CH;0H - 3CH, (aqg) + CO, (agq)+2H,0

(eq. 3)

In the hydrogenotrophic methanogenesis,
hydrogen (H,) and carbon dioxide (CO,) are
used in the redox reaction to produce CH, and
water (H,0) where H, is oxidised and CO,
reduced. For the case of CH4 production in the
surface waters, H, is produced during fixation of
nitrogen (N,) by heterocystous cyanobacteria
(Bothe et al., 2010). Incubation experiments
conducted by Berg et. al (2014) gives support to
the hypothesis that methanogens are able to
use the produced H, from cyanobacteria to
further produce CHa.

In acetoclastic methanogenesis, methanogens
use acetate (CH3COOH) to produce CH; and
CO,, where the acetate is produced by bacteria
during fermentation of organic matter. The
reaction is a redox reaction where the methyl
group (CHs) is being reduced, while the carbonyl
group (COOH) is being oxidised (Ferry, 1993b).
In the CH4; production done through
methylotrophic methanogenesis, the methano-
gens use methyl compounds, as for example
methanol (CH;0OH). The carbon in the methyl
compound forming CH, is being reduced, while
the carbon forming CO, is being oxidised
(Deppenmeier et al., 1996).

The isotopic signature from each pathway is
difficult to determine accurately (Conrad,
2005). However, studies have shown that
methylotrophic methanogenesis is the pathway
that fractionates the most, while the
acetoclastic methanogenesis the least (Conrad,
2005; Whiticar et al., 1986).

The oceans contain dissolved gases whose
solubility depends on temperature, salinity and
pressure (Yamamoto et al., 1976). Therefore, in
a specific environmental condition a specific
amount of gas can be dissolved. The dissolved
gas in the water strives to reach an equilibrium
with the gas in the atmosphere. This creates a
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water-air-flux, where gas is either emitted from
the water into the air, and vice versa. With a
positive water-air-flux, gas is emitted into the
air while with a negative flux, the opposite is
happening. Other factors that affects the flux
are wind speed, wind direction, surfactants in
the water surface, amount of rain and the drop
size of the rain, breaking waves and bubbles.
What is in common for these factors is that it
provides kinetic energy to the water surface
and with higher kinetic energy, the flux
increases (Ho et al.,, 1997; Wanninkhof et al.,
2009).

The yearly algal bloom in the Baltic Sea occurs
usually in July-August, with warm temperatures
and low amount of wind promoting a richer
bloom. Therefore, the intensity of the algal
bloom varies from year to year with spatial and
timely variation (Hansson, 2006). The summer
algal bloom consists of phytoplankton
cyanobacteria.  The  capability of the
cyanobacteria for nitrogen fixation provides a
great advantage when organic nitrogen is
depleted during parts of the summer,
compared to other phytoplankton that cannot
achieve this (Klawonn et al.,, 2016). The most
common cyanobacteria genera during the algal
bloom in the area around Askd are
Aphanizomenon  spp., Nodularia  spp.,
Dolichospermum spp. and Lyngbya spp (Stal et
al,, 2003; Wasmund and Uhlig, 2003). As
mentioned in section 1.2.3 Methane production
pathways, nitrogen fixation can be coupled with
hydrogenotrophic methanogenesis.

Several research studies have presented
observations of high CH,; concentration in
oxygenated surface waters. The observations
have been made in freshwater lakes or in high
latitude ocean waters, often in conjunction with
the thermocline or with an oxygen
concentration maxima. High methane water-
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air-fluxes have in also been observed in the
same studies. Different theories of the
production processes of CH,; have been
presented. Already in 1977, Scranton et. al.
presented observations of this phenomena and
suggested an in situ biological pathway for the
methane production. Later on, in 1994 Karl &
Tillorook observed methane supersaturation in
the surface waters with respect to the
atmosphere in the North Pacific Ocean. The
study presented a hypothesis that the methane
production occurred in the guts of zooplankton,
which later was released out to the surface
waters by the faecal pellets of the zooplankton.
The zone of where the CH, concentration
maxima was found in that study was in the
zooplankton down- and upward migration
zone. Another hypothesis that has been
suggested is methylotrophic methanogenesis
with methylated compounds from degradation
of MPn (methylphosphonate) in phosphorous-
limited waters (Karl et al., 2008) or from
degradation of DMSP (dimethylsulfonio-
propionate) in nitrogen-limited waters (Damm
et. al., 2010). Although, Grossart et al. (2011)
and Tang et. al. (2014) argued against this and
suggested that the methane production is
performed by oxygen tolerant methanogens
through either hydrogenotrophic or aceto-
clastic methanogenesis.

Besides CH,; production, another source of
methane into the upper water column is from
ebullition from the sediment. The gas bubbles
either dissolve in the water column during the
ascent or reach the water surface without
dissolving, leading to direct emissions into the
atmosphere (Schmale et. al., 2005: Schneider
von Deimling et al., 2011).
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2. Method

Measurements and  sampling  methods
conducted in the field at Asko in June, August
and September were i) water sampling, ii)
water-air-flux measurements with manual
chambers and with an infrared spectrometer,
iii) CTD measurements and iv) transect
measurements of atmospheric concentration
of gases. Water sampling were made
throughout water profiles and in surface
waters, where some samples were used in an
incubation experiment. All samples were
analysed for concentration of CH,;, CO, and N,O
as well as for isotope composition of 83Ceha
Some water samples were collected with a
plankton net to be used in microscope analysis.
To provide a schematic overview of the
methods, figure 1 demonstrates each method
conducted.

2.1 Study site

The study for this thesis has been conducted in
the area of the island Asko at Askd Laboratory
(later on referred to as the station). Askd is
located south of Stockholm in the northern
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Baltic proper in the Baltic Sea (figure 2). The
surface water in the area has a salinity of
approximately 6 - 8%o (Bjorck, 1995) and is
characterised by stratified water columns with
distinct boundary layers from the thermocline
and the halocline. There are seasonal
differences in the stratification, where mixing
within the water column is lower during spring
and summer than during winter and fall (Axell,
1998). Stratified waters together with a long
residence time of the water in the Baltic sea
causes seasonally oxygen deficiency in the
bottom waters (Carstensen et al., 2014).

For this study, four sites around the area of
Askd were chosen for sampling and
measurements: B1, Fifangsdjupet, Julaftons Fyr
and Askd. The main focus has been on B1 and
Fifangsdjupet where water profiles samples
were collected and water-air-flux
measurements conducted in June, August and
September. An extra site for flux measurement
with the infrared spectrometer was chosen in
June as well: Tallholmen (58°51'09.66"N,
17°39'25.51"E). No further measurements or
sampling were made in that site, though.
Overview of which methods used in each site
are given in table 1.

The sediment at all sites except at chamber 1
consists of postglacial clay, gyttja clay and/or
clay gyttja, while the sediment at chamber 1 is

Figure 1. A schematic overview of the methods used to meet the aims of this bachelor thesis.
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Figure 2. Right: overview map of the location of Askd, south of Stockholm. Left: map of Askd and the sites where sampling and

measurements were conducted.

composed of postglacial fine-grained sand
(SGU, 2015). In the vicinity of Tallholmen,
unpublished data shows that methane
ebullition from the sediment occurs, leading to
methane release into the water column (E.
Weidner, personal communication). It was
therefore of interest to choose Fifangsdjupet as
a main site, a site with 24 m water depths to the
seafloor. The site at B1 (40 m depth to the
seafloor) was chosen because it was located in
open coastal water of the Baltic Sea, compared
to Fifangsdjupet that is located in a more
enclosed basin north of the island of Asko
(figure 2). It was of interest to see if differences
would be seen between the sites due to their
locations. Julaftons Fyr (water depth 10 m) was
chosen as a sampling site because during field
sampling in June anomalously high atmospheric
concentration of CH, were measured. The site
of Aské was chosen for manual flux
measurements (depth chamber 1 ~10 m,
chamber 2 ~15 m) for examination of fluxes in
shallow areas.

2.2 Field methods

Water samples throughout the water column at
B1 and Fifangsdjupet and from the water
surface at Julaftons Fyr were collected using a 5
L Niskin bottle. The water was poured through
a pvc tube into 12 mL exetainers for
concentration analysis and into 110 mL glass
bottles for isotope analysis. Duplicate or
triplicate samples were collected for the
concentration analysis and single samples for
the isotope analysis. The glass bottles were
fitted with a butyl stopper and an aluminium
seal. Surface water samples for concentration
analysis at the sites of the manual flux
chambers were collected with a syringe
connected to a PVC tube with the water putinto
exetainers. Samples for isotope analysis were
collected by manually lowering down the
sample bottles in the water and filling them
avoiding bubble formation. To prevent
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Table 1. The table presents the sites and the sampling methods and measurements conducted in each site (conc. = concentrations,
iso. = isotope, LGR = Los Gatos Research Infrared Spectrometer, exp. area = experiment area). The red marked depth for B1 for
concentration and isotope sampling were the sample depthsinJune, while in August and September samples were collected from

all the depths described in the table.

Site Coordinates Conc. & iso. Depth plankton Incubation Air samples LGR CTD
(WGS 84) sample depth (m) net (m) experiment
B1 58°48'18.32"N 0,5, 10, 15, 20, 5 June, Sep No June, Aug, Yes
17°37'48.32"E 25, 30, 35, 40 Sep
Fifangsdjupet | 58°51'27.90"N 0,9,18, 22 5 June, Sep No June, Aug, Yes
17°39'25.57"E Sep
Julaftons Fyr | 58°51'17.35"N 0 None No No June, Sep No
17°36'7.764"E
Chamber 1 58°49'4.303"N 0 None No Yes No No
17°38'12.292"E
Chamber 2 | 58°49'16.032"N 0 None No Yes June No
17°38'4.275"E
June Aské exp. | 58°48'46.148"N None 5 June No No No
area | 17°37'57.723"E
Aug. Askd | 58°48'19.519"N None 5 Aug No No No
exp. area | 17°37'42.589"E
contamination from microbial activity, the into glass bottles with 2 mL of lugol (iodine
concentration samples were poisoned with 100 solution) added for separation of the
uL of a zinc chloride solution (ZnCl,, phytoplankton.
concentration 50%) and isotope samples with 1
mL of 50% ZnCls.
The samples for the incubation experiment
were collected with the Niskin bottle in similar
glass bottles as for the isotope analysis and
sealed !n the same manner. Thoe samples were The oxygen (0,) concentration, salinity,
stored in a cooling room at 15°C for a 5-week- temperature, photosynthetically active

long incubation period. This was made to
simulate similar environmental conditions as it
was during the sampling. To end the incubation,
1 mL of 50% ZnCl, was added to the bottles
through the stopper with a needle. Further
experiments were conducted in June, August
and September using a plankton net instead
(Appendix 1).

To collect water samples for microscope
analysis of phytoplankton genera, a plankton
net (4.1 um) was used. This was lowered down
to a depth of 5 m and then poured intoa 2 L
glass bottle directly on board the research
vessel. In the laboratory, the water was poured

radiation (PAR = solar radiation between 400-
700 nm used in photosynthesis) and turbidity
were measured in the water profiles of B1 and
Fifangsdjupet with a CTD (Sea & Sun
Technology, frequency 4 Hz). Before using the
CTD in the field, the O, sensor was calibrated by
putting the CTD into a bucket of water together
with an aquarium pump for > 20 min. The pump
caused the dissolved O, to equilibrate with the
atmosphere. Calibration was made when the O,
level was stabilised. When using the CTD in the
field, the instrument was firstly lowered down
~0.5 m below the water surface for 1 min to
adjust. Thereafter, it was sent down with a
speed of 25 - 30 cm/sec. The CTD was let to rest
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1 min at the bottom before it was pulled back
up again. No further analysis was needed for
the provided data. However, the results from
PAR was used to obtain the euphotic depth,
which is the depths of which the PAR value is 1%
of the PAR value at the surface (Lee et al., 2007).

Manual flux chambers were placed at two sites,
both near the coast of the station (figure 2 and
3: chamber 1 and chamber 2). The same
locations were chosen for each occasion in
June, August and September. Chamber 1 was
placed towards open waters, though still
protected from high waves, while chamber 2
was placed in a more enclosed area. 1 - 2 air
sample of 50 mL volume were collected each
day from the chambers for further analyses of
the concentrations of CH4, CO, and N,O as well
as the isotope composition of 83Cepa. Air
samples collected on the first day were taken
with a syringe directly from the air to obtain the
start values of atmospheric concentration of
the gases. The following days, the samples were
taken with a syringe connected to a PVC tube.
This tube was in return connected via a three-
way stopcock to another PVC tube fixed to the
chamber. The air samples were injected from
the syringe into an upside down-turned 20 mL
Wheaton vial (filled with saturated saltwater)
through a needle inserted in the lid (butyl
stopper with aluminium seal). When doing so,

Figure 3. The manual flux chambers floating at the chosen
sites: chamber 1 towards open waters and chamber 2 in a
more enclosed area.

10
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parts of the containing saltwater flowed out
through a second needle leaving an
overpressure in the vial.

Measurements of the water-air-fluxes made
with an infrared spectrometer (LGR) from Los
Gatos Research (model 908-0011-0002, serial
12-0022) were conducted at the sites BI,
Fifangsdjupet, Julaftons Fyr and at Asko (in the
vicinity of chamber 2). A floating chamber was
connected to the instrument viaa 26 m long pvc
tube (figure 4) (ID 4 mm, OD 7 mm). The
research vessel was put at drift and the
chamber was placed at the water surface on the
side of the boat that allowed the chamber to
drift away from the vessel’s wind shadow. This
was done so that the movement of the boat
would not cause any disturbance in the water
below the chamber and to minimize the wind
field disturbance around the chamber.
Concentrations of CH,, CO, and H,0 in the air
inside of the chamber were measured with
frequencies of either 1 Hz or every 20" second.
The time of measurements varied between
approximately 5-30 minutes, depending on the
rate of the change in concentration inside of the
chamber. For faster concentration changes,
shorter measurements were done. Some
measurements were also aborted after a short
period of time due to high input of water
vapour into the LGR instrument. During the
measurements, information of the air pressure
(Pa), the air temperature (K) and wind speed
(m/s) were gathered (Appendix 3).

Transects of atmospheric concentration of CH,
were measured between the sites. The tube
was disconnected from the chamber and the
end of the tube was placed at the front of the
boat to not contaminate the air with exhaust
gas from the boat. Coordinates were noted
during the transect along with the time and gas
concentration. The speed of the boat was 10
knots to make later analyse easier.
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Figure 4. Top: The LGR at the boat during a
measurement. The graphs display the real-time
concentration of the gases. Bottom: The floating
chamber connected to the LGR with a 26 m long tube.

2.3 Laboratory & data analysis

Analysis were made of the concentrations of
CH4, CO, and N,O in the water samples,
incubation experiments and air samples. CO,
and N,O were analysed to provide further
information regarding biological activity in the
water and of greenhouse gas fluxes. The
analysis was performed with a gas
chromatograph (GC) from SRI 8610C (figure 5:
top). The water samples were prepared with a
helium headspace > 24 hours before analysis
(exetainers = 4 mlL, incubation experiment
bottles =16 mL) (figure 5: bottom). The samples
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were shaken for ~ 22 hours to achieve
equilibrium between the gaseous and aqueous
phases. 3 mlL headspace gas from the
exetainers and air samples were extracted for
analysis and 2.5 mL from the incubation
experiment bottles (the rest left for isotope
analysis). When extracting the gas, sea water
was simultaneously injected into the exetainers
and water saturated with sodium chloride
(NaCl) into the incubation experiment bottles.
The samples were injected into the GC via two
sequential 1 ml loops onto a parallel pair of
precolumns (3 feet, Porapak Q) and analytical
columns (9 feet, Hayesep D) with carrier gas of
nitrogen 5.0 (99.995% purity). A FID (flame
ionisation detector) was used to analyse the
CHy4, and CO,, with prior reduction of CO, in a

Figure 5. Top: The gas chromatograph (SRI 8610C) used
for concentration analysis of CH4, CO, and N,O. Samples
were injected with a syringe. Bottom: Preparation of the
helium headspace in an incubation experiment bottle.
Water is extracted with a syringe simultaneously as
helium is injected.
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methaniser. The initial temperature of the FID
was 30°C and final temperature of 60°C. An ECD
(electron capture detector) determined the
N,O. Calibration curves were made each day by
a linear regression from the average peak areas
(n=3-10) of a standard with 11.2 £+ 0.22 ppm
CHy4, 1076 £ 22 ppm CO, and 1.07 = 0.11 ppm
N,O. Air samples obtained from the air outside
of the laboratory were used as reference
samples to control the quality of the results
(concentrations of CH; ~ 1,9 ppm, CO, ~ 395
ppm and N,O of ~ 342 ppb previous measured
by 2 other instruments). The standard deviation
of the total number of measured reference air
samples (n = 32) was 7.5%.

The concentration in ppm of the gases were
calculated from the calibration curves. To
calculate the results into molar concentrations,
the following equation was used (Johnson et al.,
1990):

c o= Ng +ny

Y

w

(eq. 4)

C.° = concentration of the dissolved gas in the
original sample (moles Iiter'l)

ng = moles in headspace after equilibration

nw = moles in agueous phase after equilibration

Vw = volume of the water sample (liter)

To calculate ng4 the ideal gas law was used:

P*P ¥V,
n,=——
g RT

(eq.5)

P = air pressure in the headspace (1 atm)

P’ = partial pressure of the gas (ppm value calculated
from the peak area multiplied with 10'6)

V, = volume of headspace (liter)

R = the gas constant (0.08205 atm*L moles *K’l)

T = air temperature during analysis (293 K)

To acquire ny, firstly the Bunsen solubility
coefficient of the dry mole fraction was
calculated for each gas (Wiesenburg and
Guinasso, 1979):
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InB =A; +A, (g) +Asln (ﬁ) +5 [Bl +

()8 (L) ]

B = Bunsen solubility coefficient (moles liter™ atm’l)
S = salinity (set to 6.0%o for all samples. The
difference in the final gas concentration with +1%o is
negligible)

A and B = coefficients for each gas provided from
literature (Appendix 2)

(eq. 6)

Further on, ny can be calculated using Henry’s
Law and the volume of the water (Johnson et
al., 1990):

Ny=P*P *Ky*V,
(eq.7)

Ky = Henry’s constant for a specific gas

The relationship between Ky and B is Ky = B/RT
(Clark, 2015). Therefore, in the equation used in
this thesis the Ky was substituted by B:

PHPI*B*V,
RT

Ny =
(eq. 8)

From the calculated concentrations (C,°) for
each sample, the average concentration and
the total standard deviation were calculated
from the duplicate and triplicate samples:

Stor =+/Ss*Sac

(eq.9)

Stor = total standard deviation

ss = standard deviation from the duplicate/triplicate
samples

Sec = standard deviation of the GC (7.5%) for the
average of the samples (average concentration*
0.075)

Regarding the concentration results of the
experiment samples in June obtained from the
Niskin bottle at B1 and Fifangsdjupet, these
were compared to the results obtained from 0
m depth at the same sites using a two-sided
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paired t-test in R Studio calculating a confidence
interval (Cl) of 95%.

The isotope analysis for the water samples in
the 110 mlL glass bottles, the incubation
experiment bottles and for the air samples in
the Wheaton vials was made in a gas
chromatograph isotope ratio mass
spectrometer (GC-IRMS: GC = Trace GC Ultra
from Thermo Scientific and IRMS = Delta V Plus
from Thermo Electron Corporation). All samples
were preconcentrated in a PreCon with loop
size of 10 mL for samples with headspace
concentration < 25 ppm and a 2 mL loop for
samples > 25 ppm (measured previous in the GC
described in section 2.3.1 Concentration
analysis). The flow of the carrier gas (helium) in
the GC-IRMS was 2.0 mL/min (34 psi),
temperature of the combustion oven at 1020°C,
GC injector temperature of 150°C and split
valve on at 117 mL/min. The reference gas used
in the isotope analysis was CO, (100%). The
average, standard deviation and linearity of the
reference gas (n = 8) was measured each day of
analysis. Calibration calculations of the **¢/*C
ratio of the reference gas were made daily from
a standard of 100% CH,4. The measurements of
the standard were made with direct injections
(n = 4) with standard deviation < 0.1 for the
calculated 6Ccys each day of analysis. In the
calibration calculation, the ratio and isotope
composition (8"Ccua) of the reference gas vs.
the standard was recalculated into the 6Ccua
of the reference gas vs. VPDB. Measurement of
a standard of 4.96 + 2.06 ppm (n = 1) in the
PreCon was made in the beginning, in the
middle and at the end of the day to check the
qguality of the method. The values were
compared with earlier tested values measured
by the laboratory staff.

The method for headspace preparation used is
described in section 2.3.1 Concentration
analysis. The amount of headspace for water
samples analysed with a 10 mL loop was
prepared with a 12 mL headspace and samples
with a 2 mL loop with 4 mL headspace.
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Extraction of headspace gas was done with a
syringe flushed with argon, where 11 mL gas
was used for the 10 mL loop analysis and 3 mL
forthe 2 mLloop analysis, providing a 1 mL flush
of the injection inlet. To obtain the 8Ceua Vs.
VPDB (Vienna Pee Dee Belemnite) of the
samples, the following equation was used:

Rs

62 Copy = (R : 1) * 1000

VPDB

(eq. 10)

51365H4 = jsotope composition of the sample vs. VPDB
Rs = ratio of Be/cin the sample, calculated from
the daily calibrated ratio of the reference gas

Ryeos = given ratio of >¢/*Cin VPDB

From all of the measurements of the 4.96 ppm
standard made in the PreCon during the entire
analysis period (n = 20), a standard deviation of
the calculated 62Cqys from the PreCon was
calculated to 0.7%. For single samples, this
standard deviation was used to obtain errors of
the results. For duplicate and triplicate samples,
the total standard deviation was calculated
according to equation 9. The results of the
experiment samples in June obtained from the
Niskin bottle at B1 and Fifangsdjupet were also
compared to the results obtained from 0 m
depth at the same sites using a two-sided paired
t-test.

Manual flux chambers

Water-air-fluxes (mg m™ day™) of CH,, CO, and
N,O from the manual flux chambers were
calculated using the concentrations (ppm)
analysed as described in section 2.3.1
Concentration analysis. Firstly, it was examined
how the concentration had changed over time
by plotting ppm vs. time. From this, it was
shown that equilibrium of the gases was
achieved in the chambers after approximately 1
- 2 days after placement of the chambers.
Therefore, the air samples collected after the
equilibrium was reached were neglected in
further description. Firstly, calculation of the
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mass of the gases in the chambers for each
sample was made:

= P*P ¥V *(M*10°)
RT

(eq. 11)

m = mass of the gas (mg)

P = air pressure in the headspace (101 325 Pa)

P’ = partial pressure of the gas in the sample (ppm
value calculated from the peak area multiplied with
10°)

V¢ = volume of the chamber (0.006 mg)

M = molecular weight of the gas (CH, =16 g mo/es’l,
CO, =44 g mo/es'l, N,O =44 g mo/es’l) corrected
with 10° to obtain results in mg

R = the gas constant (8.314 Pa*m’ mo/es*K'l)

T = air temperature during analysis (293 K)

Secondly, to calculate the flux where only 2
samples were collected before reaching
equilibrium in the chambers, this equation was

used:
my-my

F=—4
tr-t;

(eq. 12)

F = water-air-flux (mg m? day’l)

m, = mass of the gas from the second air sample
(mg)

m; = mass of the gas from the first air sample (mg)
A = area of the chamber (0.07069 mz)

t, = day of the second sample

t;=0

To obtain the fluxes where > 2 samples were
collected before reaching equilibrium in the
chambers, a linear regression analysis was
made from the calculated mass of the gas
measured from each day (mg day™). The flux
calculation was made by the slope given from
the linear regression (k):

—_ k
F —

The standard deviation for the fluxes were
calculated from the GC standard deviation of
7.5%.
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LGR measurements

The water-air-fluxes of CH, and CO, from the
Los Gatos Research Infrared Spectrometer
(LGR) was calculated by firstly converting the
measurement time from seconds into days.
Secondly, a linear regression analysis was made
in R Studio for measurement with normal
distributed data to obtain a slope (k) of the
change in  concentration  during the
measurement from start to end (ppm day™) and

confidence interval (Cl) of 95%. For
measurements with non-normal distributed
data, a bootstrap (resampling) regression

analysis were made (replicates = 10 000) to
achieve a slope and a basic Cl = 95%. This
regression has shown to be a valid method to
use when having non-normal distributed data
(Wang, 2001). Thirdly, the ideal gas law was
used to calculate the k-value in ppm day™ into
moles day™:

P*(k*10°)*v
ky= ———
RT
(eq. 14)

k, = slope (moles day’l)

P = air pressure during the measurement

k = slope (ppm day’l) corrected with 10°

V =total volume which includes the chamber volume,
the tubes used between the chamber to the LGR and
the inside of the LGR (total = 0.006406 m’)

R = the gas constant (8.314 Pa* mj‘mo/es*l(l)

T = air temperature during the measurement

This equation was also used to calculate the
minimum and maximum k,, where the k value
was exchanged by the first and third percentile
values from the Cl. Fourthly, the minimum,
average and maximum k, values were
calculated into water-air-fluxes (mg m? day™)
with the equation:

_ k(M *10°)

F A

(eq. 15)

The general error of the measurements with
the LGR was < 0.01% and therefore disregarded
in the calculations of the confidence intervals.
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Atmospheric transects

The known coordinates noted during the
atmospheric transect measurements together
with the CH, concentrations at these sites were
processed in QGIS. To obtain coordinates for
the gas concentration from each specific time
measurement, lines were drawn between the
known coordinates. The tool “Random points”
were used to add the number of measurement
points obtained between the known points. The
random points were sorted so that each
coordinate fitted the right gas concentration at
each time measurement.

The water samples for qualitative analysis of
phytoplankton genera were examined in an
inverted microscope at resolution of 400x. The
purpose was to do a qualitative analysis to see
which genus dominated in each sample. The
number of individuals of the different
phytoplankton genera were counted per 1 plLin
the microscope. The average and standard
deviation of the number of individuals per 1 uL
were calculated continuously per sample during
the analysis and when the values were
stabilised, the analysis was ended.
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3. Results

3.1 Water concentrations and isotope
composition: water profiles and surface
waters

The results are presented in the order of results
from the water profile at B1, the water profile
at Fifangsdjupet and surface waters at Julaftons
Fyr and at the chamber sites. Further details
regarding sampling parameters (time, air
temperature, weather conditions etc.) during
the sampling are presented in Appendix 3.

The results from the concentration analysis,
isotope analyses and CTD measurements of the
water profile at B1 are presented in figure 6 and
table 2. The results of the concentration and
isotope composition from the depth of 30 m in
September is believed to be an analytical
anomaly. The suspicion is that water leaked into
the Niskin bottle while obtaining the sample.
Though, no tests could be executed afterwards
to control this suspicion (salinity measurements
etc.), so the result is still presented in the
graphs.

When observing the results from the various
parameters, there are common factors that can
be distinguished: i) in August and September, it
is seen that changes in O, concentration and
changes in stable isotope composition (6Ceua
vs. VPDB) coincided with the thermocline and
the halocline in all three months. The 6%Ccua
changed either above, within or below the
thermocline and halocline, with lighter
compositions in the surface waters, ii) in
September, changes in CH4 concentration were
noted at the same depths as mentioned above,
iii) there were seen decreasing values of O,
concentrationsin June and August in the middle
of the water column. Changes in O,
concentration was seen >1 m above the
thermoclines in August and September.
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June

The thermocline and halocline in June were
shown with a temperature drop from 9.8°C to
7.2°C and with a salinity increase from 6.3 PSU
to 6.5 PSU between the depths of 9.5 - 10.5 m.
Below these depths, the lowest value in O,
concentration was found at 18 m depth with
value of 10.4 mg/L. The 83Cera provided lighter
composition above and within the thermocline,
compared to below: 10 m =-54.9 + 0.4%o versus
20 m = -44.3 + 0.3%0. The CH, concentration
showed a significant higher value within the
thermocline at 10 m compared to O m and 20 m
depths: 10 m=31+3.4nMversusOm =24 +
1.9 nM and 20 m = 22 + 2.4 nM. No significant
differences were seen for the concentration of
CO,, though a trend opposite to the CH, values
are noted. The values were generally higher at
0 m and 20 m and lower at 10 m and 40 m
depth. The N,0 concentration was significantly
lower at 0 m compared to 20 m and 40 m depth:
Om=7.4+£06nMversus20m=8.7+0.7 nM
and 40 m = 8.9 + 0.7 nM. The euphotic depth
(1% of the surface value of the
photosynthetically active radiation (PAR)) was
seen at the depth of 28 m. The various times
when the CTD measurements were conducted
are noted in the PAR-graphs to provide easier
interpretation of the PAR-data, with a time for
this measurement at 09:00. No distinct
differences in turbidity was noted throughout
the profile, although, slightly higher values were
seen towards the bottom.

August

From the results in August, the thermocline and
halocline were found between the depths of 3 -
24 m, with a temperature change from 18.6°C
to 6.8°C and salinity from 6.1 PSU to 6.9 PSU.
Simultaneously, a decrease in O, concentration
was found within the thermocline, with lowest
concentration at 13 m depth of 7.8 mg/L. A
change in the isotope composition was seen
within the thermocline. Values at depths <15 m
were more depleted (range between -60.0 +
0.4%o to -57.1 + 0.4%0) than at depth at 225 m
(range between -46.1 + 0.3%o to -45.1 + 0.3%e).
The CH,; concentration showed continuously
increasing concentrations towards to seafloor
with concentration at 0 m of 32 + 3.7 nM
compared to 40 m of 51 + 3.8 nM. There were
no significant differences within the profile in
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Figure 6. Results of the water profile at B1 from the concentration analysis (CHs, CO,, N,0), isotope analysis (613CCH4 vs. VPDB) and CTD measurements (O,, temperature, salinity,
photosynthetically active radiation (PAR), turbidity). Each row shows the three different months, where row 1 = June, row 2 = August and row 3 = September. Each column shares the same
x-axis. Error bars represents the standard deviation. The shaded boxes highlight the thermocline in each month and the dashed lines in the PAR-graphs shows the euphotic depths. The time
of the CTD measurement is also noted in the PAR-graphs. The circled results at 30 m depth in September are the values suspected to be contaminated.
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Table 2. Results from the water profile at B1 in J =June, A = August and S = September for CH,, 613CCH4, CO; and N,O (average +
standard deviation). In the comment column: D = duplicate samples, T = triplicate samples, A = analytical anomaly.

Depth CH,(nM) (aver. + 5% Ceua (%o) (aver. +  CO, (uM) (aver. + N,O (nM) (aver. + Comments
B1 stand. dev.) stand. dev.) stand. dev.) stand. dev.)
01J):24+£19 J:-56.4+0.4 J:230£ 18 J:6.8+£0.6 D
A:32+3.7 A:-60.0x04 A: 200 + 22 A:6.7+£0.5 T
S:23+£2.3 S:-58.0+0.4 S:200+17 $:7.2+£0.9 T
51 A:32+£25 A:-594+04 A: 220+ 20 A:7.1+£0.5 T
S:20+1.6 S:-58.1+0.4 S$:210+18 S:6.9+£0.7 T
10 | ):31+£34 J:-549+04 J:220+£ 18 1:7.4+£0.6 D
A:38+3.2 A:-58.6x04 A: 220+ 17 A:7.5x0.6 T
S:19+2.1 S$:-58.1+0.4 S$:220+£18 S:6.7+£0.5 T
15 | A:41+£35 A:-57.1x04 A:210+ 16 A:7.7x0.6 T
$:21+£29 S$:-59.0+0.4 S:230 17 S:6.4+£0.5 T
20| J:22+£2.4 J:-443+£0.3 J:240 £ 19 J:8.1+£0.7 D
A:41+33 A:-49.1+0.3 A: 220+ 17 A:8.1+0.6 D
S:20+£1.6 S:-60.1+0.4 S$:230+17 S:6.5+£0.5 D
25 | A:48+£3.6 A:-459%0.3 A:220+ 18 A:82x0.6 D
S:110+£9.2 S:-46.0+£0.3 S: 240 £19 S:7.4+£0.6 D
30 | A:46+£3.2 A:-46.1£0.3 A:210+ 16 A:8.0x0.6 D
(S: 41 + 4.4) (S: -55.4 + 0.4) (S: 230 + 18) (S: 6.8 £0.5) D, A
35| A:52+4.7 A:-459%0.3 A:230+24 A:83x0.7 D
S: 130+ 10 S$:-44.3+0.3 S:240 £ 18 S:7.4+£0.6 D
40 | J:28+6.1 J:-36.2+£0.2 J:230£ 18 J:8.2+£0.7 D
A:51+3.8 A:-45.1x0.3 A:230+18 A:84+0.6 D
S:72+£8.3 S$:-37.0+£0.3 S: 180+ 22 S:84+0.8 D

the CO, concentration. The values ranged from
surface concentration of 200 + 22 uM to
bottom concentrations of 230+ 18 uM. The N,0
concentration was higher in the bottom waters
with 6.7 £ 0.5 nM at 0 m depths and 8.3 + 0.6
nM at 40 m depths. The euphotic depth was
also found within the thermocline and halocline
atadepth of 19 m (at 11:30) as well as a decline
in turbidity at 7.5 m.

September

In September, two boundaries of the
thermocline and the halocline were seen that
coincided with changes in O, concentration,
isotope composition and CH,; concentration.
The upper boundaries were found between 22
-30 m and the lower between 33 - 36 m. Within
each part, a decline in O, concentration and
changes of 8Ces and CHy4 concentration was
seen. The total change from the upper part of
the first thermocline/halocline to the lower part
of the second thermocline/halocline was:
temperature = 14.8 - 5.9°C, salinity = 6.3 - 7.1

18

PSU, 0, = 10.3 - 5.7 mg/L. The §%Ccus became
lighter between the depths 0 -20 m, from -58.0
+ 04% to -60.1 + 0.4%o, respectively.
Thereafter, it distinctively changed to -46.0 +
0.3%o at 25 m depth, while it was even heavier
at 40 m depths of -37.0 + 0.2%.. The CH,4
concentration provided values within the same
range between 0-20 m:from 23 +2.3 nMto 20
+ 1.6 nM. At 25 m depth, it sharply increased to
110 + 9.2 nM, while it thereafter decreased to
72 + 8.3 nM at 40 m depths. The concentration
of CO, showed an increasing trend (with no
significant differences) from surface water to 25
m depth: from 200 + 17 uM to 250 + 19 uM.
This trend ceased at 35 m, while the
concentration decreased at 40 m depth to 180
+ 22 uM. A similar, but opposite trend was seen
for the N,O concentration. It decreased from
7.2+09nMatO0Omto65+05nMat 20 m,
while higher values were seen at 25 and 35 m
depth. Then a second increase was seen at 40
m depth to 8.4 + 0.8 nM. The euphotic was
found at 17 m depth (at 14:00). The turbidity
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increased sharply below the thermocline, which
indicates of a strong thermocline.

When comparing the three months to each
other, it is seen that the thermocline and
halocline was weakest in August compared to
the other months. The upper mixed layer was
10 m in June, 3 m in August and 22 m in
September. Highest vales in the surface waters
(= 20 m) was found in August and lowest in
September. Though, in the bottom waters in
September showed highest values and June the
lowest. The §Ccuq showed similar trends for all
three months, where the surface water was
lighter than the bottom waters. However,
August showed generally lightest values
throughout the column and June the heaviest,
with a few exceptions. No differences were
seen in the CO, concentration, except at 40 m
depth, where September concentration was
lower than the other months. For the N,O
concentration, September provided lower
values than June at 10 m depth as well as lower
than both June and August at 15 and 20 m.

The results from the concentration analysis,
isotope analysis and CTD measurements from
the water profile at Fifangsdjupet are presented
in figure 7 and table 3. Similar results are shown
as presented for B1: i) changes in CHy
concentration, isotope composition and O,
concentration coincided with the thermocline
and halocline, ii) two boundaries of the
thermocline was seen in August, as in
September at B1, iii) there was decreasing O,
concentration in June in the middle of the water
column, as seen in June and August at B1, with
decreasing concentration >1 m above the
thermoclines iv) isotope composition was
lighter in surface waters than in bottom waters
in June and September. Noteworthy, the ranges
of isotope composition throughout the profiles
are narrower at Fifangsdjupet than at B1. No
pronounced haloclines as normally observed
was seen, only slightly increased values in June
and August and with a sharp decrease within
the thermocline in September.
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June

The thermocline in June was found between 7.5
- 10 m depth, with a temperature decrease
from 12.5°C to 8.0°C. Within the thermocline at
8 m depth, an increase of the salinity from 6.1
PSU was found as well as decreased O,
concentration within the thermocline with
lowest value of 9.0 mg/L. The CH, concentration
increased below the thermocline (Om=18+1.9
nM vs. 22 m = 35 + 2.8 nM), while the §Ccua
within the thermocline was lighter than the
upper and lower samples, with value at 9 m
depth of -57.5 + 0.4%o. The sample at 0 m depth
showed similar composition as the bottom
samples. The CO, concentration did not differ
significantly, although, the bottom values
showed of generally higher values: 0 m =220 +
19 UM vs. 22 m = 230 + 20 uM. Similar shape of
the profile seen in the 8 Ccua graph is also seen
in the N,0O graph, with generally lower
concentration at 9 m depth within the
thermocline (7.7 £ 0.6 nM) than at the surface
and in the bottom. However, no significant
differences were seen. The euphotic depth was
found at 14 m depth (at 11:00) and with a
higher turbidity noted within the thermocline.

August

In August, two distinct thermoclines were seen,
the first between 7 - 9 m with a temperature
drop from 18.5°C to 17°C. The second were
found between 11 - 12.5 m, where the
temperature decreased from 16.3°C to 13.5°C.
Slightly small changes within these depths was
also seen for the salinity: firstly, an increase
from 6.1 to 6.2 PSU and thereafter an increase
up to 6.3 PSU at 12.5 m depth. The 0,
concentration decreased within both
thermoclines, from 9.7 mg/L in the surface
water until stabilised at 12.5 m depth at 5.6
mg/L. The CH4 concentration increased below
the thermocline, from 21+ 1.9 nM at 9 m depth
to 57 £ 5.0 nM at 18 m depth, while the 83Cera
showed lighter values at 9 m depth of - 57.7
0.4%o and at 18 m depth -60.1 + 0.4%.. The CO,
concentration was similar between 0-18 m
depth (~200 + 15 uM), while a trend of lower
concentration was seen at 22 m depth of 190 +
14 uM. The N,0 concentration was significantly
higher at 18 m depth (8.2 £ 0.6 nM) than at 0 m
(6.8+0.5nM)and 9 mdepth (6.9+ 0.5 nM). The
euphotic depth was found at 12 m depth (at
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Figure 7. Results of the water profile at Fifangsdjupet from the concentration analysis (CH4, CO,, N,0), isotope analysis (613C¢H4 vs. VPDB) and CTD measurements (O,, temperature, salinity,
photosynthetically active radiation (PAR), turbidity). Each row shows the three different months, where row 1 =June, row 2 = August and row 3 = September. Each column shares the same
x-axis. . Error bars represents the standard deviation. The shaded boxes highlight the thermocline in each month and the dashed lines in the PAR-graphs shows the euphotic depths. The time
of the CTD measurement is also noted in the PAR-graphs.
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Table 3. Results from the water profile at Fifangsdjupet in J = June, A = August and S = September for CHy, 613CCH4, CO, and N,0
(average * standard deviation). In the comment column: D = duplicate samples, T = triplicate samples.

Depth CH,(nM) (aver. + 5% Ceua (%o) (aver. +  CO, (uM) (aver. + N,O (nM) (aver. + Comments
Fif. stand. dev.) stand. dev.) stand. dev.) stand. dev.)
01J):18+19 J:-547+04 J:220+£19 J:8.1+£0.6 T
A:22+25 A:-56.8+04 A: 200+ 15 A:6.8+0.5 T
S:25+2.3 S$:-59.7+0.4 S: 180+ 18 S:7.4+£0.7 T
911J:20+£15 J:-575+£04 J:220+£21 1:7.7+£0.6 D
A:21+19 A:-57.7x04 A: 200+ 15 A:6.9+0.5 T
S:24+£2.3 S:-59.6+0.4 S:170+£ 13 S:7.8+0.6 T
18 | ):34+£25 J:-541+04 J:220+£17 J:8.6+0.6 D
A:57+5.0 A:-60.1x04 A: 200+ 15 A:8.2x0.6 D
$:39+£29 S:-55.1+0.4 S: 140+ 11 S$:8.2+£0.6 D
22 11):35+2.8 J:-53.2+04 J: 230+ 20 J:8.9+0.7 D
A:68+5.1 A:-604x04 A:190+ 14 A:8.0x0.6 D
S:58+4.6 S:-55.0+0.4 S:120+9 S$:8.8+£0.7 D

13:00). No distinct changes in turbidity was
seen within the profile.

September

The thermocline in September was between 15
- 16.5 m, with temperature decrease from
14.3°C to 11.0 °C. Notably, the salinity showed
decreased values within these depth with
lowest value of 6.1 PSU and highest of 6.5 PSU.
The 0O, concentration was found to be stabilised
within these depth at 5.6 mg/L from previous
surface values of 9.7 mg/L. The CH,
concentration and the 8Cqys showed higher
concentration and heavier composition below
the thermocline: 9 m =24+ 2.3 nM and -59.6 +
0.4%o vs. 18 m =39+ 2.9 nM and -55.1 + 0.4%eo.
The opposite was seen in the CO, concentration
compared to the CH4 with decreasing
concentration in the bottom waters: 9 m =170
+ 13 uMvs. 18 m = 140 + 11 uM. However, the
N,O concentration showed similar trend as the
CHy, with increasing concentration towards the
bottom. Although, no significant differences
were seen. The euphotic depth was 13 m depth
(at 10:45), while no differences of the turbidity
was seen within the profile.

When comparing the CH, results between the
months, the concentration throughout the
water columns shows similar trend of higher
concentrations in the bottom waters compared
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to in the surface waters. While in the bottom
waters at the depth of 22 m, August and
September provided distinctively higher results
than in June. Regarding the 8Ceuq in June, the
trend differs between the months. In June, the
sample at 9 m depth (within the thermocline)
was lighter than the other samples in the
profile. In August, the heaviest composition was
found in the surface water, while the profile in
September was similar to the ones from B1,
with the lightest composition in the surface
water. Trends distinguished for the CO,
concentration and for the N,O concentration
were lower concentrations of CO, towards the
bottom in August and September and higher
concentration of N,O towards the bottom in all
three months. September showed the lowest
values of CO; at 9-22 m, while June showed the
highest at 22 m. The only difference seen
between the months for N,O is at 0 m where
June is higher than August.

The results of the CH,, CO, and N,O
concentration as well as of 8%Cqy of the
surface water at Julaftons Fyr, chamber 1 and
chamber 2 are presented in figure 8 and table
4,
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The results from Julaftons Fyr of the CH,
concentration showed significant higher values
in August and September compared to in June.
The results from the isotope analysis of the
sample obtained in June could unfortunately
not be used due to analytical error. Though, the
5%Cena was lighter in August than in September
with values of -60.0 + 0.4%0 and -57.2 + 0.4%o,
respectively. The CO, concentrations was
significantly higher in June than in September.
No differences were seen between the months
for the N,O concentration.

Bachelor thesis geochemistry 30 hp

In the surface water at the chambers, it is seen
that the CH4 concentration significantly differed
between the months, but with similar trends for
the chambers: highest in August and lowest in

September. Though, chamber 1 showed
generally higher values than chamber 2 in each
month. The 8Ccys results shows that chamber
1 in August was heavier compared to June and
September. The opposite trend is seen at
chamber 2, where August composition is lighter
compared to June and September. When
comparing the results between the chambers,

Figure 8. Results from the concentration and isotope analysis from the surface waters at Julaftons Fyr, chamber 1 and at
chamber 2. Shared x-axis for all graphs. a) CH, concentration (nM) with error bars (standard deviation), b) CO, concentration
(uM) with error bars (standard deviation), c) N,O concentration (nM) with error bars (standard deviation), d) isotope

composition of 613CCH4 vs. VPDB (%o) with error bars (standard deviation).
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Table 4. Results from the surface waters at Julaftons Fyr, chamber 1 and chamber 2 inJ =June, A = August and S = September for
CHy, 613CCH4, CO, and N,0O (average * standard deviation). In the comment column: D = duplicate samples, T = triplicate samples,
X = analytical error during isotope analysis.

Site  CH4(nM) (aver. + 5% Ceua (%o) (aver. +  CO, (uM) (aver. + N,O (nM) (aver. + Comments
stand. dev.) stand. dev.) stand. dev.) stand. dev.)
Julaftons | J:23+1.7 - J:220+£19 1:7.7+£0.6 D, X
Fyr | A:32+34 A:-60.0x04 A:210+ 15 A:6.7+£0.5 T
$:35+29 S:-57.2£0.4 S: 180+ 14 S:7.5+£0.6 T
Chamber | 1:99+7.8 J:-55.6+04 J:210+£ 19 J:6.9+£0.6 D
1]A:151+£11 A:-542+04 A: 200+ 17 A:6.7x£0.6 T
S:48+5.4 S:-56.3+0.4 S:190 £ 15 S:7.6+£0.6 T
Chamber | J:50+5.0 J:-56.7+0.4 J:220+£17 J:7.0+£0.5 D
2| A:141+£11 A:-59.1+04 A:210+17 A:6.5+£0.5 T
S$:38+3.0 S:-56.6+0.4 S: 180+ 15 S:7.7+£0.6 T

it is seen that both the composition in June and
August were heavier at chamber 1 than at
chamber 2. No differences were seen in
September. At chamber 1, no differences are
seen for CO, or N,O nor for CO, at chamber 2.
Though at chamber 1, August concentration of
N,O was lower than in September.

3.2 Incubation experiment

The results from the concentration and isotope
analysis of the dark incubation samples
collected with the Niskin bottle from B1 and

Fifangsdjupet in June are presented in figure 9.
It was realised that the method for the
incubation experiments obtained with a
plankton net provided uncertainties in the
results. More information regarding the
method and results are therefore presented in
Appendix 1. In figure 9 below, comparable
values from B1 and Fifangsdjupet in June (figure
6 & 7 June = 0 m, minimum and maximum of
the error bars) are shown as dashed lines. From
the two-sided paired t-test, no significant
change in the isotope composition in the
experiment samples were seen. Though CHy,,
CO, and N,O decreased during the 5 weeks of
incubation (Cl = 95%). The amount of decrease

a) b) c) d)

Figure 9. Results from the concentration and isotope analysis of the dark experiment samples from June with 5 weeks incubation. Fif. =
Fifangsdjupet. The dashed lines represent the minimum and maximum value of each parameter from the original profile samples at 0 m depth
at B1 and Fifangsdjupet from the same month (shown with matching colour scheme). a) CH4 concentration (nM), b) isotope composition of
513CCH4 vs. VPDB (%o), c) CO, concentration (uM), d) N,O concentration (nM). Note that none of the y-axes start at zero.
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was similar for both sites when observing the
total change compared to the original samples
(table 5). Further results from the t-tests are
found in Appendix 1.

Table 5. The results from the two-sided paired t-test of the
change of CHy, 613CCH4, CO, and N,0 in the dark
experiment samples from B1 and Fifangsdjupet in June (5
weeks incubation) with Cl = 95%. Negative values show a
decrease.

Site CH, 6%Cau  CO, N0
change change change change
(nM) (%60) (um) (nM)
B1 -2.68 = -0.3 ¢ -138 4.1+
0.04 4.3 27 0.8
Fiféngs- | -3.7 + 05+ 127+  -47+
djupet | 0.3 43 31 0.9

3.3 Water-air-fluxes

The results of the water-air-fluxes of CH, and of
CO, measured by the LGR and from the manual
flux chambers are presented in the sub
chapters below. Though, only some of the
measurements of CO, and none of the
measurement of N,O provided a statistically
significant flux during the days of measurement
in the manual flux chamber. These results are
therefore not presented in following figures,
but provided in Appendix 4: figure A4.1. More
specific information regarding parameters
(time, air temperature, weather conditions etc)
during the air sampling at the chamber sites are
presented in Appendix 4: table A4.1 - A4.3, and
with graphs of the concentration results (ppm
day™’ at the chambers and from the LGR

Bachelor thesis geochemistry 30 hp

measurements, figure A4.2 - A4.3). Further
details regarding the parameters during the
LGR measurements are presented in Appendix
3.

The CH, water-air fluxes from the manual flux
chambers and from the LGR are presented in
figure 10 and table 6 and the §Cepq Of the air
samples from the chambers in figure 11. All
fluxes are positive, i.e., indicating a flux of
methane from water to air. The fluxes were
generally higher at the shallower sites in June
and August (Julaftons Fyr, Askd and chamber
sites). Referring to the figure 10 below, both
chambers can be used for trend analyses as well
as the LGR results at B1, with the highest fluxes
occurred in August of 1.3 mg m? day * at B1, 5.0
+ 0.4 mg m? day” at chamber 1 and 4.2 + 0.4
mg m™ day™ at chamber 2. By comparing the
results between chamber 1 and 2 it is seen that
the fluxes at chamber 1 (chamber located
towards open waters) were generally higher
than chamber 2, though still showing similar
trend in fluxes. There were two different
measurements made for each chamber in June
where the first measurements (Mon - Tues)
were higher than the second (Wedn - Thurs) for
both chambers. The second measurements
showed similar amount of fluxes as in
September for both chambers. When
comparing the LGR measurement at Asko in
June with the chamber measurements it is seen
that it was similar result as chamber 1 in June,

Figure 10. The CH, water-air-flux (mg m dayfl) measured by the LGR (B1, Fifangsdjupet, Tallholmen, Julaftons Fyr, Asko) and with
the manual flux chambers (chamber 1 & 2). The Cl = 95% of the LGR results and the standard deviations of the chamber results are
presented. Two measurement occasions were performed in June at the chamber sites, noted as the 1% measurement (Mon-Tues)
and 2" measurement (Wedn- Thurs).
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Figure 11. Isotope composition of 613CCH4 vs. VPDB (%o) with error bars (standard deviation) of the air samples from each day
of sample collecting. June 1% = the first measurement (Mon-Tues), June 2" = the second measurement (Wedn- Thurs).

even though the measurement of the LGR was
conducted in the vicinity of chamber 2.

The fluxes at Fifangsdjupet and Julaftons Fyr
were higher in September than in June, in
contrast to the other sites. The fluxes in June
were 0.51 mg m™ day ! at Fifangsdjupet and 1.1
mg m 2 day* at Julaftons Fyr. The measurement
at Tallholmen in June provided also similar
results as Fifangsdjupet: 0.57 mg m™ day ™.

The &%Cq of the air samples from the
chambers showed the same trend for all
measurements, where the isotope composition
became lighter with time. The atmospheric
starting values were in the range of -52.0 *
0.3%0 t0-49.2 + 0.3%0 at chamber 1 and of -52.7
+ 0.3%o to -49.7 £ 0.3%0 at chamber 2. The only

measurement showing a deviating trend is
chamber 2 in August, where the isotope
composition at day 2 is heavier (-58.6 + 0.4%o)
than at day 1 (-59.5 + 0.4%eo). This could be an
indication of leakage from the chamber
(Appendix 5: 5.4).

The results from the CO, water-air-fluxes varies
between the sites where both positive and
negative fluxes are seen in figure 12 and table
6. A common factor for B1 and Fifangsdjupet is
that negative fluxes occurred at both sites in
June and August. The fluxes in August were
evidently more negative than in June with -1500

Figure 12. The CO, water-air-flux (mg m dayfl) measured by the LGR (B1, Fifangsdjupet, Julaftons Fyr, Asko) and with
the manual flux chambers (chamber 2). The Cl = 95% of the LGR results and the standard deviations of the chamber
results are presented. Two measurement occasions were performed in June at chamber2, noted as the 1%

measurement (Mon-Tues) and 2" measurement (Wedn-Thurs).
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Table 6. Results from the CH4 and CO, water-air-fluxes measured by the LGR and at the chamber sitesin J =June, A = August and
S = September (LGR results: average + Cl = 95%, chamber results: average * standard deviation). In the comment column: 1 =1
day measurement time in the manual flux chambers, 2 = 2 days measurement time in the manual flux chambers, X = no significant

flux of CO,.

Site  CH, flux (mg m? day'l) (aver. £ stand. CO, flux (mg m? day'l) (aver. + stand. Comments
dev.) dev.)
B1 | J:0.46 +0.02 1:-170 6 LGR
A:1.3+0.007 A:-1500 + 7
$:0.31+0.002 5:-130+1
Fiféngsdjupet | J:0.51 + 0.03 J:-220+18 LGR
A: 0.40 + 0.004 A:-1100+ 7.4
$:0.57 +0.002 5:280 2
Tallholmen | J: 0.57 + 0.0005 - LGR, X
Julaftons Fyr | J: 1.1 £ 0.005 J:590+5 LGR
S:1.9 4+ 0.008 S:640 + 3
Aské | J:2.1+0.01 J:-490 + 3 LGR
Chamber 1 | J1":2.0+0.6 - 1
1212403 - 1, X
A:5.0+0.4 - 1, X
$:0.83£0.07 - 2, X
Chamber 2 | J1%:0.72+0.1 J1" 1349 1, X
12":0.25+0.03 J2": 16+ 14 2, X
A:4.5+0.3 A: 61415 2
$:0.46 £0.1 - 2, X

mg m? day' and with -1100 mg m? day?,
respectively. Compared to the other sites, high
positive fluxes are seen at Julaftons Fyr for both
June and September; 590 mg m? day™ and mg
m? day”, respectively. The LGR results from
Askd in June differs distinctively from the
results of the chambers. The flux of the LGR was
-500 mg m™ day ™ in contrast to chamber 2 with
13 mg m™ day™.

3.4 Atmospheric transects

The transects of atmospheric CH; from June,
August and September are displayed in figure
13. The results in June and August showed
similar results, with the exception of the
generally higher concentrations at Julaftons Fyr
in June (~ 1.89 ppm). This trend is seen neither
in August nor in September. Otherwise, the
atmospheric CH, concentrations at the area of
Fifangsdjupet were generally lower (~ 1.87
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ppm) than closer the south-western coastline of
Askd and with increasing concentration
towards the station (~ 1.88 - 1.89 ppm). The
results in September is believed to be skewed in
accuracy, since the concentration range was
generally higher (1.91 - 1.93). The suspicion is
that the LGR was in need for calibration, which
was not possible during the Aské visit. No other
data (fluxes, water concentration) supports the
high atmospheric September concentrations.
Though when observing the general trend, it is
noted that the day when the transect between
Fifangsdjupet - Aské was measured (15/9)
showed lower concentrations (~ 1.91 - 1.92
ppm) than at the day of the B1 - Askd-transect
(14/9, ~ 1.92 - 1.93). Similar wind conditions
were observed for both days (Appendix 3).
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Figure 13. Atmospheric transects of CH, concentration (ppm)
in a) June (range 1.87 - 1.89 ppm), b) August (range 1.87 -
1.89 ppm) and c) September (1.91 - 1.93 ppm). Note that the
concentration range differ in September to the other months
and cannot be compared by the colour scheme.
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3.5 Qualitative analysis of phytoplankton
genera in the water

The qualitative analysis of dominating
phytoplankton genera in the water samples are
presented in table 7 - 9 and common genera are
shown in figure 14. The dominating genus
(noted “++++” in the tables) in each month at all
sites besides at Fifangsdjupet in August were
the cyanobacteria Aphanizomenon spp., which
were also accompanied by the cyanobacteria
Skeletonema spp. in September at B1. At
Fifangsdjupet in August, the dominating genus
was found to be the ciliate Tintinnid spp., which
is a zooplankton. This genus was included
anyway due to its high presence. It was also
presentin the water from Askd experiment area
in August and in the September sample from
Fifangsdjupet. Other general common genera
found was the cyanobacteria Lyngbya spp. and
Dolichospermum spp. Also, Nodularia spp.
(cyanobacteria) and Chaetoceros spp. (diatom)
were found in each sample, but with low
presence. No accumulation of algae was seen at
the water surface in August during sampling,
but chlorophyll data (ug/L) from were highest
during this month (Appendix 3).

When comparing the number of genera found
in each month it is seen that there was higher
variation among the genera found in June.
Cyanobacteria was the dominating type of
phytoplankton in August, where less diatom
genera were compared to in June.
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Table 7. The results from the qualitative microscope analysis of dominating phytoplankton genus/genera (++++) from the Asko
experiment area in June. The “+”-signs shows the relative amount of each phytoplankton genera occurring in the samples.

June Aské experiment area Type of phytoplankton Presence
Aphanizomenon spp. Cyanobacteria +4+++
Lyngbya spp. Cyanobacteria +++
Dolichospermum spp. Cyanobacteria ++
Chaetoceros spp. Diatom ++
Nodularia spp. Cyanobacteria ++
Skeletonema spp. Diatom +
Fragilaria spp. Diatom +
Melosira spp. Diatom +
Navicula spp. Diatom +
Stephanodiscus spp. Diatom +
Thalassoira spp. Diatom +

Table 8. The results from the qualitative microscope analysis of dominating phytoplankton genus/genera (++++) from the Asko
experiment area and Fifangsdjupet in August. The “+”-signs shows the relative amount of each phytoplankton genera occurring in

the samples.

Aug Aské experiment area  Type of phytoplankton  Fifdngsdjupet Type of phytoplankton  Presence
Aphanizomenon spp. Cyanobacteria Tintinnid spp. Ciliate (zooplankton) ++++
Lyngbya spp. Cyanobacteria Dolichospermum spp.  Cyanobacteria +++
Tintinnid spp. Ciliate (zooplankton) - - +++
Dolichospermum spp.  Cyanobacteria - - +++
Nodularia spp. Cyanobacteria Nodularia spp. Cyanobacteria ++
Chaetoceros spp. Diatom Chaetoceros spp. Diatom +
- - Navicula spp. Diatom +
- - Fragilaria spp. Diatom +

Table 9. The results from the qualitative microscope analysis of dominating phytoplankton genus/genera (++++) from B1 and

Fifangsdjupet in September. The

w,n

+”-signs shows the relative amount of each phytoplankton genera occurring in the samples.

Sep B1 Type of phytoplankton  Fifdngsdjupet Type of phytoplankton  Presence
Skeletonema spp. Diatom Aphanizomenon spp. ~ Cyanobacteria ++++
Aphanizomenon spp.  Cyanobacteria - - ++++
Lyngbya spp. Cyanobacteria Lyngbya spp. Cyanobacteria ++
Chaetoceros spp. Diatom Dolichospermum spp.  Cyanobacteria +
Dinophysis spp. Diatom Tintinnid spp. Ciliate (zooplankton) +
Fragilaria spp. Diatom Chaetoceros spp. Diatom +
Stephanodiscus spp. Diatom Nodularia spp. Cyanobacteria +
Nodularia spp. Cyanobacteria Skeletonema spp. Diatom +
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Figure 14. Common phytoplankton genera occurring in the water samples. All images are photographed from
the 400x enlargement of the microscope. A & B) Dolichospermum spp. (cyanobacteria) C) Aphanizomenon spp.
(cyanobacteria) D) Skeletomena spp. (diatom) E) Three Tintinnid spp. (ciliate) and Nodularia spp. (cyanobacteria)
in the middle, F) Nodularia spp.
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4. Discussion

What is found in some of the data in this report
are seemingly interesting results that are not in
line with what a conventional model of a water
profile would predict. But before addressing
those findings, it is discussed about the results
that are in line with what would be predicted.
Usually, a water column profile during summer
time would be predicted to have stratifications
in the profile from the thermocline and the
halocline. This would provide distinct changes
in dissolved gas concentrations and isotope
compositions in the profile (Axell, 1998). In
surface waters with high concentrations of
gases with respect to the atmosphere, there
would be positive water-air-fluxes with
dissolved gases emitting from the water.
Measured water-air-fluxes of CH, in the Baltic
Sea have shown values of 0.16-1.9 mg m™ day™
(Bange et al., 1994). Similar values have also
been measured in the area around Asko
(Briichert et al., unpublished data). Most of the
results presented in this report are in line with
these predictions: stratifications in the water
column prevented mixing of gases and CHy
water-air-fluxes generally around 0.5-2 mg m™
day® (even though fluxes up to 5 mg m? day™
was measured as well). The methane
measurements in the atmospheric transects
were all close to the regional atmospheric
values of ~ 1.89 ppm (Dlugokencky, 2017),
except the concentrations in September
showing higher values. As mentioned in the
results, the September data may be skewed and
have to be corrected by post-calibration of the
LGR instrument. The &%Cqu values of the
atmosphere measured at the chamber sites
were *C-depleted when comparing to the
average atmospheric composition of methane
of -47.5%0 (Morimoto et al., 2017; Nisbet et al.,
2016). However, the concentrations of CH, of
the atmosphere samples was near a
concentration limit of which the GC-IRMS
provided more *C-depleted results than the
true values, as shown in tests performed by the
laboratory staff. This could have skewed the
results, giving generally lighter values.
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Considering the results of CO,, the dissolved
CO, in the water is a part of the carbonate
system, that is dependent on the pH of the
water (Schulz, 2006). The CO, results are
therefore not easy to further interpret without
data of the pH. In some of the months, the
surface water concentrations were higher than
in the bottom water, while in others it were the
opposite. Also, the CO, fluxes differed between
the months and sites, where some were
negative and some positive. There are no
straightforward explanations for this result, but
one can assume that at the measurements sites
with negative fluxes the photosynthesis rates
were higher. The measured N,0 concentrations
are similar to previous measured values (C.
Olsson, unpubl. data). No significant fluxes of
N,O was measured, which complies with the
fact that the surface concentrations were close
to the saturation concentration of N,O (~7 nM
from Sarmiento and Gruber, 2006). Regarding
the findings of dominating phytoplankton
genera in the surface waters, these were in line
with genera usually occurring during summer
time in the research area (Stal et al., 2003;
Wasmund and Uhlig, 2003). Also, a report from
SMHI (2017) that summarised phytoplankton
genera occurring near the study site showed
presence of similar genera as found here.

Further on to the more interesting findings that
are not in line with what would be predicted in
a conventional model. What would be
predicted is a sediment source of methane that
diffuses upwards though the water column.
Under these circumstances, it would be
expected less amount of CH4 as well as more
3C-enriched CH, in the surface water than in
the bottom waters (Schneider von Deimling et
al.,, 2011). This is due to CH,4 oxidation during
the ascent in the water column that decreases
the concentration and enriches the CH, with *C
(Whiticar, 1999). Also, stratifications in the
water prevent mixing of the dissolved gas
within the water column. The CH, in the surface
water would also be in equilibrium with the
atmosphere, which would provide similar
isotope values in the water as in the
atmosphere (Knox et al., 1992). A conventional
model would also predict an O, concentration
profile with decreasing concentrations below
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the thermocline. That would be due to
stratifications in the water, due to less amount
of photosynthesis in deeper waters and due to
respiration of organic matter using the O, in the
water (Axell, 1998). However, what is seen in
the water profiles at B1 and Fifangsdjupet do
not correspond to these predictions. At both
sites, it was more enriched 6*Ccuq values in the
bottom waters than in the surface waters, with
exception at Fifangsdjupet in August. The
8%Ces values in the surface waters were more
BC-depleted compared to the atmospheric
composition and with concentrations > 700%
larger than the saturation concentration
(Sarmiento and Gruber, 2006). Also, a CH,4
concentration maxima was seen within the
thermocline at B1 in June. From these results, it
is assumed that the CH, in the surface water
above the thermocline would have to have
other CHy4 sources besides a vertical transport of
diffused gas from the sediment. Regarding the
0, concentration, the values at B1 in June and
August and at Fifangsdjupet in June decreased
in the middle of the water column, within or
below the thermocline to then further increase
below. It is assumed that lateral water input
could have occurred, providing the higher O,
concentrations in the bottom water compared
to in the middle of the water columns. These
findings have led to three hypotheses, where
the first discusses a lateral water input and the
two latter discusses other CH, sources than
diffused gas from the sediment:

e Hypothesis 1) assumption of a lateral
input of bottom waters that provided
the relative high concentrations of O, in
the bottom waters. It is discussed
whether a possible water input could
have affected the 6**Ccus values in the
bottom water as well.

e Hypothesis 2) it is proposed that
ebullition bubbles containing “C-
depleted CH,4 reaches up to the mixed
layer in the water column. If dissolving
in the mixed layer, the 8Cepq values of
the bubbles mix with the composition
of the gas in the water. It is suggested
to happen in situ at Fifangsdjupet, while
ebullition could occur in shallower
coastal waters with water currents
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transporting the *C-depleted CH, out
to B1.

e Hypothesis 3) suggestion of a CHy
production in the photic of the surface
water zone at the chamber sites and at
B1.

These hypothesises are further elaborated and
tested in various ways in the sub-chapters
below.

4.1 Hypothesis 1: lateral
isotopically heavy bottom waters

input of

Hypothesis 1 considers a lateral input of bottom
water that effected the O, concentration and
possibly the isotope composition. The
decreased values of O, in the middle of the
water columns at B1 in June and August and at
Fifangsdjupet in June contradicts a predicted O,
profile. The profiles of the 8Ceps values in all
months at B1 and in June and September at
Fifangsdjupet also contradicts a predicted
profile. It could be assumed that lateral input of
water effected the profile of the O,
concentration: either with input of less
oxygenated water in the middle of the water
column or with higher oxygenated water in the
bottom waters. If proceeding with the latter, it
could be argued that the water transported
laterally into the areas could contain C-
enriched CH4. That could provide an
explanation for the heavy isotope composition
seen in the bottom waters in the months
mentioned above. Stratification in the water
column prevented mixing with the surface
water and thereby providing distinct changes in
isotope compositions.

If focusing more on Fifangsdjupet, a
conventional profile of 8Ces values was seen
in August. It can be assumed that the lateral
water input ceased from June into August as
well as that the water stratification became
weaker, as seen in the results. This could have
provided an increased vertical upward
transport of diffused CH4 from the sediment.
Supposing that the diffusing CH, was more *C-
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depleted then the bottom water, then the
isotope composition would become lighter, as
also seen in the profile in August. When
considering the results from September, no
indications of lateral water input were seen in
the O, data. However, the §Cqys values were
yet again more C-enriched in the bottom
water. If remaining on this hypothesis, the
explanation for this result could be that the
strong stratification from the thermocline in
September inhibited the vertical transport of
CH4 that was allowed in August. When the gas
in the bottom water was oxidised, the 6™Ccys
values became heavier and leading to the
profile as seen in September.

Regarding the site at B1, the possible lateral
input would have ceased into September since
the O, data showed a conventional profile in
that month. However, no indications of a
vertical upward transport as a single source of
CH, to the surface water were inferred in
September. The 8Ceps values remained more
enriched in the bottom water compared to the
surface water. It is suggested to be due to the
same reason as for Fifangsdjupet: inhibition
from a strong stratification of the water and
oxidation of CH, in the bottom water.

To test if this hypothesis of a lateral input of
isotopically heavy bottom water is valid, one
would need data of water current directions
during the summer of 2017 and of the isotope
composition of the diffusing CH; from the
sediment at Fifangsdjupet. Unfortunately, none
of this data have been found and further
conclusions cannot be currently made. But
assuming that this hypothesis is a valid
explanation for these results, the question still
remains regarding the source(s) of the CH, in
the surface waters. The CH, concentration
increased at B1 from June into August and also
at Fifangsdjupet from June into September.
Consequently, there must have been other
sources contributing to the CH, in the surface
water to sustain the concentration increase.
Further hypotheses of CH; sources are
therefore examined below.
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4.2 Hypothesis 2: methane ebullition

The second hypothesis to explain the isotope
composition in  the water column at
Fifangsdjupet considers gas ebullition in the
area at Tallholmen, as referred to in the
introduction. Approximately 600 gas-seepage
sites have been identified in the unpublished
data (E. Weidner, unpubl. data). One
explanation for the results of the 8Cey values
could be that bubbles containing CH4; from
seepage sites in the sediment are transported
into the mixed layer above the thermocline
without being dissolved or oxidised during the
ascent. If the bubbles are trapped and then
dissolved in the mixed layer, the original isotope
composition would be preserved. This could
provide the dissolved CH, in the surface water a
lighter composition than in bottom waters
where the CH, already has been oxidised. This
isillustrated in figure 16. In a study by Schneider
von Deimling et al. (2011), the authors
concluded that bubbles are able to be
transported to the mixed layer. By modelling,
they estimated that < 4% of the bubbles from
ebullition sites in the North Sea (depth ~ 70 m)
reached the mixed layer.

To further investigate the ebullition hypothesis,
it was calculated how many bubbles sec™
seepage-site™ were needed to reach up to the
mixed layer between June to August. Details are
elaborated in Appendix 5: 5.1. In the
calculation, the assumptions were a steady-
state of CH, concentration between June to
August and with ebullition as a single source of
CH, to the surface water. The observation that
< 4% of bubbles from seepage sites reach the
mixed layer was assumed to be valid in this
scenario. The total seepage flow was calculated
as well, meaning the number of bubbles sec™
site™ needed to seep from each site to result in
4% reaching the mixed layer. Various bubbles
sizes were used in the calculation, to provide a
range of flow needed to occur. The results are
presented in table 10.
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Table 10. Results from the calculation of number of
bubbles sec” seepage—site'1 needed to reach the mixed
layer at the Fifangsdjupet area between June - Aug.

Bubble Bubbles
diameter the

reaching Total seep flow
mixed layer (bubbles sec’

(mm) (bubbles sec” site'l) site'l)
2 9 225

3 3 75

4 1 25

5 0.6 15

6 0.4 10

The results show that the total seepage flow
from the gas-seepage sites at the Fifangsdjupet
area is needed to be between 10 - 225 bubbles
sec’ site” whereby 0.4 - 9 bubbles sec™ site™
from this flow are needed to reach up to the
mixed layer. The total seep flow provides a flux
of approximately 10 moles sec™ site™ from the
sediment. With logical reasoning, the result for
the 2 mm bubble size with 225 bubbles sec™
site™ is seemingly a high number. However, the
results are credible when comparing to the
study by Schneider von Deimling et al. (2011).
They found a total ebullition flux from 550 sites
of 1.2 moles of CH, year " with average bubble
diameters of 4.5 mm. This is equivalent to a flux
of 7 * 10° moles sec™ site™, which is not too
different from what was calculated here. An in
situ ebullition source of CH, to the surface
water at this site is therefore supported by
these results. Though, geophysical acoustic
data would be needed to provide further
information of bubbles sizes and seepage flow
at the ebullition sites.
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To expand this hypothesis to B1, where no
seepage sites have been noted (as to
knowledge of the author at the time of writing),
information regarding the availability of CH, in
the gas phase in the sediment is needed. A
study by Sawicka and Brichert (2017) shows
that the CH4 concentration in the top 5 cm
sediment at the sites B1 and H6 (located in
Himmerfjarden estuary north of Fifangsdjupet:
58°04’08”N, 17°40'63”E) did not exceed the
CH, saturation concentration in their
measurements. In this regard, no bubbles
would be able to escape from the sediment into
the water column. This is also observed in
Thang et al. (2013) at the site H2 (east of
Fifangsdjupet: 58°56”04’N' 17°43”81'E). In that
study, the concentration of CHy in the top 20 cm
of sediment cores did not either exceed the
saturation concentration. With these studies in
mind, an in situ ebullition source of CH, into the
mixed layer at B1 is not supported. The
ebullition hypothesis is therefore further
elaborated considering this site.

The elaboration of the ebullition hypothesis for
B1 considers an ebullition source at the
shallower areas closer to the coastline, at the
chamber sites and Julaftons Fyr. The assumed
relative *C-depleted CH, from the ebullition is
believed to be laterally transported with

Figure 16. An idealised and simplified illustration of hypothesis 2 (not in scale or with accurate bathymetry). Right: 2.1) in
situ ebullition contributes to a CHy input to the surface water at Fifangsdjupet. 96% of the bubbles are assumed to be
dissolved in the bottom waters, while 4% is expected to reach up to the mixed layer. Left: 2.2) ebullition at shallower sites

with lateral surface water transport contributes to a CH, input to B1.
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currents in the surface water from the
shallower areas out to the area of B1 (figure 16).
The basis for the hypothesis is that similar
isotope compositions in the surface water were
found at B1 and at the shallower sites. Also,
higher CH, concentrations were found at the
shallower areas compared to at B1, enhancing
the idea of a CH,; source to Bl from the
shallower areas. If ebullition takes place at
these sites, it would be fair to assume that a
larger amount of bubbles would reach the
surface water due to the shallow depths (~ 10 -
15 m). It is also considered likely that the
bubbles would be transported all the way up to
the water surface, which would lead to direct
emissions into the atmosphere (Schmale et. al.,
2005).

A way to investigate this hypothesis is by
searching for indications of direct emissions in
the data of the measured water-air-flux at the
manual flux chambers. The assumption is that
the isotope composition of the possible
ebullition  bubbles deviates from the
composition in the surface water, since no
oxidation is believed to have altered the
composition of the bubbles. Therefore, if the
isotope composition of the water-air-flux (not
to be confused with the isotope composition of
the air samples of the chambers presented in
figure 11) highly deviates from the composition
in the surface water, then that could provide
indications of direct emissions from an
ebullition source. The isotope composition of
the fluxes was calculated to test this. The
calculation is further elaborated in Appendix 5:
5.2. The calculated values of the fluxes were
compared with the isotope composition of the
surface water to obtain the difference in
isotope composition (A13CCH4). For the sake of
presentation, the fluxes from the three months
of the two chambers were grouped into four
groups: group N, D, DN1 and DN2, where “N”
refers to that the fluxes occurred during night
time and “D” during day time. The fluxes in
group N were coupled with the fluxes in group
D and also group DN1 coupled with group DN2.
This is clarified in table 11.

The results from of the A®Cqys values are
presented in figure 17 and table 12. A schematic
overview of the results of chamber 2 in
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September is also presented in figure 18 to
provide a better understanding of the grouping
of the days and for better distinguishing of the
various parameters used in the flux calculation
in Appendix 5.

Table 11. Table of the grouped fluxes. The column
“Sampling” shows between which sampling occasions that
the fluxes occurred.

Group Sampling Hours Day/night
between
sampling
N 1" t0 2™ =i Night
D 2" to 3" ~12 Day
DN1 | 1%to2™ ~24 Day & night
DN2 | 2™to3™ ~24 Day & night

The result for group DN2 showed a positive
ACeua value, thus with a flux with heavier
isotope composition than the surface water.
However, the assumption is that leakage might
have occurred during the sampling between the
2" and 3" sampling occasion at the chamber in
group DN2. That would have mixed the air
inside of the chamber with air in the
atmosphere, thereby giving the chamber air a
heavier isotope composition. That would in
return alter the results for the calculation made
here. Further examination of a possible leakage
is given in Appendix 5: 5.4. The results of the
ABCena from group DN2 is therefore
disregarded in further discussion.

Table 12. Results from the difference in isotope
composition ABCCM (%0) * standard deviation between
the calculated fluxes and the surface water at the chamber
sites. Negative values show of more 13C—depleted flux than
surface water and vice versa. J 1% = June 1% measurement,
12" = June 2™ measurement, A = August, S = September.

Group Chamber 1: Chamber 2:
A13CCH4 (%o), min- A13CCH4 (%o), min-
max max

N 2™ 27+04 J2™.02+04
$:-0.5+0.4 $:-0.4+0.4

D )i - 2™ 26+04
5:-0.9+0.4 S:-4.1+0.4

DN1 11%:-26+04 11%-1.7+04
A:-3.8+0.4 A:-0.7+0.4

DN2 | A:- A:0.9+0.4

In order to draw more solid conclusions on the
importance of direct emissions for the fluxes,



Fanny Axelsson

Bachelor thesis geochemistry 30 hp

Figure 17. Results from the calculation of the difference in isotope composition ABCCM vs. VPDB (%o) from the calculated flux
composition at the chambers sites compared to the composition of the surface water at the chamber sites for each month.
Negative values show of lighter composition of the flux than the water and vice versa. The shaded backgrounds represent the
time the fluxes occurred during: dark blue = night time, yellow = day time, green = day & night time. June 1% = the first
measurement made in June (Mon - Tues), June 2" = the second measurement made in June (Wedn - Thurs).

the isotope composition of CH, bubbles from
the sediment must be measured at the specific
sites. It is also important to consider that if the
fluxes contain both water-air-fluxes and direct
emissions, then the isotope composition will be
a mixture of the compositions from two
sources. Though, what is interesting to see in
the result is that the composition of the fluxes

in group N were close to zero (exception of
chamber 1: June 2" group N), meaning that
the fluxes did not differ much from the surface
water. Group D and DN1, on the other hand,
were all lighter than the surface water as well
as generally lighter compared to group N. This
could show that the fluxes occurring during day
time are lighter than fluxes occurring during

Figure 18. Schematic overview of the parameters used in the equation in Appendix 5: 5.4 as well as the results from chamber 2
in September (figure 17) as an example: 513CF = CH, flux night, 613CX = air in the chamber at the 1% sampling and 613CTOT =airin
the chamber in the 2™ sampling. The values presented in the figure are the average results from chamber 2 in September, where
the day fluxes (-60.7%o) are lighter than the night fluxes (-57.0%). Group N: flux between the 1% and 2" sampling, group D: flux
between the 2™ and 3™ sampling. The chamber air becomes lighter with time due to mixing with the 13C—depleted flux.
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night time. A reason for this result could be due
to variation in wind strength between day and
night that could influence the flux, since wind
speed has a direct effect on the flux
(Wanninkhof et al.,, 2009). However, no
indications of a specific relationship were seen
in the amount of flux with day time/night time
(Appendix 5: 5.3) and it could be argued that
there would therefore not be a relationship
with the isotope composition as well. Another
reason for the result could be a CH4 production
source in the photic zone during day time
influencing the flux isotope composition.

To further verify if there could occur ebullition
in the shallower areas, geophysical acoustic
data would be needed. To also further verify if
there could be lateral transport of CH4 from the
shallower sites to B1, information regarding
water currents are necessary. None of these
data were possible to obtain within the
framework of this work.

4.3 Hypothesis 3: methane production in
the oxygenated surface water

From previous discussion, it was apparent that
day light presumably had an effect on the
isotope composition of the water-air-fluxes at
the chamber sites in all three months. This
could indicate of a CH4 production coupled with
biological activity occurring under light
conditions. This supports the main hypothesis
for this report, i.e., that measurable methane
production occurs in the oxygenated surface
water in the photic zone. This finding does also
support the main hypothesis that this
production significantly contributes to a CHy
water-air-flux, since the concentrations at the
chamber sites increased in August during the
algal bloom. The production pathway in the
main  hypothesis was believed to be
hydrogenotrophic methano-genesis. As
mentioned in the introduction, this pathway
uses H, as a main component which can be
produced during nitrogen fixation by
cyanobacteria (Bothe et al.,, 2010) and occurs
mostly under light conditions (Hong, 1992).
However, it cannot be concluded whether
hydrogenotrophic methanogenesis could be
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the pathway, more data before doing so would
be needed.

Considering the results for the dark incubation
experiment, no indications of CH, production
were shown. Though, the CO, and N,O
concentrations  provided indications  of
biological activity. If light incubations had been
conducted with the same method, it would had
been interesting to compare if any differences
were seen between the dark and light samples.
If higher CH4; concentrations and/or lighter
isotope values had been seen in the light
samples, further conclusions could have been
made regarding a CH, production under light
conditions. The conclusions to be drawn for
now is that no CH4 production occurred under
dark conditions. However, an indication of CH,
production in the oxygenated surface water at
B1 in June is the concentration maxima of CH,4
within the thermocline. This is in line with what
other studies have found regarding methane
production in oxygenated surface waters; a
production in conjunction with the thermocline
(Schneider von Deimling et al., 2011; Tang et al,,
2014). In the study by Schneider von Deimling
et al. (2011), the authors found methane
maxima within the thermocline as well as
lighter isotope composition compared to
bottom and surface waters. They suggested an
in situ biological production for their results.

One final indication of methane production in
the oxygenated, photic zone is the relationship
between the CH, and CO, water-air-fluxes
measured by the LGR at B1 and Askd (in the
vicinity of the chamber sites). Graphs of CH,
versus CO, concentrations from the LGR
measurements are presented in Appendix 6. A
negative linear relationship is seen in all
measurements at B1, the measurement at Asko
in June and at Fifangsdjupet in August (r* >
0.98). Thus, increasing concentrations of CHy
were seen during decreasing concentrations of
CO,. This could be interpreted as a CHy
production occurring during uptake of CO,. The
second component in the hydrogenotrophic
methano-genesis is CO, and this result could be
an indication of this pathway. However, both
measurements made at Julaftons Fyr and the
September measurement at Fifangsdjupet
showed the opposite: increasing CO, with
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increasing CHq (r* > 0.98). This can suggest that
there is actually not a true relationship between
the gases, but instead that the concentration of
both gases changes linearly independently of
each other.

4.4 Final comments

One alternative not discussed in this report is
methane production in aggregates of
phytoplankton. Within these aggregates, anoxic
conditions are formed, thus creating an
environment in the surface water of which
methane production can occur (Grossart et al.,
2011). During algal blooms, the conditions of
this kind of production would increase due to
larger amount of phytoplankton in the water.
However, it would be assumed that the
production would be higher in dark conditions
when photosynthesis is shut off, giving less
oxygen in the water. Though, that contradicts
what is believed to be found here. One would
also consider a higher amount of methane
production in the sediment during algal blooms,
which could explain the higher concentrations
found in August. Due to the larger amount of
cyanobacteria decomposing at the seafloor
during the blooms, conditions for higher rates
of methane production are given.

It should be emphasised the complexity of the
subject that is investigated in this report. The
dissolved CH, in the water is effected by various
parameter, changing in both time and space:
biological activity, the structure of the water
column, wind conditions, temperature, salinity,
water currents, fluxes from the sediment as
well as to the atmosphere, access to production
components and so on. To therefore create a
broad understanding of the subject, a lot of
parameters are needed to be in consideration.

5. Conclusions

This study has shown that the surface water at
the area around Asko have high concentrations
of methane and is a source to the atmosphere.
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It is also shown that the water south of Asko
(B1) must have had a CH,4 source not only from
a vertical upward transport of CH, diffusing
from the sediment. A suggestion of another
source is CH, ebullition from the sediment in
the shallower waters at the southern coastline
of Askd (chamber sites) with water currents
possibly transporting the gas laterally towards
the open coastal waters at B1. It is also
suggested that a CH4 production could occur
under light conditions in the mixed layer at B1
and around the chamber sites, a production
presumably higher during the algal bloom. The
latter supports the main hypothesis for this
study: a methane production in the oxygenated
surface water that significantly contributes to a
CH,4 water-air-flux and that increases during the
algal bloom.

In the waters of the northern side of Askd in the
more enclosed basin at Fifangsdjupet, a vertical
upward transport of CH, is reasonable as a
single source to the surface water in August.
However, the amount of transport must had
been high enough to sustain the concentration
increase seen during the summer. A hypothesis
for a second methane source is therefore
presented, in situ ebullition from the 600 gas
seepage sites at the seafloor in the nearby area
with bubbles reaching the mixed layer. If
ebullition would be the only source of CH, to
the mixed layer, a total seepage flow to sustain
the CH,4 concentration from June into August
was estimated to 10 - 225 bubbles sec™ site™
with 4% of these bubbles reaching the mixed
layer. In comparison to other studies, these
numbers are fairly reasonable. However, to
draw any further conclusion regarding
ebullition as a source, the flow at the seepage
sites at Fifangsdjupet would need to be
investigated.
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Appendix 1
A1.1. Results two-sided paired t-test of the incubation experiment samples

The results from the two-sided paired t-test performed in R Studio for the incubation experiment
presented in figure 9 and table 5 in the results are given below in table A1.1 (B1) and table A1.2
(Fifangsdjupet).

Table Al. Results from the two-sided paired t-test from B1. Null hypothesis that the mean difference is equal to 0. Df = degrees of
freedom (n - 1).

t-value Df p-value Mean difference
CH, | 276.58 2 1.307 * 10° 2.7
§8Cea | 032172 2 0.7782 -0.32
Co, | 22.267 2 2.011*10° 140
N,O | 22.66 2 1.942 * 107 4.1

Table A2. Results from the two-sided paired t-test from Fifangsdjupet. Null hypothesis that the mean difference is equal to 0. Df =
degrees of freedom (n - 1).

t-value Df p-value Mean difference
CH, | 59.477 2 2.826 * 10" 3.7
8§5Cea | -0.53092 2 0.6485 -0.53
€O, | 17.656 2 3.192 * 10° 130
N,O | 23.422 2 1.818 * 107 4.7

A1.2 Incubation experiment: method

The experiment was conducted differently in June compared to in August and September, where figure
A1.2 demonstrates the details. To collect water samples for the incubation experiment, the Niskin bottle
was used for two of the three experiments in June, to obtain samples containing low amount of
phytoplankton (as explained in 2.2 Field methods). A plankton net (4.1 um) was used for the other
experiments in June at the Aug Asko experiment are, in August at the June Asko experiment area and in
September at B1 and Fifangsdjupet. Only dark incubation experiments were conducted in June, while
in August and September both light and dark incubations were made to distinguish effects of light and
dark conditions. In the latter, control samples were also made with filtered water, where all
phytoplankton were removed.

When collecting samples with the plankton net, the water was firstly poured into a 2 L glass bottle when
being out in the field. The water for the unfiltered incubation experiment was poured through a funnel
into glass bottles of 110 mL and fitted with a butyl stopper and aluminium seal. The filtered samples
were streamed into the bottles through a syringe with a 0.45 um filter attached to it. This removed all
the phytoplankton, while bacteria and archaea remained. The samples obtained with the plankton net
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were incubated for 24 hours. The June samples from the Niskin bottle were stored in a cooling room of
15°C for 5 weeks, while samples from August and September were stored at the surface water below
the deck at the station at the Askd Laboratory. This was made to simulate similar environmental
conditions as the conditions of where the organisms where obtained from. To end the incubation, 1 mL
of ZnCl, (zinc chloride, 50% concentration) was added.

The results from the plankton net method were not presented in the results of this report since gas was
lost during the sampling and transferring process. No samples with starting values of concentration and
isotope composition were made for this method, i.e., samples that were not incubated. No reference
values were therefore available to compare any changes. However, it was assumed that the filtered
samples were in equilibrium with the atmosphere (concentration CHs ~ 2.6 nM, CO, ~ 12 uM, N,0 ~ 7
nM (Sarmiento and Gruber, 2006), §*Cca near atmospheric composition around -50%o to -48%o). The
other samples transferred to the glass bottles through a funnel was assumed not being as much
equilibrated, but still have lost parts of the gases. Though, no confirmation of this was being able to be
made.

Figure A1.2. A schematic overview of how the incubation experiments were conducted for each occasion, where left = June,
middle = August and right = September.

A1.3 Incubation experiment: results

The results from all of the incubation experiments are presented in figure A1.2. None of the analysed
parameters in the filtered samples showed of expected values, as mentioned in the method description.
The CH4 and N,O concentrations were higher, the CO, concentration lower and the §Cepa was lighter
than expected. When comparing the results between the months for samples obtained with the same
method, no distinguishing differences were seen. For the unfiltered samples, the CH4; concentration
were in the same range for both light and dark samples, though, with a slightly higher value in June at
Askd experiment area:

e Junedark Askd =14+ 2.3 nM

e Auglight=1021.7nM

e Augdark=12%1.0nM

e SeplightBl1=11+1.1nM

e SepdarkBl=11+1.2nM

e Sep light Fifangsdjupet = 10 £ 0.75 nM
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The filtered sample in August were lower in CH, concentration than the experiment from Fifangsdjupet
in September. However, it was only a small difference:

o Aug=6.1+£0.72nM

e SepB1=81+1.8nM

e Sep Fifangsdjupet =10+ 0.74 nM

Figure A1.3. Results from the concentration and isotope analysis of the experiment samples from June (left), August (middle)
and September (right) that were not presented in the main results-section. Asko=Asko experiment area, Fif.=Fifangsdjupet,

filt.=light samples filtered with 0.45 um filter. a) CH, concentration (nM), b) isotope composition of 613CCH4 vs. VPDB (%), c)
CO, concentration (uM), d) N,O concentration (nM). Note: only single samples were obtained at Fifangsdjupet in September.

The §Ceua values were in the same range for all samples (~ -56%o to ™ -54%o), with values slightly more
depleted than seen in the surface water of the study sites. Exception of this though was at Fifangsdjupet
in September, where the unfiltered samples provided value of -47.0 + 0.3%o. and the filtered sample of
-69.0 £ 0.5%0. As well the light experiment in August provided value of -51.9 + 0.1%o. It must be
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mentioned that due to the relative low concentrations of CH, in the incubation bottles, the reliability of
the results from the GC-IRMS was low. Tests performed by the laboratory staff with known standards
show a high standard deviation at the levels of peak areas that these samples showed. This standard
deviation is not included in the error bars in the graph. Though after consideration, these results are
still presented since the results from the duplicates and triplicates provided results in the same
composition range. However, this might have skewed the results at Fifangsdjupet in September, where
only single samples were obtained and no comparison of other samples can be made.

All of the samples provided similar results in CO, and N,O concentration with CO, range between ~ 70
to~ 85 uM and N,0 between ~2.1to~ 2.6 nM. These values were in close range to the June experiment
obtained from the Niskin bottle. The only small differences seen were lower CO, values in the light
September experiment from Fifangsdjupet (50 = 3.7 uM) as well as higher N,0O concentration in the
filtered sample from B1 and in the light Fifangsdjupet experiment in September (3.1 £ 0.2 nM for both).

No further interpretation of the result is made, since no reference samples were obtained and it is not
truly known if the water was in equilibrium with the atmosphere as assumed.
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Appendix 2

The coefficients used in equation 6 when calculating the Bunsen solubility coefficients for the gases CHy,
CO, and N,O are presented in table A2.

Table A2. Coefficients for the Bunsen solubility coefficient B (moles liter* atm'l) of the dry mole fraction of the gases CH,, CO, and
Nzo.

Gas Al A2 A3 B1 B2 B3 Calculated B Reference
(moles Lt atm'l)

CH, | -68.8862 101.4956 28.7314 -0.076146 0.04397 -0.0068672 0.033461 Wiesenburg
and Guinasso
(1979)

CO, | -58.0931 90.5069 22.294 0.027766 -0.025888 0.0050578 0.038187 Weiss (1974)

N,O | -62.7062 97.3066 24.1406 -0.05842 0.033193 -0.0051313 0.027992 Weiss and
Price (1980)

45



Fanny Axelsson

Appendix 3

Bachelor thesis geochemistry 30 hp

Table A3.1 - A3.3 below present the information regarding the field conditions during the sampling and
measurements at B1, Fifangsdjupet, Tallholmen, Julaftons Fyr and at Askd for each occasion in June,
August and September. The chlorophyll data was gathered from the coastal measurement system at B1
(Kustmatsystem, 2017). The remaining data was gathered on the research vessel R/V Limanda.

Table A3.1. Sampling parameters obtained during the water sampling, CTD and LGR measurement at the various sites in June. Temp =
temperature, surf. = surface, sal. = salinity, press. = pressure.

Site June  Date Time Temp. Temp. Sal. Wind: speed Air press.  Chlorophyll ~ Weather
air (°C)  surf. (PSU) (m/s) & direction  (hPa) (ug/L)
water (°C)
B1 | 2017- 09:00 15 12.9 6.3 2.8—4.0 (ESE) 1011 0.69 Sunny

06-28

Fiféngsdjupet | 2017- 11:10 15 15.8 6.3 3.5—4.5 (ESE) 1012 0.69 1=
06-28

Julaftons Fyr | 2017-  13:00 15 - - 3.6 (SE) 1012 0.69 -1l-
06-28

Aské (LGR) | 2017-  13:45 15 - - 3.3-7.2 (ESE) 1012 - -1l -
06-28

June Aské | 2017-  11:00 15 13.8 6.2 9.7 (-) 1007 0.72 -1l-
exp. area | 06-29

Table A3.2. Sampling parameters obtained during the water sampling, CTD and LGR measurement at the various sites in August. Temp
=temperature, surf. = surface, sal. = salinity, press. = pressure.

Site Aug  Date Time Temp. Temp. Sal. Wind: speed Air press.  Chlorophyll ~ Weather
air (°C)  surf. (PSU) (m/s) & direction  (hPa) (ug/L)
water (°C)
Aské (exp. | 2017-  09:00  20.3 18.5 5.9 2.0 (-) 1009.5 2.7 Sunny
area) | 08-02
B1 | 2017- 11:26 17 18.6 6.1 4.5 —8.0 (S-SSE) 1011 3.0 Sunny &
08-03 windy
Fifangsdjupet | 2017-  13:01 18 18.8 6.2 4.5 —8.0 (S-SSE) 1010 3.0 -1l-
08-03
Julaftons Fyr | 2017-  13:42 18 - - 4.5 —8.0 (S-SSE) 1010 3.0 -1l-
08-03

Table A3.3. Sampling parameters obtained during the water sampling, CTD and LGR measurement at the various sites in September.
Temp = temperature, surf. = surface, sal. = salinity, press. = pressure.

Site Sep  Date Time Temp. Temp. Sal. Wind: speed Air press.  Chlorophyll  Weather
air (°C)  surf. (PSU) (m/s) & direction  (hPa) (ug/L)
water (°C)
B1 | 2017- 14:00 14 14.8 6.3 5.5-8.0 (NNW) 985 2.4 Partly rain

09-14 and cloudy

Fifangsdjupet | 2017-  10:45 13 14.9 6.3 5.0-6.5 (NW) 997 2.1 Sunny
09-15

Julaftons Fyr | 2017-  12:10 14 - - 3.4-6.0 (NW) 998 2.1 Sunny
09-15
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Appendix 4

Table A4.1 - A4.3 below present the information regarding the field conditions during the air and water
samplings at the chamber sites for each occasion in June, August and September. The air temperature,
wind speed, air pressure and chlorophyll data was gathered from the coastal measurement system at
B1 (Kustmatsystem, 2017). The water temperature and salinity were measured by a conductivity meter.

Table A4.1. Sampling parameters obtained during the air and water sampling at the chamber sites in June. Temp = temperature, surf.
= surface, sal. = salinity, press. = pressure, x = no sampling made at chamber 1.

June Date Time Temp. Temp. Sal. Wind speed Air press.  Chlorophyll ~ Weather
air (°C)  surf. (PSU) (m/s) (hPa) (ug/L)
water (°C)
Monday | 2017- 17:38, 11.6 15.4,15.1 6.1, 7.5 997.2 1.3 Sunny (rain
06-26  17:55 6.1 earlier during
the day)
Tuesday | 2017- 15:06, 11.6 14.6,14.8 6.1, 2.6 1007.5 0.82 Sunny
06-27 15:17 6.1
Wednesday | 2017- 17:10, 15.0 14.4,14.8 6.1, 5.7 1011.4 0.71 -1l -
06-28 17:30 6.1
Thursday | 2017-  07:09, 15.0 13.8,13.6 6.1, 8.4 1009.3 0.71 -1l -
morning | 06-29  07:20 6.2
Thursday | 2017-  x, 15.0 x, 14.8 6.2 10.9 1006.2 0.82 -1l -
afternoon | 06-29  14.39

Table A4.2. Sampling parameters obtained during the air and water sampling at the chamber sites in August. Temp = temperature,
surf. = surface, sal. = salinity, press. = pressure.

Aug Date Time Temp. Temp. Sal. Wind speed Air press.  Chlorophyll ~ Weather
air (°C)  surf. (PSU) (m/s) (hPa) (ug/L)
water (°C)
Monday | 2017-  15:22, 20.4 19.1,20.2 5.9, 4.7 1008.9 3.6 Sunny
07-31  14:55 5.8
Tuesday | 2017- 11:15, 17.5 19.4,19.2 5.9, 6.2 1015.3 2.5 Windy, a bit
08-01  11:22 5.8 cloudy
Wednesday | 2017- 09.43, 18.5 19.2,194 5.9, 2.0 1009.4 2.5 Sunny, a
08-02 09:52 5.9 little bit of
rain
Thursday | 2017- 08:08, 16.0 19.2,19.0 5.9, 4.3 1011.5 2.1 Sunny (rain
08-03 08:20 5.9 during the
wedn.-
thurs.-night)
Friday | 2017- 07:59, 16.1 19.3,18.8 5.9, 6.4 998.2 2.7 Sunny &
08-04 08:07 5.8 windy

Table A4.3. Sampling parameters obtained during the air and water sampling at the chamber sites in September. Temp = temperature,
surf. = surface, sal. = salinity, press. = pressure.

Sep Date Time Temp. Temp. Sal. Wind speed Air press.  Chlorophyll ~ Weather
air (°C)  surf. (PSU) (m/s) (hPa) (ug/L)
water (°C)
Thursday | 2017- 19:00, 12.5 14.9,14.8 6.2, 3.5 989.7 2.1 Rain on and
09-14  19:30 6.2 off during
the day
Friday | 2017- 09:03, 13.2 14.4,144 6.2, 3.0 996.5 1.9 Sunny
morning | 09.15  09:10 6.2

Friday | 2017-  14:44, 155 14.9,14.8 6.2, 1.4 999.4 2.2 -1l -

afternoon | 09.15  14:55 6.2
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The results in ppm day™ from of the analysis of CH,, CO, and N0 of all of the air samples obtained from
the chamber sites are presented figure A4.1, even the ones not used in the water-air-flux calculations.
If no significant difference was seen between the samples or if the starting value of the sample was
skewed (e.g. the first sample of CO, in June 1% with ~ 600 ppm in the atmosphere), no calculation was
made. The measurement results of ppm day™ from the LGR measurements from each site of CH, are
presented in figure A4.2 and of CO, in figure A4.3.

Figure A4.1. The results from the air sample analysis of CH, (top), CO, (middle) and N,O (bottom) from each sample obtained
at chamber 1 (left) and chamber 2 (right) in June, August and September. The circles show which samples that were used in
the calculation of the fluxes. However, the third sample of CO; in June 2" (light blue) was not included in the flux calculation.
No significant fluxes were measured of N,O at all. Shared legend for all graphs.
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a) b) c)
d) e) f)
g) h) i)

Figure A4.2. The results from the LGR measurement of CH, (ppm dayfl) inJune
(a-e), August (f-g) and September (h-j). The black lines show the true
measurement values, while the red lines show the average slope (average k-
value) obtained from the linear regression analysis. The equations (y = kx + m)
and the r’-values above the graphs are associated with the red slopes, with all
values of r’ close to 1 (indication of close to perfect linearity). The maximum
and minimum k-value (Cl = 95%) are not displayed in the graphs.
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a) b) c)
d) e) f)
g) h) i)

Figure A4.3. The results from the LGR measurement of CO, (ppm dayfl) inJune
(a-e), August (f-g) and September (h-j). The black lines show the true
measurement values, while the blue lines show the average slope (average k-
value) obtained from the linear regression analysis. The equations (y = kx + m)
and the r’-values above the graphs are associated with the blue slopes, with all
values of r* close to 1 (indication of close to perfect linearity) except at
Tallholmen in June. No flux-calculation was made at Tallholmen due to this
result. The maximum and minimum k-values of the other results (Cl =95%) are
not displayed in the graphs.
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Appendix 5

A5.1 Hypothesis 2.1: ebullition in situ at Fifangsdjupet

The method to calculate the number of bubbles sec™ site™ needed to reach to the mixed layer are
presented here. The concentration in the surface water at Fifangsdjupet was 18 £ 1.9 nM in June and
22 + 2.5 nM in August. Therefore, the concentration of a steady-state was set to 20 nM in the
calculation. Assuming a steady-state, the bubble CH,4 input to the mixed layer will be the same as the
output of CH, from the mixed layer. To simplify the calculation, the only output considered to be
required was the water-air-flux. Oxidation was not considered as a CH4 output since the decrease of CH,
in the incubation experiments was considered to be negligible. A lateral transport of CH, out from the
area was assumed to be equal to the amount in transport into the area and was neglected as well. The
flux was therefore recalculated as CH, emissions (moles day™) for a water surface covering 7 km? (2 x
3.5 km, the area of Fifangsdjupet which included the seepage sites at Tallholmen):

_ (Fr107) *A
Y

E (eq. A5.1)

E = CH, emission (moles day’l)

F*10” = results of the CH, water-air-flux (g m? day’l)

A =area (mz) of the water surface at Fifdngsdjupet (20003500 m)
M = molecular weight of CH, (16 g mo/e’l)

Secondly, the number of moles of CH4 per bubble was calculated. This was done for bubble diameters
ofd=2mm,d=3mm,d=4mm,d=5mmandd=6 mm and where the pressure was assumed to be
2.5 bars at the seafloor of 24 m depth, with a temperature of 7°C and with assumption that the bubbles
dissolved completely in the mixed layer:

P*V,
n, = e (eq. A5.2)

ny = number of moles of CH, per bubble with x diameter
P = pressure at the seafloor (Pa)

Vy = volume of the bubble with x diameter (m3)

R =8.314 (Pa * m’) (moles * K)'*

T = temperature at the seafloor (K)

Thereafter, the total number of bubbles with x diameters reaching the mixed layer per was calculated
using the CH, emission as CHy4 input:

y == (eq. A5.3)

y = total number of bubbles day—l

Thirdly, the number of bubbles sec™ site™ reaching the mixed layer was calculated:

Y
= — eq. A5.4
L Vs = s2av60%60 (eq )
ys = total number of bubbles sec” site’
s = total number of sites (600)
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Lastly, the total seepage flow of bubbles sec™ site™ was calculated:

Y
Yr= ?5 (eq. A5.5)

yr = total seepage flow (bubbles sec’ site’l)
f =fraction of number of bubbles reaching the mixed layer (0.04)

A5.2 Calculation in hypothesis 2.2: ebullition at shallower areas with lateral input of surface
waters to B1

The isotope composition of the fluxes was calculated to test hypothesis 2.2 too see if the flux
compositions deviated from the composition of the surface waters. The calculation was made with the
equation:

13 13
S 513Cror-613C, * f
o) BCF= TOTf XX (eq. A5.6)
F

6136F = calculated isotope composition (%) of the flux

fr = fraction of the CH, moles in the chamber added by the flux (calculated from the measured concentrations)
613CX = measured isotope composition (%) in the first air sample obtained from the chamber (figure 11)

fx = fraction of the CH, moles contained in the chamber at the time when the first air sample was obtained
613CTOT = measured isotope composition (%o) in the second air sample taken from the chamber (figure 11)

The chambers were considered as closed systems with CHy4 input only from flux from the water below.
The surface water was seen as an open system with CH4 input from the surrounding water, leading to a
stable value of isotope composition throughout the measurement time. Therefore, the §C; values
were compared with the isotope composition of the surface water to obtain the difference in isotope
composition (ACeua). In figure 18, the various parameter in equation A5.6 can be distinguished.

A5.3 Flux vs. day time/night time in Hypothesis 2.2: ebullition at shallower areas with lateral
input of surface waters to B1

The fluxes from the chamber sites were grouped and used in the testing of hypothesis 2.2, where it was
thought that ebullition could occur at the shallow sites of Julaftons Fyr and the chamber sites. No
relationship between day time/night time and amount of flux were noted as presented in figure A5.3.1.
In June, the fluxes occurring during only night time in group N were lower than the ones during day
time. However, in September the opposite was seen. No measurements were made only during night
time in August.
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Figure A5.3.1. Graphs of the CH, fluxes (mg m? dayfl) at chamber 1 to the left and chamber 2 to the right in the grouped days
N (night only), D (day only), DN1 and DN2 (day and night). June 1% = the first measurement made in June (Mon - Tues), June
2" = the second measurement made in June (Wedn - Thurs).

A5.4 Leakage suspicion

Here are further explanation regarding the assumption that there might have been leakage from
chamber 2 in August in group DN2. There was a heavier composition found in the chamber at day 2 (3rd
sampling) compared to day 1 (2nd sampling) (figure 11), which contradicts the other results of
continuingly lighter composition with time. If leakage had occurred, that would in return provide
skewness in the results in figure 17 in the discussion regarding hypothesis 2.2, where the results showed
of heavier composition of the CH, flux than of CH, in the surface water. However, indication of leakage
is not seen when observing the concentration results from each day (Appendix 4: figure A4.1: CHy:
chamber 2), where the concentration was ~ 3 times as high at day 2 (141 ppm) compared to day 1 (44
ppm). It was therefore calculated according to the equation below an estimation of the amount of
leakage that could have occurred if only considering the isotope composition:

613CTOT = 613CY * fy + 613CX * fX + 613(:2 * fZ (eq A57)

613CTOT = the average isotope composition (%o) in the chamber at day 2 (-58.6%o)

613@ = jsotope average composition (%o) in the chamber at day 1 (-59.5%o)

fv = fraction of the CH, moles in the chamber at day 1 (0.30)

613CX = jsotope average composition (%o) of the atmosphere in August (-52.7%o)

fx = fraction of the CH, moles added from a possible leakage, i.e., moles added from the atmosphere (tested)
613CZ = the calculated flux isotope composition (%o) from day O - 1 at chamber 2 in August (group DN1 = -59.8%o)
f- = fraction of the CH, moles added the flux (tested)

The chamber air at day 1 contributed with 30% of the total number of moles within the chamber at day
2, according to the concentration results (44 ppm/141 ppm * 100). The fraction added from the
atmosphere and the flux (assuming same flux composition as calculated for day 0-1) were tested. When
testing various contributing fractions, is seen that approximately 55% could have been added from the
flux and 15% from the atmosphere. This means that is it possible that 15% of the chamber air could
have been leaked between day 1 — 2 at chamber 2 in August. If that were the case, then the
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concentration (ppm) measured at day 2 would have been ~ 15% higher if no leakage had occurred. This
would have provided ~ 160 ppm in the chamber at day 2 instead of 141 ppm. That would in return have
provided a total flux at chamber 2 in August of 5.2 mg m ™ day ' instead of the 4.4 mg m™ day, presented
in figure 11. This result seems fairly reasonable and the assumption was thereby that leakage could have
occurred sometime between day 1-2 at chamber 2 in August.
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Appendix 6

The measurement results of the CH, and CO, concentrations (ppm) from the LGR measurements were
plotted against each other and presented in figure A6 below.

a) b) c)
d) e) f)
8) h) 1)

Figure A6. The results from the LGR measurement of CH; and CO,
concentrations (ppm) plotted against each other: June (a-e), August (f-g) and
September (h-j). The red lines show the true measurement values, while the
black lines show the slope from a linear regression analysis. The r’-values above
the graphs are associated with the red slopes.

55



	2018 - Fanny Axelsson - BSc - Geochemistry 30hp
	Bsc_thesis_FannyAxelsson

