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The duty work, comprising in total 1655 hours, included participation in the Outreach program
Forskningsdagene in 2014; assisting in teaching courses GEO-3182, Marine Geohazards in 2015,
2016, and 2017; GEO-2003, Quaternary Geology in 2015. It also included participation in scientific
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recovery, disassembly and shipping of CAGE seafloor observatories (K-landers) was also included in
the duty work as well as planning, deployment (at 79°4"N 4°7°E, ~2500 m water depth) and recovery
of a methane sensor (METS, Franatech) attached to the deep sea lander in the Central Hausgarten (e.g.
van Oevelen et al., 2011) in collaboration with Alfred Wegener Institute of Marine Research (AWI1).

The thesis at hand comprises a synthesis of a selection of the work conducted during the PhD
appointment: an introduction to methane in the water column and working areas with references to



manuscripts considered for the dissertation; a summary of each manuscript; a conclusion and outlook
section and the four chosen manuscripts at their current states.

The included manuscripts and the state of their publication processes at the time of the submission of
this thesis are detailed in section 3. A co-author declaration, specifying the contribution of all co-
authors, is given in section 4. The four manuscripts included in this thesis are:

1. Variability of acoustically evidenced methane bubble emissions

offshore western Svalbard

2. Physical controls of dynamics of methane venting from a shallow

seep area west of Svalbard.

3. A new numerical model for understanding free and dissolved gas

progression towards the atmosphere in aquatic methane seepage.

4. Insights from underwater high resolution dissolved methane

sensing over a known methane seepage site west of Svalbard.
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4 Introduction

One of the major challenges for humankind in the near future is to manage Earth’s resources in a
responsible way and to maintain an environment suitable for living in. The climate affects us all in
daily life and we now experience rapid changes, possibly caused by human activity. It has become
increasingly recognized that knowledge of the climate system, its driving forces and feedback
mechanisms must be improved in order to help stakeholders, politicians and the general public to take
appropriate actions. Climate change is however an extremely complicated subject and multiple
processes contribute in ways we can only estimate by developing models. The greenhouse effect,
originally suggested by Svante Arrhenius in 1895 (Fleming, 2005), has been a research focus for many
decades and the consensus is that gases with warming potential cause heat to be trapped in the
atmosphere (Pachauri et al., 2014) and that this is one of the most important topics to study. Methane
(CH,) is a powerful greenhouse gas, estimated to be 32 times more potent than carbon dioxide (CO,)
(Pachauri et al., 2014), contributing to approximately one-sixth of the total warming generated by
greenhouse gases in the atmosphere (Kirschke et al., 2013). The oceans play an important role in the
global gas budget since the hydrosphere (all oceans, rivers and lakes) stores enormous amounts of
dissolved gases. Because gas is constantly exchanged between the atmosphere and the hydrosphere,
the oceans can serve as a sink of greenhouse gas but may also contribute with a source to the
atmosphere by diffusive equilibration between the dissolved gas in the upper layer of the oceans and
the lower atmosphere (Broecker and Peng, 1974; Wanninkhof, 2014).

Moreover, large amounts of CHa4 in aqueous and gaseous form exist in the ocean sediments together
with CHy in the form of hydrates (e.g. Kvenvolden, 1988; Ruppel and Kessler, 2016), ice-like crystal
structures of solid water cages encapsulating non-polar guest molecules. The hydrate structure is stable
only in cold environments with high pressure (Sloan, 1998), the so called hydrate stability zone (HSZ).
CH. hydrates are found on continental margins worldwide and are abundant in the Arctic Ocean
(Kvenvolden and Lorenson, 2001). As hydrates dissociate when any of the criteria for their stability is
not met (i.e. temperature increases or pressure decreases), it is expected that hydrates located where
conditions are close to the hydrate stability limit may dissociate with warming ocean bottom water
(Westbrook et al., 2009; Berndt et al., 2014). The effect of dissociating natural gas hydrates would
represent a climate feedback mechanism if the resulting CH. reached the atmosphere. The Arctic
Ocean is currently warming rapidly (Ferré et al., 2012) and concerns have been raised that some CH4
hydrates will dissociate and that free or dissolved CH, gas will seep into the water column and
subsequently reach the atmosphere (Shakhova et al., 2010). Numerical modelling by Wallmann et al.
(2018) shows that the dominating control mechanism for gas release offshore Svalbard is pressure
release after the retreat of the ice-sheet following the last glaciation, rather than ocean anthropogenic
effects such as increasing bottom water temperature.

The solubility of CH. is reduced at lower pressure and higher temperature. This could, if the
concentration of dissolved CH4 in pore water is high, cause gas to come out of solution (exsolve) and
spontaneously form bubbles. Romer et al. (2016) showed that gas bubble release increased during
decreasing tidal pressure at a site west of VVancouver. Flares were observed to recur at tidal frequency
east of New Zealand (Linke et al., 2010). Thus, it is expected that pressure changes on short and long
time scales is a controlling factor for the intensity of benthic gas release.



By geochemical modelling, Fischer et al. (2013) found a relation between a major earthquake in 1945
and increased upwards flux of CHa, lasting for several decades in the area offshore Pakistan. As our
study site (see section “Study Area”) is located in a seismically active zone (Plaza — Faverola et al.,
2015) with frequent earthquakes in the vicinity (International Seismological Centre 2014), it may be
expected that the seepage intensity is influenced by seismic activity.

It is imperative to understand these, and possibly other, controlling mechanisms on methane seepage
activity. In Paper 1, we presented a conceptual model, bearing in mind the proposed controlling
mechanisms, and we compared their variations with free gas flow rates inferred from echosounder data
collected during 11 cruises and a time span of 8 years.

The fate of CHs, bubbling from the seafloor, depends on physical oceanographic conditions, ocean-
atmosphere interaction, and biochemical processes in the water column. Ocean currents carry
dissolved methane away from the local bubble sources and therefore play a major role in the
horizontal distribution of dissolved CHa, together with mixing induced by horizontal eddies and
diffusion. In Paper 2, we investigate the relation between seepage activity, subsequent release to the
atmosphere, oceanographic conditions, and the observed resulting distribution of dissolved CHa.

The vertical distribution of the bubble-mediated CH, is governed by the interaction of the bubbles with
the ambient conditions. While bubbles rise through the water column, gas of all present species may
dissolve or exsolve depending on whether the ambient concentration is lower or higher than the
equilibrium concentration of the corresponding gas inside the bubble. The rate of gas transfer across
the bubble rims depends on the magnitude of the concentration gradient, the gas diffusivity, the bubble
rising speed, the local turbulence, the temperature and the salinity (e.g. Leifer and Patro, 2002;
McGinnis et al., 2006). Therefore, the bubbles affect and are affected by the ambient conditions and
must be understood simultaneously with the local water column conditions. In Paper 3, a new
numerical model was presented, that resolves the dynamics between bubble- and dissolved gas. The
model also included aerobic oxidation, which occurs when methanotrophic bacteria are present in the
water column (Reeburgh, 2007).

At a site where the HSZ pinches out at the seafloor, it has been speculated that observed CH4 bubbles
derive from dissociating hydrates (Westbrook et al., 2009; Berndt et al., 2014). In Paper 4, we
investigate this site, using the gas flow rate estimation method from Paper 1 together with the
prediction of vertical CH4 distribution from the process-based model in Paper 3.
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5 Study area

During the period of this PhD project, several CAGE research cruises have visited at least five
prominent seepage areas west and northwest of Prins Karls Forland (PKF) and the Barents Sea, as
indicated by yellow stars in Figure 1.

In the Barents Sea, CAGE investigates at least three areas of seepage activity. Intense bubbling occurs
from pingo-like features at 370 — 390 mbsl, south of Spitsbergen (Serov et al., 2017). At the so called
Crater Area (330 — 360 mbsl), located in the Bjgrngy through, seepage exist from crater-like features,
postulated to derive from blowout of free gas and hydrates as hydrates dissociated due to the pressure
release after the last glacial period (Andreassen et al., 2017). Pingo like features with gas leakage have
also been observed in the Maud Basin.

Persistent CH4 seepage exist at VVestnesa Ridge (e.g. Panieri et al., 2017), near the spreading ridge
system (Molloy Transform Fault; Spitsbergen Transform Fault; Molloy Ridge; Knipovich Ridge). The
ridge area (~1200 mbsl) has been monitored by the Institute of Geoscience (IG) of The Arctic
University of Norway, Tromsg, and CAGE since the discovery of CHa4 seepage from pockmarks in
2008 (Hustoft et al., 2009; Biinz et al., 2012). Seismic studies show that the Vestnesa Ridge sediments
host hydrates and trapped gaseous CHa, susceptible to release where and when fractures occur in the
sediments due to tectonic stress (Plaza — Faverola et al., 2015).).

The main study area for this thesis was the location offshore PKF, where many gas flares have been
observed. The seepage here can be divided into three areas, comprising the shallow shelf (~50 — 150 m
water depth), the shelf break (~250 m), and the continental slope (~400 m). In Paper 1, we used data
from 11 cruises which covered all three areas (Figure 1 and Table SI1 in Paper 1). In Paper 2, we
focus on the shallow shelf, using three datasets from consecutive years, covering the same area. The
seepage at the slope was examined with high resolution methane sensing, described in Paper 4 and
was included as a case study for the model described in Paper 3.

Despite substantial research efforts, the origins and controls of gas seepage in this area are still not
completely elucidated. The shallow shelf (~50 — 150 mbsl) is too shallow for gas hydrates to exist near
the seafloor and it is believed that the seepage here presently occurs as a consequence of decreased
pressure after the ice sheet retreated, following the last ice age (Portnov et al., 2016). This was also the
control mechanism suggested for the crater Area in the Barents Sea.

At the slope (~ 400 mbsl), seepage has been associated with gas hydrates, since the conditions (high
pressure, low temperature) for their stability are met. More precisely, the seafloor conditions here are
at the limit of the stability for CH4 hydrates and so short- and long-term temperature variations pushes
the stability zone downslope during warm periods and upslope during cold. This, at least in theory,
triggers dissociation of hydrates and varying CH4 emissions. However, no hydrates have been
recovered to date (Riedel et al., 2018), and the existence of hydrates has not been proven by seismic
studies (Rajan et al., 2012). On the other hand, Rajan et al. (2012) did not rule out the possibility that
hydrates are present and Wallmann et al. (2018) found evidence of hydrate dissociation in the pore
water composition. The authors consequently suggested that temporal hydrate formation and
dissociation controls CH4 migration pathways. Such dynamic blockings would explain seasonality of
benthic free gas seepage intensity (Ferré et al., submitted to Nature Communications).
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Figure 1. Overview of cruises and investigated methane seepage areas. Stars indicate observed methane
seepage areas and lines indicate vessel cruise tracks of attended cruises. Place names and water currents are
detailed in paper 1, Figure 1.

It would also explain the findings in Paper 1, namely that gas release intensity varies inversely
between the slope (~400 mbsl) and the shelf break (~250 mbsl). We suggested that the two areas are
connected through sub seafloor gas migration pathways and that seasonal blocking and opening of the
pathways control the seepage intensity at the two locations. Seismic evidence of permeable and
impermeable strata, providing such gas migration pathways, was presented by Rajan et al. (2012).

The fate of the bubble-mediated CH,4 emissions largely depends on water column properties and
movement by currents (Figure 1, paper 1). The study area hydrography is mainly controlled by the
West Spitsbergen Current (WSC), which carries relatively warm and saline Atlantic Water (T>3.0°C
in the warm season; S>34.65 PSU; ¢ <27.92 kg m™ (Cottier et al., 2005)). In addition, the Coastal
Current (CC), the extension of the East Spitsbergen Current (ESC), carries colder and less saline water
along the western Spitsbergen coast. The front between WSC and CC meanders longitudinally across
the slope (Steinle et al., 2015) and is subject to instabilities, and so eddies are ubiquitous on the slope
and shelf (Appen et al., 2016). The interplay between the two currents, each carrying different water
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masses, results in variable water properties on the shelf, which are additionally affected by local
processes such as river run-off and cooling/ heating from the atmosphere.

6 Methods

6.1 Detection and quantification of benthic gas emissions

Owing to the contrasting acoustic properties of free gas and water, bubbles in the water column can be
detected by acoustic methods (e.g. Medwin and Clay, 1997; Nikolovska et al., 2008; Weber et al.,
2014). The EK60 split-beam echosounder was developed for the fishing industry for quantification

and identification of fish stocks (e.g. MacLennan, 1990) but has frequently been used to detect free gas
bubbles in the water column (e.g. Haeckel et al., 2004; Maksimov and Sosedko, 2005; Greinert et al.,
2006). So-called flares (acoustic signatures of bubble streams in the water column, seen in echograms)
can be extracted from echosounder data and easily visualized with the Fledermaus Midwater module
(www.gps.nl/display/fledermaus/). This makes mapping of gas seepage relatively simple as shown in
Figure 2, which shows flares from surveys conducted in 2010, 2013 and 2015 over the slope seepage
area west of PKF.

Figure 2. 3D visualization of free gas in the water column detected by echosounder View of free gas in the water
column, produced with the Fledermaus QPS software. The echosounder data displayed here stem from cruises in
2010, 2013, and 2015 on the ~400m seepage site west of PKF. Coloured scale indicates the target strength (TS,
dB) of the acoustic backscatter. Ship tracks are seen as grey lines and a modelled outcrop of the gas hydrate
stability is shown as a purple line.
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The mapping allows for comparison with seafloor features such as pockmarks, faults and chimneys
and possibly cold-water coral reefs (Hovland and Thomsen, 1997).

The amount of free gas in the water column can also be acoustically quantified with calibrated single-
beam echosounders. Provided knowledge of pressure, gas composition, temperature, size and rising
speed of the detected bubbles, flow rates can be estimated (Veloso et al., 2015) and repeated
echosounder surveys may elucidate on the spatial and temporal variability of free gas emissions.

For our analysis described in Paper 1, echosounder data was collected during eleven cruises using
split-beam echosounders mounted on research vessels RV Helmer Hanssen (UiT, The Arctic
University of Norway) and RV James Clark Ross (British Antarctic Survey). The split beam
echosounder SIMRAD EKG60 was operated at 38 kHz, which has been the preferred frequency for
detecting bubbles in the water column (e.g. Artemov et al., 2007; Sauter et al., 2006; Veloso et al.,
2015).

Estimation of free gas flow rates requires knowledge of water properties, such as temperature, salinity,
and pressure. Hence, we gathered oceanographic data for the calculations, described in the section
Oceanographic influence and seen in Figure 7.

Echosounder data was analysed with the Fledermaus Midwater software and acoustic flares were
identified and separated from other scattering objects such as fish, seafloor, strong density gradients,
and interference from other acoustic instruments (Figure 3). Subsequently, free gas flowrates were
calculated with the FlareHunter software and the FlareFlow Module embedded in the same software
bundle (Veloso et al., 2015).

yidaq

Figure 3. Typical echogram showing flares (An example is highlighted by the yellow oval) and other scattering
objects in the water column as indicated by the callouts.

We distinguish bubble streams (flares) from other scattering objects by visual inspection of the
echograms (Figure 3). Flares typically extend almost vertically from the seafloor and have a larger
vertical than horizontal extent, whereas fish schools are often seen in midwater and do not extend
vertically. The seafloor is easily detected as it fills the echosounder beam completely and therefore
returns a large fraction of the acoustic signal. Interference from other instruments, typically acoustic
Doppler current profilers (ADCPs), multibeam echosounders (MBEs) and frequency-modulated
sounders (CHIRPs), is easily distinguished as it occurs in single pings and regular patterns (Figure 3).
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In paper 2, we reported on free gas flow rates from echosounder data collected during three research
cruises and three consecutive years (2014 — 2016), which covered the same area west of PKF. The
surveyed area was approximately 400 km? with water depths varying between 50 and 150 m and the
ship tracks were 300 — 430 km, resulting in beam coverage between 3.8 and 5.5 km?.

We calculated echosounder/Flarehunter derived flow rates from a cruise to the slope area west of PKF
in October 2015. In paper 3, a new numerical marine 2-phase gas model in one dimension (M2PG1)
was presented, for which we used the acquired flow rate data to force case study simulations.

In Paper 4 we used the mapped and calculated flow rates in conjunction with results from M2PG1 to
force a 2-dimensional model, and as flux approximation to an analytical steady state calculation.

6.2 Dissolved CHa

Dissolved CH4 can be measured by direct sampling of small water quantities and subsequent
headspace gas chromatography (GC). This is common praxis in the research field of marine methane.
Alternatively, concentrations can be measured using in-situ deployed sensors.

6.2.1 Discrete sampling

Measurements of dissolved CH,4 can be used to map the distribution of CH,4 in the water column in
three dimensions. The method is however, time consuming and gives sparse data. Typically, the water
is sampled at discrete sampling depths at each sampling station and the possible vertical resolution
depends on the number of Niskin bottles available on the rosette. In oceanographic surveys, it is
typical to sample seawater in a resolution of kilometres to hundreds of kilometres. However, for the
purpose of mapping CH4 emanating from the seafloor it is beneficial to sample denser grids. Sampling
with Niskin Bottles attached to a rosette is standard procedure and subsequent subsampling into serum
bottles allow for various chemical analysis. Dissolved CH4 can be analysed after introduction of
headspace gas with zero or known CH, content. The headspace is allowed to equilibrate with the water
sample and is further analysed by gas chromatography (GC) with a flame ionization detector. The
method is detailed in Paper 2 and is similar to the method presented in Magen et al. (2014). In Paper 2,
we present dissolved CH, data acquired from 64 stations from which we sampled during three surveys
in three consecutive years 2014 — 2016. In Paper 3, discrete sampling of CH4 was used to assess the
agreement between measurements and model results. The vertical profiles obtained by discrete
sampling and model results were also used as input to a 2-dimensional model in Paper 4.
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Figure 4. Example of CH4 concentrations acquired from discrete water sampling. Coloured contours indicate data
interpolated between discrete sample depths (black dots). The white lines indicate isolines of density anomaly (kg

m3).

6.2.2 High-resolution measurements

During a three-day survey (October 21 — 23) offshore Svalbard in October 2015, we performed high-
resolution CH4 measurements with a newly developed Membrane Inlet Laser Spectrometer (MILS)
(Grilli et al., submitted to Environmental Science & Technology) towed behind the research vessel.
Sampling with the MILS at a frequency of 1 Hz allowed for unprecedented spatial resolution during
both vertical casts and horizontal towing at depths down to 400 mbsl. In Paper 4, the data from the
instrument was compared with echograms and showed high values and strong gradients close to gas
seepage locations (Figure 6). It resolved the CH4 concentrations much better than a commonly used
reference sensor.
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Figure 5. Example data from the towed instrument campaign during the CAGE 15-6 cruise. The top inset panel
shows temperature- (red) and salinity- (black) anomaly. The lower inset panel shows MILS data (solid line) and
reference sensor data (dashed line). The blue line indicates instrument depth and the background shows
backscatter intensity (TS values (dB).

We assessed the agreement between discrete and continuous CH, data in Paper 4.

Figure 6. High-resolution measurements with MILS superimposed on echosounder data. The position of the dark
red to light yellow track starting around 10 AM each day represents the depth of the MILS sensor and the colour
indicates CH4 mixing ratios measured by the MILS. The background represents the acoustic target Strength (TS),
acquired with the echosounder, with a minimum cut-off at -55 dB. High values (red) indicate large abundance of
CHa bubbles in the water column. The time axis represents local time (2 hours ahead of UTC, for comparison with
Figure 5)
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6.3 Oceanographic influence

In the framework of working with free and dissolved gas in seawater, it is imperative to know the
water properties. In our studies, the water properties influence; a) the free gas quantification method
(Flarehunter) because they affect the bubbles’ acoustic properties and their rising speeds; b) the
process based modelling because they influence the gas dynamics though gas solubility, bubble rising
speed and gas transfer efficiency across the bubble rims; c) the control volume model and 2D model
are affected through the current velocity and eddy diffusivity.

For the quantification of benthic CH4 emissions with Flarehunter, conveyed in Paper 1 — 4, knowledge
of pressure, salinity, and temperature is necessary. For that purpose, we used CTD (Conductivity,
Temperature, and Depth) profiles from hydrocasts performed during the corresponding cruises, and
where no such data was available, we downloaded relevant salinity, temperature, and pressure data
from the World Ocean Database, managed by the National Oceanographic Data Center:
https://www.nodc.noaa.gov/cgi-infOC5/NPclimatology/arctic.pl

Profiles of seawater density and sound velocity were calculated from the pressure, temperature,
salinity profiles, using the GSW Oceanographic Toolbox (McDougall and Barker, 2011), as seen in

or z or
£
50 S0
100 100
150 150
200 - 200 [~
E
£ 250 250 [
=4
<
a
300 300
350 350
400 - 400 -
i
450 U 450 - |
il
| !
500 L ! 500 =3
28 30 32 34 36 0 2 4

Salinity [PSU] Temperature [*C]

200 —
250 —

300

400 —

450 —

00
1020

s

i
1025 1030
Density [kgm 7]

|
1035

50

100

300

500
1450

7774311

25318
15587153
15587161

—j09A01

r2608 o1
12690 02
70401-GTO-2
#0402-CTD-3
A0403-CTD-4
#0404-CTD S
——— #0405-CTD-5.
#0400-GTO-1
18502217
Stoaade
0478
sinrdaTs
0477
0479
328
327

—328

379

a2
R 241
= ——asse
4 0859
L

— osan
——ass1
0662
g8z
0B
—— 0885

=t |
1460 1470 1480 1480

Sound Velocity [ms ']

Figure 7. Water properties used for flow rate calculations. Most of the data was acquired during cruises and when
not available (profiles 12274311, 12274312 and 165502217), downloaded from the World Ocean Database.

We further used the acquired bottom water temperatures for comparison with temporal seepage

activity changes as described in Paper 1.
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Figure 8. Map of CTD-stations used for flow rate
calculations in Paper 1. The shelf break area is
boxed with red lines and the slope area is boxed
with green lines. Legend indicates which survey
the CTD cast refers to. The inset coloured frames
show zooms of the two areas and the black
framed map shows the location of the sites
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are shown in Figure 7.

In Paper 2, we show some of the variability in water properties on the shelf based on three surveys
repeating a CTD cast grid consisting of 64 stations. To understand the fate of CH4 coming from
seepage on the shelf, we used an existing ocean circulation model (Svalbard 800) (Hattermann et al.,
2016) and performed synthetic neutrally buoyant drifter experiments, where the drifters represented
inert CHa.

We estimated the WSC velocity based on the inclination of flares in Paper 4, and subsequently
incorporated it in the 2-dimensional model, the control volume model, and the analytical solution to
the steady-state CH.-budget model, all described in section 6.4 (this thesis) and in Paper 4.
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6.4 Modelling free and dissolved gas

Three types of models were constructed for Paper 3 and Paper 4.

Paper 3 presents a newly developed numerical model resolving the exchange of gas over bubble rims
while bubbles rise through the water column. Bubble shape- and size-changing, aerobic oxidation of
dissolved methane and eventual release of gas to the atmosphere is predicted by the model called
M2PG1 (Marine 2-Phase Gas model in 1 dimension). M2PG1 is fully Eulerian with multi-sized
bubbles containing gas of several species and it accounts for non-ideal gas behaviour and includes the
latest parameterizations of solubility, diffusivity, and molar volumes available in the literature.
M2PG1 was developed in order to predict the vertical distribution of dissolved CH4 resulting from the
release of bubbles from the seafloor and along vertical bubble trajectories. Although it was originally
intended to resolve methane dynamics, it simultaneously models other included gas species (N2, O,
CO; and Ar) allowing for numerical experiments with gas bubbles containing any or all of these gas
species. Paper 3 describes the numerical construction of the model, provides a sensitivity analysis and
compares the model output with observations made at the slope offshore PKF, which is known for
intensive CH, seepage offshore Svalbard (e.g. Berndt et al., 2014; Westbrook et al., 2008).

A 4.5 km long and 400 m high 2-dimensional model was constructed along the slope offshore
Svalbard, at ~38.5°N, 9.3°E, which corresponded to line 3, described in Paper 4. The model resolved
horizontal diffusion of CH, across the domain and advection with water currents. It was run to steady
state and thereafter compared with high-resolution (MILS) CH, data. We calculated flow rates from
the echosounder data with Flarehunter and its bundled Flare Flow Module and constructed a map with
quantified sources of bubble-mediated CH4. The mapped flare positions and flow rates were used as
input to the new 2-d model. The vertical distribution of the bubble-mediated CHa, predicted by the
M2PG1 Case study, described in Paper 3, was used to distribute the CH, source vertically in the 2-d
domain. Different diffusion coefficients were tried and the best model agreement with MILS data was
achieved with a 2 ms™* diffusion coefficient. Paper 4 describes the construction of the 2D model and
compares its output with the high-resolution CH4 measurements.

An analytical solution to a steady-state model was derived in order to comprehend elevated mean CHs4
concentrations in a defined water volume. We assumed that the CH, concentration within the volume
(V) was affected by inflow (in the x-direction) of seawater carrying background concentration of CH,
and outflow of water carrying momentary CH,4 concentration. Further alteration of the CH4
concentration in the volume was provided from bubble sources and diffusion (in the y-direction). The
equation for the temporal concentration change in the volume was thus:

d_C=QINXCB_QOUTXC+FCH4+kaZC
dt % % % ay2’

Where C and Cg are the temporal and background concentrations respectively and k is the horizontal

mixing coefficient. This equation is a first order differential, and realizing that the second gradient can

2 p—
be discretized (Z—yi = 2((21;)20)

), one can calculate the steady state concentration:
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The results from the analytical steady state model are presented in Paper 4.
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7 Summary of manuscripts

7.1 Paper1l

Mario E. Veloso-Alarcén, Péar Jansson, Marc De Batist, Timothy A. Minshull, Graham K. Westbrook,
Heiko Pdlike, Stefan Biinz, lan Wright, Jens Greinert, Variability of acoustically evidenced methane
bubble emissions offshore western Svalbard. Resubmitted to Geophysical research letters

In this study, we examined the variability of free gas emission from the seafloor to the water column
in an area west of Svalbard (Figure 1). We processed echosounder data from eleven surveys conducted
between 2008 and 2014. For the first time, free gas emission inferred from an acoustic method over a
large area has been collected over a longer period. Flares, the acoustic signature of gas bubbles in the
water column, were identified mostly in three distinct areas offshore Svalbard on the continental shelf
(water depth ~70-150 m), shelf break (depth ~250 m) and on the slope (depth ~400 m).

We estimated that the three prominent seepage areas (Figure 9) emit in total 2900-4500 t CH4 y™.
Because the beam width of the single beam echosounder is narrow, and ship-tracks are never identical
between surveys, it is clear that data from different surveys never have identical coverage. It was thus
necessary to develop a comparison method only taking into account the small areas that were covered
by the echosounder beam several times. This so-called common area comparison (CAC) showed that
flow rates from two adjacent seepage areas, the Shelf break and Slope, varied inversely with time,
suggesting that the two areas are interconnected by sub-seafloor features (permeable layers) where the
gas can migrate horizontally. No trend toward increased seepage could be inferred from the analysis,
as would have been expected from long-term bottom water warming (Ferré et al., 2012). We attempted
to establish a correlation between free gas flow rates and pressure changes induced by tides (Boles et
al., 2001) and compared modelled sea surface heights (Egbert and Erofeeva, 2002) with calculated
flowrates but we found only a small correlation. A similar analysis comparing earthquake data with
the backscatter intensity showed no correlation. We found no evidence for migration of seep locations
over time, as would have been expected from bottom water warming and subsequent offshore
migration of the Methane hydrate stability limit.
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Figure 9. The study site and defined seepage areas. Black lines and red dots indicate ship tracks and flare
observations by RV Helmer Hanssen. Grey lines and orange dots represent RV James Clark Ross tracks and
flares observations. The outcrop of the gas hydrate stability zone (GHSZ), showed as a hex pattern was inferred
from the migration between 360 and 410 m. water depth, suggested by Berndt et al. (2014).

The paper was well received by the editor but two reviewers requested restructuring and a revised
manuscript was submitted. After the re-submission, both reviewers were satisfied but a third reviewer
suggested further changes. We are currently working on a third version of the manuscript, which

should be submitted in October 2018.
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7.2 Paper 2

Anna Silyakova, Pér Jansson, Pavel Serov, Bénédicte Ferré, Alexey Pavlov, Tore Hattermann,
Carolyn A. Graves, Stephen Matthew Platt, Cathrine Lund Myhre, Friederike Griindger and Helge
Niemann. Physical controls of dynamics of methane venting from a shallow seep area west of
Svalbard. Submitted to JGR Oceans.

The area offshore Svalbard has been well studied since methane bubble streams were discovered on
the shallow shelf, the shelf break, and the continental slope. We present data from three seagoing
research expeditions, repeatedly covering the same area of approximately 400 km? with water depths
ranging between 50 and 150 m. We performed 64 hydrocasts during each expedition, collecting water
samples and CTD data (salinity, temperature, depth). The collected water samples were later analysed
for methane concentration using headspace gas chromatography.

We also acquired echosounder data, using the shipborne EK60 echosounder, which we analysed for
acoustic gas flares (signatures of bubble streams emanating from the seafloor) with the FlareHunter
software (Veloso et al., 2015). In order to obtain unbiased CH, flow rate estimates for each cruise, the
acquired flow rates were upscaled using ArcGIS in a manner so that the different lengths of the ship
tracks and echosounder beam coverage did not influence the resulting area-flow rates. The upscaling
method was described in the Sl of Paper 2. Figure 9 shows the flare positions and the upscaled CH,
flow rates.

Flow rate tly |(&Za€1=N[¢

Bathymetry

s High : -70 ‘

Low : -200 |

Figure 10. Upscaled flow rates from cruises in June-14, July-15 and May-16. Observed flares (point sources) are
shown as black dots. Colour scale from green to red indicates the upscaled flow rates on a 100 x 100 m grid.

We found that the upscaled flow rates were largest in June 2014, with 3774 t y™* and that this
coincided with high methane content in a defined water volume. In July 2015, the flow rates were
slightly lower (3004 t y*) and correspondingly, the weighted average methane content in the same
volume were lower. In May 2016, both the flow rates and methane content were at the lowest level at
2356ty

The bubble-mediated dissolved CH4 measured with discrete sampling and headspace GC, did not
reach high into the water column during any of the surveys. The occurrence of water density
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stratification in July-15 and the lack thereof in June 2014 and May 2016 did not affect the vertical
extent of the aqueous CH4, which we attributed to fast dissolution of bubbles near the seafloor and
inefficient diapycnal mixing also when stratification was weak.

We analysed numerical ocean-circulation model data, and performed synthetic neutral buoyancy
particle drifter experiments, comparing with the observed CH, distributions. The numerical model
showed seasonal efficiency of particle dispersion. A large area was particle covered in January to May,
whereas a smaller area of high particle concentrations was modelled for the summer months. These
modelling results suggested that dissolved CHy is less dispersed during summer. Key to how this
correlates with our findings is understanding the temporal dispersion pattern: In May 2016, we
observed high concentrations in a limited area around the flares wand otherwise low concentrations.
This is predicted by the model which predicts intense dispersion in spring. Efficient dispersion was
taking place while CH, was emitted at a few places only, explaining the observed CH, distribution.

Equilibration of CH4 with the atmosphere was calculated, using the surface-water CH4 concentration,
atmospheric mixing ratio, and wind speeds. During our surveys, the diffusive CHs-flux to the
atmosphere was small with the exception of an area in the south corner of the defined area in May
2016, where some enhanced CH4 was observed near the surface.

In summary, the content of CH, in the water column was related to the magnitude of the bubble
seepage and the distribution depended on the efficiency of horizontal mixing processes. The vertical
density gradient did not have an influence on the flux to the atmosphere in our study.
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7.3 Paper 3

Pér Jansson, Bénédicte Ferré, Anna Silyakova, Knut Ola Dglven, Anders Omstedt. A new numerical
model for understanding free and dissolved gas progression towards the atmosphere in aquatic
methane seepage systems. Submitted to Oceanography and Limnology: Methods

We developed a numerical model which resolves both free and dissolved gas in the water column. It
was, to our knowledge, the first model that used multi-size bubbles containing several gas species and
which resolved the evolution of dissolved gas while bubbles ascend towards the sea surface. The
developed model was used to study the progression of methane gas contained in bubbles escaping
from the seafloor. The study included a detailed explanation of the numerical construction and
inherent parameterizations, an analysis of the sensitivity to different parameterizations and to
environmental conditions. We also compared model output with observations at the slope offshore
PKF. In spite of the more complex construction, the numerical precision of M2PG1 compared well
with an existing single bubble model (Vielstadte et al., 2015). Like in all Eulerian models, numerical
diffusion occurred and the model results can therefore not be directly compared with existing single
bubble models. However, the modelled rise height of bubbles compared well with the flare heights
seen in the echograms acquired during the CAGE 15-6 cruise. The modelled profiles of dissolved CH4
compared well (R better than 0.9) with an exponential fit to discrete measurements of CH,4
concentrations collected during the same cruise. The best model fit with observations was achieved
with a Gaussian bubble size distribution peaking at 1 mm.
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Figure 11. Example of a M2PG1 simulation. Five gas species are represented in their depth- size distribution.
Blue to yellow colour scale represents the molar content of free gas in the respective cells. Profiles on yellow
background represents the summation of free gas across the bubble sizes at each specific depth. Profiles on blue
background shows the dissolved gas concentration. Because the modelled horizontal domain was relatively large,
the dissolved gas profiles were largely unaffected by seepage and only the dissolved CH4 showed an anomaly
near the seafloor. The bubble size distribution of the emitted bubbles in this case was single-size of 8 mm
equivalent radius.
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7.4 Paper 4

Jack Triest, Par Jansson, Roberto Grilli, Anna Silyakova, Bénédicte Ferré, Jérdme Chappellaz, Jirgen
Mienert. Insights from underwater high resolution dissolved methane sensing over a known
methane seepage site west of Svalbard. In preparation for submission to JGR Ocean

The seepage at the slope offshore PKF was investigated during a three-day campaign in October 2015,
using the MILS in addition to our standard oceanographic equipment. The MILS was developed for
CHjs sensing during ice-core drilling in Antarctica. It was designed and built by Jack Triest and
Roberto Grilli at the National Centre of Scientific Research in France (https://www.cnrs.fr/), and a
modified version was made for seawater deployment, which was tested in July 2014, in the
Mediterranean Sea (Grilli et al., submitted). The sensor was, during our survey, for the first time
deployed in an environment with substantially CHs—enriched seawater. The MILS data was in good
agreement with sparse discrete sampling and subsequent GC analysis, but MILS revealed
unprecedented details of the aqueous CHy, distribution, both during vertical casts and horizontal
towing. Along one of the five horizontal tow-lines (line 3, Figure 12), the CH4 concentrations were
high and the distribution heterogeneous. Simultaneously with towing of the MILS, we monitored
echosounder data in real time, which revealed immense CH4 bubble expulsion along the same line.

Offline flare mapping, using data from the EK60 ship-mounted split-beam echosounder and the
Fledermaus software revealed intense flare activity along the slope at about 390 mbsl, which coincided
with line 3.

In order to understand the observed heterogeneity, we developed a 2-dimensional model,
reconstructing the CH, distribution along the tow-line. The 2D model is described in the section
Modelling free and dissolved gas in the methods section of this synthesis. In Paper 4, we report on the
2D modelling procedure and compare the modelled CH, distribution with the discrete samples CH4
and the CH4 measured with the MILS. The model agreed well with observations but displayed
downstream tailing, which we did not see in the MILS data. This is explained by the construction of
the model, which only considers turbulent mixing across the domain, whereas, in reality, mixing
occurs in all directions.

The analytical solution to the steady state model was calculated by assuming a volume 75 m high, 50
m wide and 4500 m long, which corresponded to the 2D model domain and line 3. In our case the
mixing coefficient, k, determined by the 2-d modelling, was 1.5 m?s™. The observed flow rates were
used as input to the volume and the model reached a steady state CH4 concentration of 23.5 nmol kg™,
twice the background concentration in the area, which was also estimated from the MILS
measurements.
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Figure 12. Visualization of gas flares and dissolved CH4. Target strength (dB) of extracted acoustic data, depicting
bubbles in the water column, is shown as coloured dots. Ship track lines 3, 4 and 5, projected on the seafloor, are
shown as grey lines and the CHa concentration along the lines are shown as black lines.
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8 Concluding remarks and outlook

The research conducted during the Ph.D. commitment has substantially improved the understanding of
the fate of CH4 emitted from the seafloor in general and specifically on the western Svalbard
continental shelf. We quantified CH4emissions from the seafloor and subsequent release to the
atmosphere. We compared the variability of CH,4 release with the postulated triggering processes
(Paper 1). And developed one- (Paper 3) and two- (Paper 4) dimensional models predicting dissolved
CHjy resulting from free gas emissions from the seafloor. A new fast-response CHa4 sensor was tested
(Paper 4) and the data was compared with modelling results with good agreement. Combining the
newly developed methods while investigating the same area increased our confidence in the different
methods. For example, mapped and quantified CH4 emissions from the seafloor was incorporated in
the new process based 2-phase model and 2D model, which reproduced the observations from high-
resolution MILS sensing.

Echosounder data is routinely and extensively collected and used for assessment of fish stocks. Old
and new echosounder data could give insights to new CH4 seepage locations and may help elucidating
the development of seepage sites.

Removal rates of CH4 due to oxidation (MOX) depend on the local CH,4 concentration and the activity
of the microbes. MOXx can be quantified using ex-situ incubation methods and its efficiency has been
noted to increase downstream of CH, sources (Mau et al., 2017) as the methanotrophic community
grows. Rather than assuming a constant MOx efficiency, the dynamic growth and decay of the
methanotrophic community could be included in simulations of future improved versions of M2PGL1.

Methane contained in bubbles that are being ejected from the seafloor dissolves in a layer close to the
seafloor and a fraction of the dissolved CHjs is converted to CO- due to aerobic oxidation. The
additional CO, may alter the carbonate system, acidify the seawater, and potentially affect benthic and
pelagic ecosystems. Coupling the carbonate system with M2PG1would give increased insight to the
acidification effect of CH4 emissions from the seafloor. CO; bubbling from the seafloor can already be
modelled with M2PG1 and would possibly be of interest for projects monitoring carbon storage and
sequestration.

Future versions of M2PG1 could be used for modelling the fate of substances emitted from the
seafloor at hydrothermal vents.
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