Master thesis

GAS HYDRATE STABILITY AND
DISTRIBUTION IN THE FJORDS OF
WESTERN SPITSBERGEN, SVALBARD
ARCHIPELAGO

An assessment based on indirect
hydrate indicators

Nil Rodés i Llorens

Master Program Polar and Marine Sciences (POMOR)

September 2021

MASTER PROGRAM
for polar and marine sciences

UH
St.Petersburg
University L2l Universitit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

s i
é:ﬂ\:‘ UNIS @Universitét Bremen parum




Master thesis

GAS HYDRATE STABILITY AND DISTRIBUTION
IN THE FJORDS OF WESTERN SPITSBERGEN,
SVALBARD ARCHIPELAGO
An assessment based on indirect
hydrate indicators

05.04.06 Ecology and environmental management
BM.5527.2019 Master Program for Polar and Marine Science (POMOR)

Saint Petersburg State University
Hamburg University

in collaboration with:
Bremen University
The University Centre in Svalbard

Nil Rodés i Llorens

Bremen, 3™ of September 2021



Table of contents

Abstract (in English)
Abstract (in Russian)

1. INTRODUCTION
2. STATE-OF-THE-ART BACKGROUND
2.1. Methane seepage
2.2. Natural gas hydrates (NGH)
2.3. Geological and physiographic setting
2.3.1. Geological evolution of Svalbard
2.3.2. Spitsbergen petroleum system elements
2.3.3. Subsurface fluid flow in the archipelago
2.3.4. Gas system in the fjords of Svalbard
2.3.5. Physiographic conditions of the study area
2.3.5.1. Isfjorden
2.3.5.2, Van Mijenfjorden
3. RESEARCH OBIJECTIVES
4. DATA AND METHODS
4.1. 2D seismic interpretation
4.2. Bathymetry and backscatter
4.3. Water column imaging
4.4. Hydrographic data
4.5. Geostatistical analysis
5. RESULTS
5.1. Subsurface geology and stratigraphy of the fjords
5.2. Seabed morphologies and backscatter
5.3. Hydroacoustic flare characterization and distribution
5.3.1. Dataset August 2015
5.3.2. Dataset June 2021
5.4. Hydrographic data
5.5. Geostatistical analysis
5.5.1. Isfjorden 2015
5.5.2. Van Mijenfjorden 2015
5.5.3. Isfjorden 2021
5.5.4. Pockmarks

a v U =

10
10
12
13
14
16
17
19
20
21
23
25
27
30
31
33
33
36
36
36
38
39
40
41
44
47
50



6. DISCUSSION 52

6.1. Flare analysis and interpretation 52
6.1.1. Flare characteristics 52

6.1.2. Flare distribution 53

6.1.3. Correlation with stratigraphic units 54

6.1.4. Correlation with pockmarks 56

6.2. Spatio-temporal variability of the gas seepage 58
6.2.1. Hypothesis 1: Thermogenic origin from source rocks 58

6.2.2. Hypothesis 2: In-situ gas production from Holocene sediments 61

6.2.3. Hypothesis 3: Sub-sea permafrost 63

6.2.4. Hypothesis 4: Natural gas hydrates (NGH) 65

6.2.5. Hypothesis 5: Combination from different sources 68

7. CONCLUSIONS 71
8. FURTHER RESEARCH QUESTIONS 73
9. ACKNOWLEDGEMENTS 75
10. REFERENCES 77
APPENDIX 1: Raw data 85
APPENDIX 2: Figures 90
APPENDIX 3: Python scripts 104

Statement on the thesis’ originality 111



Abstract (in English)

GAS HYDRATE STABILITY AND DISTRIBUTION IN THE FJORDS OF WESTERN
SPITSBERGEN, SVALBARD ARCHIPELAGO. An assessment based on indirect hydrate

indicators

Nil Rodés i Llorens

Master Program Polar and Marine Sciences POMOR / 050406 Ecology and

environmental management

Supervisors:

Prof. Dr. Gerhard Bohrmann, Universitdt Bremen

Dr. Miriam Rémer, Universitat Bremen; MARUM - Center for Marine Environmental Sciences
Dr. Kim Senger, The University Centre in Svalbard

Peter Betlem, The University Centre in Svalbard; University of Oslo

Dr. Alexey Krylov, Saint Petersburg State University; VNIIOOkeangeologia

This study evaluates the spatial and temporal variability of seepage detected in the main fjords
of western Spitsbergen, Svalbard archipelago, as indirect hydrate indicators (geophysical
attributes to the presence of gas or seepage) of the natural gas hydrate (NGH) distribution.
While methane seepage and NGH distribution in the offshore provinces of Vestnesa Ridge on
the continental slope west of Svalbard and Prins Karls Forland are extensively studied, their
potential distribution in the Isfjorden and Van Mijenfjorden fjords is poorly constrained. 2D
seismic interpretation enabled mapping the major stratigraphic units and structural elements of
the fjords and further identifying the distribution of potential source rocks. We also recognized
different migration pathways such as faults and igneous intrusions, presumably transporting the
gas to the seabed. In addition, analysis of hydrographic datasets acquired in August 2015 and
June 2021 allowed the quantification and description of gas flares in the fjords and the
comparison of the gas system characteristics over the late spring and early autumn seasons.
Overall, 796 flares (668 in Isfjorden and 115 in Van Mijenfjorden) have been identified in the
echograms acquired in 2015, and 152 flares have been identified in Isfjorden in 2021. The
observations revealed an active fluid flow system in the fjords with an evident spatio-temporal
variability of the seepage. Furthermore, different morphologic expressions at the seafloor, such



as pockmarks, have been spatially correlated with the flares, unveiling no direct association with
the present-day seepage. Despite the achievements of this work, further efforts are needed to
finally prove the presence of NGH in the fjords of the Svalbard archipelago. Besides, more work
is needed to understand the relation between high flare activity areas and the atmospheric
methane concentration anomalies to assess potential methane efflux (diffusion between the

surface waters and the atmosphere), contributing to the atmospheric carbon pool.
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Graphical abstract. Conceptual model of the fluid flow system in Isfjorden from the source rocks to the
atmosphere. It shows the major stratigraphical features presumably transporting the gas to the seafloor,
which is further detected as acoustic flares in the water column. Potential efflux remains uncertain.

Keywords: Gas seepage, flares, hydrocarbon sources, hydroacoustic mapping, natural gas

hydrates, Arctic fjord systems, Svalbard archipelago.



Abstract (in Russian)

CTabunbHOCTb ra3oBbIX NMAPATOB U UX pacnpeaeneHue B pbopaax 3anagHoro
LLnuubepreHa: oueHKa No KOCBEHHbIM NMPU3HaKaMm.

Hwun Popec u JibopeHc

Maructepckas nporpamma «lonspHble U mopckue nccnegosaHus (MOMOP)»/050406

«3JKonorma um npnpoaono/sib3oBaHNE”

Hay4yHble pykoBoAUTENN:
Mpodeccop Nepxapa bopmaH, BpemeHcknin YHuBepcutet

[-p Mupuam Pomep, BpemeHcknin YHusepcuteT, MAPYM — LLeHTP HayK O MOPCKUX
06CcTaHOBKax

[-p Kum CeHrep, YHuBepcuTeTCcKUi ueHTp LnuubepreHa
MNeTtep betnem, YHuBepcutetckunit ueHtp LWnuybepreHa; YHusepcutet Ocno

JoueHT, K.-r.Mm.H. Anekceit Anekceesuy Kpbinos, CN6IY, MHCTUTYT HayK o 3emne

B paboTte oueHeHa MPOCTPAHCTBEHHAs U BPEMEHHas M3MEHYMBOCTb CUMMHIA, ABAAIOLLEroCA
KOCBEHHbIM WHAMKATOPOM MNPUCYTCTBUA MPUPOAHBIX ra3oBbIX rMAapaToB (reopusmyeckue
NPW3HaKWM NPUCYTCTBUA rasa MAM CUMWUHIA), B OCHOBHbIX ¢dbopaax 3anagHoro LUnuubepreHa,.
HecmoTps Ha TO, YTO METAHOBbIM CUNMHF U PAacNPOCTPaHeHUe cybMapuHHbIX ra3oBbiX MMAPaToB
B OKpecTHOCTAX XxpebTa BecTHeca Ha KOHTMHEHTA/IbHOM CK/AOHe K 3anagy ot LUnunubepreHa u
3emnu MpuHua Kapna akTMBHO M3y4yatoTcA, UX NoTeHuManbHoe Haanume B Uchbopae n Ban-
MugsKeH-pbopae NPAKTUYECKM He UuccnefoBaHo. PesynbTaTbl  WHTepnpeTaumm  2D-
CEMCMMYECKUX AAHHbIX MO3BO/IMN HAHECTU HA KapTy OCHOBHble CTpaTUrpaduyeckme eanHuULbI
N CTPYKTYpHble 3n1emeHTbl GbOpAO0B, 3 TaKKe onpeaennTb pacnpeneneHne NoTeHUUaNbHbIX
HedTerasomaTepuHCKMX Nopoa,. Mbl TaKKe 06HAPYKUAN Pa3INYHbIE MYTU MUTPALMK, TAKUE KaK
pPa3/IoMbl U BYJIKAHUYECKUE UHTPY3UU, NPEANON0KUTENBHO NepeHOCcALLMe ra3 Ha MOPCKoe AHO.
Kpome Toro, aHanus rmaporpadmyeckmx gaHHblX, Noay4yeHHbIx B aBrycte 2015 r. u B nioHe 2021
r., NO3BOJIN/I KO/NMYECTBEHHO OLEHUTb M ONUCATb rasoBble ¢akenbl BO Gpbopaax U CPaBHUTb
XapaKTePUCTUKKN ra30BON CUCTEMbI B KOHLLE BECEHHErO M paHHEero OCeHHero ce3oHoB. B uenom

Ha 3xorpammax, nony4yeHHbix 8 2015 r., 66110 3apernctpupoBaHo 796 rasosbix dakenos (668 B



Nc-dbopae n 115 B BaH-Muarken-dbopae), a 8 2021 r. B npeaenax Uchbopga — 152 dakena.
HabnofeHns BbIABMAW aKTMBHYIO cucTeEMy murpauum ¢Gaonaos Bo ¢bopaax C OYEBUIAHOM
NPOCTPAHCTBEHHO-BPEMEHHOW  M3MEHYMBOCTbIO  CUMMWUHrA. bosee  Toro, pas/MuHble
Mopdosormyeckme NposBNEHWA Ha MOPCKOM fOHe, TaKMe KaK MOKMapKu, 6biau
NPOCTPAHCTBEHHO COMOCTaB/eHbl C daKkenaMu; NPSIMON CBA3U C COBPEMEHHbBIM CUMUHTOM He
6b1710 06HapyKeHo. B gonosHeHMe K pe3ynbTaTamM AaHHOW paboTbl HEOOX0ANMbI AafibHENLWNE
ycunma, 4ytobbl OKOHYaTeNIbHO [fAOKasaTb MNPUCYTCTBME T[as30BbIX IMAPATOB BO  (bopaax
apxunenara LWUnuubepreH. Kpome Toro, HeobxoanMMbl AONONAHUTE IbHbIE UCCEA0BAHUSA, YTOObI
MOHATb CBA3b MeXAy 06/1acTAMU C BbICOKOW aKTUBHOCTbIO ra3oBbiX GaKesoB U aHOMAAUAMM
KOHLLEHTpaLMi MeTaHa B aTmocdepe, YTO MO3BO/IUT OLLEHUTb NOTEHLMA/bHbIA OTTOK MeTaHa
(anddysna mexay noBepXHOCTHLIMU BOAAMM M aTMOChepoit), CNoCcoBCTBYIOWMI HAKOMTEHUIO

yrnepoga B atmocdepe.
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lpaduuecknin pedepar. KoHuentyanbHas MOLENb CUCTEMbI ABMXKeHua oaomaos B Mc-dbopae ot
HedTerasomaTepuHCKMX nopod K aTtmocdepe. Ha Hem noKasaHbl OCHOBHble CTpaTurpaduyeckue
nogpasaeneHnsn, NPeanosoKUTENbHO NepeHocsALWMe ra3 B CTOPOHY MOPCKOTO AHa, YTO B Ja/ibHellem
06HapyKMBaETCA KaK aKycTuyeckue dakenbl B BOAHOW ToAle. BesMumMHa BO3MOMXKHOIO OTTOKA rasa B
atmocdepy ocTaeTca HeM3BECTHOM.

KnioueBble cnoBa: rasoBblit CUMMHI, ra3oBble ¢aKesnbl, WCTOMHUKM YI1eBOAOPOAOS,
rMAPOAKYCTUYECKOEe KApTMpPOBaHWe, TMApaTbl MNPUPOLHOrO ras3a, CUCTEMbl APKTUYECKUX
dbopaos., apxunenar LWnuubepreH.



1. INTRODUCTION

The discovery of numerous gas flares seeping in the fjords of western Spitsbergen, Svalbard
archipelago (Figure 1), is of great interest in a moment of accelerated warming in the waters of
the fjords (Skogseth et al., 2020) and the Arctic as a whole. Understanding the origin and
composition of the gas is crucial for assessing the present-day and future impact of the seepage
in near-shore settings of the Arctic, which is globally distinguished as an early climate change
warning system. The gas seeping in the shallow waters of the fjords could reach the atmosphere
contributing to the atmospheric carbon pool, increasing the Arctic amplification and global

warming (Shindell et al., 2009; Betlem et al., 2021).

Gas seepage may be indicative of temporal destabilization of near-bottom agglomerations of
natural gas hydrates (NGH) in near-shore settings in the Arctic (Salomatin et al., 2010). NGH are
ice-like crystalline solids composed of water and light molecular weight gas, commonly methane
(CH4). Their formation and stability require high pressure, low temperature and sufficient gas
supply to oversaturate the surrounding and overlaying pore water (Kvenvolden, 1993).
Thermobaric modeling results predict NGH occurrence onshore Svalbard (Betlem et al., 2019;
Minshull et al., 2020) and in Isfjorden, the major fjord system of Spitsbergen (Roy et al., 2012,
Betlem et al., 2021) (Figure 1, A). However, NGHs have not been discovered in the Svalbard

archipelago yet, and overall, near-shore NGH potential in the fjords is poorly constrained.

The geology of Svalbard presents thick sedimentary units comprising both source and reservoir
rocks along with surface oil and gas seeps. Although there are no commercial petroleum
discoveries in the archipelago, many gas (predominantly methane) discoveries in measurable
quantities have been made associated with Late Palaeozoic-Mesozoic successions (Senger et al.,
2019). The organic-rich Botneheia Formation (Middle Triassic) and the organic-rich Agardhfjellet
Formation (Upper Jurassic) present a gas-prone source in central Spitsbergen, which
progressively turns into the oil maturation window in east Spitsbergen and Edgegya (Koevoets

et al., 2016, 2018; Senger et al., 2019; Birchall et al., 2021).

Decadal water column thermal trends indicate heat transfer into the fjord waters of the
archipelago, raising the water temperature. In Isfjorden, the heat transfer is linked to an increase
in mean fjord water temperatures of 0.7°C in winter and 0.6°C in the summer season (Skogseth

et al., 2020). This temperature rise could result in sub-sea thawing of permafrost (Betlem et al.,



2021) and gas hydrates dissociation (Shakhova et al.,, 2010, Mienert et al., 2005), causing

additional methane release into the water column.

Multiple sub-cropping thrust faults outcrop in the main trunk of Isfjorden, which could serve as
migration pathways for fluids and gas (Roy et al., 2014). Seabed morphologies are recordable
indicators associated with fluids -such as methane gas- escape through the seafloor, evidencing
the presence of an underlying conventional petroleum system. In Isfjorden, over 1300 individual
pockmarks have been described (Roy et al., 2015), which could be signs of methane seepage
from the seabed into the water column, serving as a potential piece of evidence for hydrate

occurrence (Minshull et al., 2020).

Gas can escape the sediment by diffusion in pore water and sediment systems or via seepage
forming flares when oversaturated. The assessment of gas flares characteristics and distribution
can be used as easily recordable prospecting indicators of near-bottom agglomerations of NGH
(Salomatin et al., 2010). Therefore, the occurrence of active gas seeps may be indicative of a
temporal destabilization of the temperature-dependent gas hydrate stability zone (GHSZ), using

its distribution as an evaluation tool for the near-shore NGH distribution in the Svalbard fjords.

Very few gas flares reach the water surface, and even for these, it is probable that nitrogen and
other gases would have largely replaced methane in the bubbles during their ascent over the
water column (Westbrook et al., 2009). Still, it is estimated that worldwide, about 10 Tg CH, yr™
could transfer to the atmosphere by diffusion (Kvenvolden and Rogers, 2005), and in shallow
areas such as fjords, the CH,4 released from the seafloor has a greater potential to reach the

atmosphere (Hovland et al., 1993, McGinnis et al., 2006).

Methane emissions are of great importance since it is a powerful greenhouse gas. When
averaged over a 100-year timescale, the warming effect of methane per unit mass is 28 times
higher than that of carbon dioxide (CO,) (IPCC. Climate Change 2013), and its emissions
constitute the second-largest contribution to historical warming after CO,. Methane release into

the atmosphere influences and will influence the global climate (Shindell et al., 2009).

In the fjords of Spitsbergen, a correlation between the major stratigraphic units and structural
elements of the fjords, different seabed morphologic expressions such as pockmarks (Roy et al.,
2015, 2019), gas seepage detected in the water column and the modeled GHSZ (Betlem et al.,
2021) is missing. Consequently, this study focuses on integrating and evaluating the fluid flow

from the source rocks to the water surface in Isfjorden and Van Mijenfjorden (Figure 1, B) to



assess the potential distribution and stability of NGH based on indirect hydrate indicators
(geological, geophysical and geochemical attributes to the presence of hydrates) seen in the

seafloor and the water column.

To fulfill the purpose of the research, | have inquired the general gas system of the fjords of
central Spitsbergen, describing the main geological groups and formations outcropping in the
fjords and having an insight into the potential fluid migration pathways to the seafloor. |
analyzed the seepage recorded in the water column echograms from two cruises (August 2015
and June 2021) and correlated it with different seabed morphologies. This has allowed me to
compare the characteristics of the formerly detected flares over two different seasons and
evaluate temporal variabilities of the seepage between late spring and early autumn in the
fjords. Finally, | tried to assess the input of methane into the atmosphere, aiming to provide
enhanced information to constrain uncertainties in future climate scenarios related to possible
near-shore NGH dissociation in a climate-sensitive area such as the Svalbard archipelago (Ruppel

and Kessler, 2017).

The outcome of this work will contribute valuable scientific data and complement previous
studies of the gas system in other fjords of the archipelago. It will also facilitate further
investigation of observed phenomena responding to the presence of NGH by comparing the
GHSZ thermodynamic requirements with the direct and indirect hydrate indicators. Inferring this
data is vital to assess the hydrate-related resource potential and mitigate hydrate-related
geohazards such as submarine landslides. Exploring and quantifying the NGH in the Svalbard
archipelago is essential since its dissociation could result in immense amounts of methane into
the atmosphere, contributing to positive feedbacks enhancing the polar amplification and global

warming (Ruppel and Kessler, 2017; Betlem et al., 2021).
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Figure 1. Regional map of Svalbard archipelago in EPSG:32633 projection. The red-discontinuous polygons
are the study areas: A. Isfjorden area; B: Van Mijenfjorden area. In the upper right corner is the
International Bathymetric Chart of the Arctic Ocean (IBCAO) Version 3.0 (Jakobsson et al., 2012). The
stratigraphic log is based on Betlem et al., 2021, and the Stratigraphic Atlas of the Arctic.



2. STATE-OF-THE-ART BACKGROUND

2.1. Methane seepage

Natural methane seepage is the upward migration of methane gas that commonly occurs in both
terrestrial and marine settings (Kvenvolden et al., 2001). The flow of gaseous hydrocarbons from
subsurface sources to Earth’s surface can be steady or episodic, slow or rapid, visible or invisible

(Etiope, 2015), and that is why the rates of methane seepage are difficult to assess.

The sources of methane are varied, and they are broadly grouped into modern microbial carbon
and ancient thermogenic carbon. Microbial methane gas is produced by methanogenic
organisms that chemically break down the organic matter and generate methane under
anaerobic conditions. Thermogenic methane gas is the result of chemical reactions that occur
under high temperatures and pressure underground. It originates from deep source rocks, which
commonly include shales, coalbeds and limestone. In both cases, if methane reaches the
sediment surface and the gas concentration in the pore water exceeds saturation, methane gas

will exolve in the water column (Bohrmann and Torres, 2006).

Marine seeps are an important contribution of methane to the atmosphere. It is estimated that
50 Tg/yr are released from the seabed, of which about 30 Tg/yr reaches the atmosphere.
Methane oxidation and dissolution are two crucial processes limiting the amount of methane
transferred to the atmosphere (Kvenvolden et al., 2001). Microbial methane oxidation is a
microbial process that happens in both anaerobic and aerobic conditions. It is an important
methane sink since it consumes over half of the total methane produced on Earth. On the other
hand, methane dissolution happens during methane transport through the water column. Gas
bubbles rising from great depth can be coated by a clathrate hydrate layer. This phenomenon
slows the rate of gas dissolution from the bubbles, which will survive much longer in the water

column, increasing the chances to reach the water surface (Kvenvolden et al., 2001).

Marine seeps are traditionally called “cold seeps” to distinguish them from the hot and CO»-rich
hydrothermal vents (Etiope, 2015). They are found in passive continental shelves and slopes,
and can be associated with seabed morphologies such as pockmarks, which are produced by the

expulsion of fluids.



2.2. Natural gas hydrates (NGH)

Natural gas hydrates, also called clathrates, are non-stoichiometric solid compounds, similar to

ice crystals with water as the host element and a lightweight gas molecule acting as a guest

(Sloan, 1998). They form three-dimensional (3D) stacking cages of hydrogen-bonded water

molecules, with Van der Waals forces holding the lattice together. No bonding exists between

the guest and host molecules. Nevertheless, the empty cage is unstable and requires

encapsulated gas molecules to stabilize the clathrate crystal (Collett et al., 2009).

Five types of polyhedral cages are known (Figure 2). Depending on the formation environment,

hydrates crystalize naturally in three different structures (1, Il, H), with varying cage sizes (Sloan,

1998). Each cage can hold a single gas molecule and the gas changes depending on the hydrate

structure.

Structure I: Crystalizes in the cubic (isometric) system. It is formed by 46 water
molecules that enclose 8 cages where gas molecules are hosted. It consists of two types
of cages: Six larger gas sites are enclosed by water cages with 12 pentagonal and 2
hexagonal faces (5% 62), while two smaller gas sites occur within pentagonal
dodecahedral cavities. It has a size of 5.2 A.

It is the most common structure observed in nature. Methane molecules typically fill
both small and large cages. However, other gas molecules that are smaller than propane
(C3Hs), such as CO; or H,S, can be enclosed in the structure.

Structure II: Crystalizes in the cubic (isometric) system. It consists of 136 water
molecules forming 24 cages. The smallest consists of 12 pentagonal faces (5'2) (4.8 A),
and the large consists of 12 pentagons and 4 hexagonal faces (5'2 6%) (6.9 A).

This structure is usually confined to areas where the formation of thermogenic gas takes
place in the sediment. The typical guest molecules are O, and N,, but CsHgor iso-butane
(HC(CHs)s) can also be found.

Structure H: Crystalizes in a hexagonal system. It has 34 water molecules associated with
3 small (5%?), 2 medium-sized (43 5° 63) and 1 exceptionally large (5? 68) cages.

To be stable, it requires the cooperation of two guest gases (large and small). Different
combinations are possible. They have only been found in the Gulf of Mexico, related to

heavy hydrocarbons.
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the hydrate structure.

Pressure (i.e., water depth), the seafloor temperature, and the geothermal gradient are the
primary parameters affecting the gas hydrates stability zone in marine environments (Sain et al.,
2011). Other parameters such as the gas composition or the pore water salinity also influence
the stability curve. These factors are used to calculate a theoretical diagram to estimate the local
stability of NGH at any depth. The gas hydrate stability zone (GHSZ) is the zone at which
temperature, pressure and geochemical regimes meet the requirements for the stable natural
occurrence of NGH of a specific composition. Above or below the GHSZ, the gas either dissolves

in the water or remains in a free state (Figure 3).
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As the temperature in sediments increases with depth with a uniform geothermal gradient, the
thickness of the GHSZ is quite constant for a given depth (Bohrmann & Torres, 2006). Therefore,
the lower boundary of the GHSZ acts as an isotherm that can sometimes be characterized using
seismic methods by the Bottom-Simulating-Reflector (BSR) (Shipley et al., 1979). BSR is a strong
reflector of reverse polarity that mimics the seabed topography cutting across reflections of
stratigraphic origin (Bohrmann & Torres, 2006). It appears as a result of the decrease of

impedance between the NGH and free gas (Paull et al. 1996; Cooper and Hart, 2003).

During the formation of gas hydrates, the water and the gas content in the sediment pores are
converted into solid form, increasing the sediment strength. Depending on the formation
environment, NGH deposits can present different fabrics (disseminated, nodular, layered and
massive). In deep marine environments, it is typical fracture and pore space fillings, while, in
shallow environments, layers of NGH parallel to bedding, massive hydrates and bubble fabric
are prevalent. This makes NGH relevant for the stability of the seafloor sediments, playing a

significant role in pre-conditioning slopes for failure (Hornbach et al., 2007).

The compact nature of the hydrate structure makes it highly effective for packing gas. A volume
of 1 m? gas hydrate at standard pressure and temperature (101.3 kPa, 273.15 K), contains 164
m?3 of gas and 0.8 m3 of water. Gas hydrate volume estimates rely on two basic parameters: the
amount of pore space, or porosity, available for gas hydrates in the stability zone (Kvenvolden,
1988). Their heterogeneous distribution and uncertainties in porosity and gas hydrate saturation
have led to widely varying global estimates of the methane contained in hydrates. Different
assessments address the hydrate distribution patterns (Archer, 2007) to improve the

constrained estimations of this energy source.

Methane is a dynamic component of the sub-sea-floor environment and the global environment
as a whole. Gas hydrates can be charged with methane over time or discharged, releasing large
quantities of methane (Dickens et al., 2011). If methane inputs to gas hydrate exceed methane
outputs, gas hydrate volumes grow whenever pore water is available, sequestering methane as
the hydrate forms. They can act as a methane source, releasing methane as the hydrate breaks

down.

Gas hydrates played a significant role in past climate changes, like the Palaeocene-Eocene
thermal maximum (PETM), when the global temperatures rose by 5 to 6°C over a 1 to 10

thousand year period (Dunkley-Jones et al., 2010). Current temperature increases and lowering



pressures could trigger NGH dissociation, strongly influencing the environment and climate, and

becoming an important factor in future global warming.

Most methane released from dissociating gas hydrates in the marine environment is dissolved
and oxidized into carbon dioxide in the deep-ocean water. However, permafrost found in fjord
systems, which account for 0.25% of the global gas hydrates (Ruppel et al., 2011), are likely to

release methane, a fraction of which can reach the atmosphere directly (McGinnis et al., 2006).

Marine gas hydrates have a global distribution (Figure 4). They have been found or inferred in
sub-oceanic sediments in the polar regions (shallow water) and in the continental margin and
onshore permafrost, where pressure and temperature conditions combine to make them stable.
It is estimated that 99% of the world's gas hydrate occurs in the uppermost hundreds of meters
of marine sediments at ocean depths greater than 500 m (300 m in the polar oceans

(Kvenvolden, 1998)) and close to any passive and active continental margin (Dale et al., 2008).

Gas hydrate stability zone (present-day
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Figure 4. The global map of the modeled GHSZ thickness in meters under present-day climatic conditions
(mean 1988-2007). Figure published by Kretschmer et al., 2015. Global estimates present considerable
limitations due to the model's resolution. Consequently, this figure shows GHSZ anywhere in Svalbard.
Nevertheless, regional models by Betlem et al., 2021 predict a stable GHSZ under thermogenic conditions
in multiple fjords of the archipelago.



2.3. Geological and physiographic setting

2.3.1. Geological evolution of Svalbard

Geologically, the Svalbard archipelago represents the
uplifted and exposed north-western corner of the Barents
Shelf. The stratigraphic setting displays a nearly complete
stratigraphical succession ranging from Pre-Ordovician
basement and Devonian Red sandstones to the Paleogene
basin-infill of the Central Spitsbergen Basin (CSB), offering
multiple organic-rich source rocks and porous reservoir
rocks (Henriksen et al., 2011; Worsley, 2008; Dallmann et al.,
2015).

Evidence of past and present faulting is widespread
throughout the archipelago (Harland et al., 1974; Lowell,
1972; Betlem et al., 2021). Western and central Spitsbergen
have been affected by structural shortening during the West
Spitsbergen Fold-and-thrust Belt formation during the
Paleogene, causing extensive fracturing and structural
heterogeneities that can serve as fluid migration and leakage

pathways (Henriksen et al., 2011; Ogata et al., 2014).

The entire stratigraphic sequence is clastic-dominated, and
the only significant carbonates are found in the late
Carboniferous and early Permian (Worsley et al., 1986). The
following groups are found in Spitsbergen (from the oldest

to the youngest):
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Figure 5. Stratigraphic column
published by Betlem et al., 2019. It is
based on an unpublished figure by
Arild Andresen (University of Oslo).
Source rock intervals (Abay et al.,,
2017) and reservoir units (Res.) are
highlighted.

Andrée Land Group, Early Devonian (Emsian 405 Mya) - Late Devonian (Famennian 371.1 Mya).

It is >3000 m succession of Devonian rocks consisting mainly of distinct red, crimson or greyish-

green conglomerates, sandstones, siltstones, mudstones and shales, locally with limestone

interbeds. The lower beds result from alluvial fans, braided to meandering rivers, and alluvial

plains depositing in a dry to semi-dry climate. The upper, greyish-green strata reflect coastal

tidal plains, brackish lagoons, estuaries and delta environments, possibly deposited under more

humid conditions (Dallmann et al., 2015).
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Billefjorden Group, part of the Late Devonian (Famennian 371.1 Mya) - Middle Carboniferous
(Visean 330.3 Mya). It is a <1000 m succession of greyish conglomerates, sandstones and shales
locally intercalated with coal seams. It represents paleo-environments dominated by large
alluvial fans, fluvial, lacustrine and alluvial environments in a warm, humid climate. Coal seams
and abundance of vegetation remains reflect a varied and richly vegetated paleoenvironment

dominated by swamp forests and wetlands (Dallmann et al., 2015).

Gipsdalen Group, Middle Carboniferous (Serpukhovian 325 Mya) - Early Permian (Artinskian
290.5 Mya). It is a <1800 m succession of red conglomerates, sandstones, siltstones and shales
in the basal beds, that change into evaporites (gypsum and anhydrite) and carbonates
(dolostones and limestones). The basal beds were deposited in terrestrial steppe- to desert-like
paleoenvironments. These changed to coastal sabkhas and tidal flats that migrated into a
shallow-marine, warm-water shelf sea studded with coral reefs and extensive carbonate
platforms. Finally, a global sea-level fall resulted in the emergence and karstification of the

platforms (Dallmann et al., 2015).

Tempelfjorden Group, Middle Permian (Artinskian, 283.3 Mya) - Late Permian (Changhsingian
251.9 Mya). It is a <460 m succession formed by highly variable deposits that comprise marine
clasts (sandstones, siltstones and black shales), spiculitic cherts (accumulations of sponge
spicules) and carbonates, that were accumulated in temperate to cold, shallow-marine,

nearshore to deeper marine offshore environments (Dallmann et al., 2015).

Sassendalen Group, Early Triassic (Induan, 251.9 Mya - Middle Triassic (Carnian, 237 Mya). It is
a <700 m succession with diverse lithologies. Along western Spitsbergen, marine clasts were
deposited in a low-relief, reasonably deep, boreal shelf embayment with coastal to deltaic
sediments. The Middle Triassic is very organic-rich and consists of sandstones, siltstones and
shales that were deposited in the central part of the embayment from Svalbard. Shale

dominates, along with siltstones; sandstone intervals in the west (Dallmann et al., 2015).

Kapp-Toscana Group, Late Triassic (Carnian, 237 Mya) - Middle Jurassic (Bathonian, 168.2 Mya).
It is a <475 m succession formed by shales, siltstones and sandstones with coal layers and
scattered carbonate beds deposited in alluvial, paralic, deltaic and shallow-marine
environments. The uppermost part forms a condensed clastic sedimentary succession

containing thin phosphatic nodule layers (Dallmann et al., 2015).
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Adventdalen Group, Late Jurassic (Callovian, 164 Mya) - Early Cretaceous (Albian, 105 Mya). It is
a <1600 m succession that was deposited in the epicontinental basin. The lower part consists of
organic-rich mudstone deposited on a marine shelf, and this passes upwards into a unit
dominated by shale deposited on an open-marine environment. The upper part of the group is
a response to uplift in the north, from where coarse-grained sediments were delivered to build
up a fluvial to deltaic, southeastwards prograding wedge of conglomerates, sandstones and
shales with subordinate coal beds. This wedge was later drowned by a shallow sea that
deposited sand, mud and fossiliferous calcareous sediments (Dallmann et al., 2015). The
reflectors defining the Adventdalen Group units depict a wide and asymmetric syncline of
deposits of Late Jurassic - Early Cretaceous. The Upper Cretaceous strata are missing, forming

an unconformity with the Van Mijenfjorden Group's Paleogene.

Van Mijenfjorden Group, Paleogene (Danian, 66 Mya) - (Priabonian, 33.9 Mya). It is a <900 m
succession deposited in Central Spitsbergen Basin. It consists of continental sandstones,
siltstones and shales with plant beds and coal seams deposited in coastal (deltaic) to shallow-

marine environments (Dallmann et al., 2015).

2.3.2. Spitsbergen petroleum system elements

Multiple investigations have unveiled the presence of a functional petroleum system in
Spitsbergen. Hydrocarbon presence has been found by technical discoveries in several wildcat
exploration wells onshore (Senger et al., 2019). Also, an unconventional discovery of shale gas
was found in research wells in Adventdalen (Ohm et al., 2019). Thermogenic, an admixture of
biogenic, mixed microbio- and thermogenic gas seeps, have been documented in the marine
sediments of Isfjorden (Knies et al., 2004). Multiple pockmarks have been described in Isfjorden
(Roy et al., 2015, 2019). Finally, numerous sedimentary rocks outcrop in different sites of
Spitsbergen (Abay et al., 2017), of which it outstands the Middle Triassic Botneheia and Upper
Jurassic Agardhfjellet Formations as the main source rocks for oil and gas found in Spitsbergen

(Bjorgy et al., 2010; Henriksen et al., 2011; Mgrk and Bjorgy, 1984).

The Agardhfjellet Formation is part of the Janusfjellet Subgroup and the Adventdalen Group and
was deposited in the Late Jurassic. It is 90-350 m thick. Its dominant lithology is siltstone,
sandstone and beds of black organic-rich shales. These represent deposition in alternating oxic
and anoxic bottom conditions, indicating periodic deposition under very shallow water into the
fair-weather wave base (Koevoets et al., 2019). The shales did bury up to 2.5 km under paleo-

burial temperatures of 150-180°C (Koevoets et al., 2016). There is a high percentage of vitrinite-
12



rich type lll kerogen in areas with more silty parts, while clay-dominated areas are rich in liptinitic
type Il kerogen, meaning that the formation has the potential to generate both oil and gas (Ohm

et al., 2019).

Botneheia Formation is part of the Sassendalen Group, deposited in the Middle Triassic. Its
lithology is defined by black shale with abundant small phosphate nodules, silty dolomite and
the upper part is highly calcitic due to numerous marine fossils and reptile bone fragments. The
formation presents a changing thickness of 80-168 m. The upper part is very rich in organic
material, presenting lateral variations in maturity, with high total organic carbon (TOC) values
(5-10%), high hydrogen index (HI) values (400-600 mg HC/g TOC), low production index (PI)
(0.04-0.1) and Tmax (439-446°C) suggesting excellent source rocks composed of oil-prone Type
Il kerogen. Isotope and biomarker data suggest shallow/open marine facies. The source rocks
from Svalbard are more mature than their time-equivalent formations offshore Barents Sea
(Abay et al., 2014). Botneheia Formation is the most promising hydrocarbon source rock of

Svalbard and one of the major source rocks in the southwestern Barents Sea (Abay et al., 2017).

2.3.3. Subsurface fluid flow in the archipelago

Gas occurrences described in Isfjorden are in close association with seafloor expressions and
tectonic lineaments. This suggests that stratigraphy, lithology and faulting control the fluid flow

migration from deep source rocks in Isfjorden (Roy et al., 2014).

Faults are the primary conduits for fluids in many basins worldwide, providing direct routes for
the buoyant hydrocarbon fluids through the deeper subsurface where more consolidated to
completely lithified rocks are present (Ligtenberg, 2005). In the Spitsbergen Fold-and-thrust Belt
complex, various types of faults and fracture networks have been documented (Maher et al.,
1986; Teyssier et al., 1995; Braathen et al., 2012), underlining a relevant role in the migration of

fluids ascending from deep source rocks and terminating on the seafloor (Roy et al., 2014).

In Isfjorden, different acoustic features such as enhanced reflections, turbid acoustic zones and
acoustic blankings have been interpreted on subbottom acoustic profiles and linked with
regional faults. They suggest possible gas accumulation and migration through the various

shallow fractures in the bedrock up to the seafloor (Roy et al., 2014).

Early Cretaceous doleritic intrusions are exposed both onshore and offshore Isfjorden (Senger

et al., 2013). They are implied to have a crucial role in directing the buoyant flow towards the
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surface (Roy et al., 2014). The impermeable permafrost layer could act as another mechanism
directing the migration of fluids to seep through to the seabed in places where the permafrost

is absent (Roy et al., 2014).

Pockmarks (crater-like depression features on the seafloor) and pingos are morphological
features related to the expulsion of fluids from deep sources (Vanneste et al., 2005; Roy et al.,
2014; Dallmann et al., 2015). In high latitudes, groundwater seepage, thawing permafrost, gas
hydrate dissociation and up-drifting ice detached from the seafloor are important factors for
pockmark formation. Roy et al., 2012 and 2015 discussed and described the morphology and
spatial distribution of 1304 pockmarks in Isfjorden. These were found closely linked to the
outcropping edge of the igneous intrusions and shallow and deep faults, which could have acted
as migration pathways of fluids to the seafloor. However, it is also suggested that they could
result from direct fluid migration from organic-rich geologic formations (Agardhfjellet and

Botneheia Formations) into the soft, fine-grained sediments (Forwick et al., 2009).

2.3.4. Gas system in the fjords of Svalbard

The Svalbard archipelago groups three crucial factors contributing to the presence of NGH: 1)
suitable thermobaric conditions, 2) an active petroleum system, 3) a constant flux of
thermogenic and microbial gas. Flares, pockmarks and thermogenic methane found in several
Svalbard fjords are evidence of active fluid seepage both onshore and offshore the archipelago

(Betlem et al., 2019).

Several organic source rocks are widespread in Svalbard, with examples including Paleozoic,
Mesozoic, and Cenozoic coals in addition to the two Mesozoic organic-rich marine mudstones,
Agardhfjellet Formation and Botneheia Formation, which are the main sources for the migrating
hydrocarbons in Spitsbergen (Ngttvedt et al., 1993; Paech and Koch, 2001; Nicolaisen et al.,
2019). These can potentially release large amounts of methane into the water column.
Nevertheless, it is estimated that the biological oxidation effect in the near-surface sediments

will effectively reduce the amount of methane seeping (Liira et al., 2019).

Significant quantities of hydrate-bound gas have been discovered in the extensively studied
offshore provinces of Vestnesa Ridge on the continental slope west of Svalbard and Prins Karls
Forland. In the fjords of the archipelago, several studies (Forwick et al., 2009; Roy et al., 2016,
2015; Liira et al., 2019) have found evidence of fluid seepage. However, the near-shore NGH

potential in Svalbard fjords is poorly constrained with indirect offshore hydrate indicators
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(seismic chimneys, pockmarks, seismic blanking). No clear hydrate-related signatures have been

identified despite good 2D seismic coverage (Baelum and Braathen, 2012; Blinova et al., 2013).

By modeling the GHSZ, methane hydrate-stable conditions have been predicted in Isfjorden
(Figure 6), Hinlopenstretet, Kross- and Kongsfjorden, and Rijpfjorden, but they do not predict
such conditions for Bellsund (Betlem et al., 2021). This coincides partially with field observations,
which documented high methane concentrations in Isfjorden, Hornsund, Van Mijenfjorden,
Adventfjorden and Tempelfjorden, with methane concentrations exceeding the atmospheric
equilibrium concentration up to two orders of magnitude (Damm et al., 2005; Damm et al.,

2021).

In Isfjorden, 1304 individual pockmarks have been recorded in water depths of 40-320 m (Roy
et al., 2015) (Figure 6). The formation and distribution of pockmarks have been related to the
possible dissociation of NGHs, major tectonic faults and igneous conduits, which may act as
potential fluid pathways, seepage of shallow gas, permeable fluid migration pathways and
external trigger mechanisms such as seismic activity (Roy et al., 2015, 2019). Furthermore, many
of the newly identified flares, pockmarks, and other fluid seepage features detected in the fjord

are found within or in close proximity to the GHSZ (Betlem et al., 2021) (Figure 6).

A mixture of thermogenic and microbial methane were analyzed from surface sediments of
Isfiorden (Knies et al., 2004; Liira et al., 2019). These gases are proven to seep from both the
pockmarks and undisturbed seafloor, suggesting a slow and steady degassing of the fjord sub-
surface. The geochemical characterization indicates an active fluid flow system in Isfjorden

(Knies et al., 2004; Liira et al., 2019).
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Figure 6. Compilation of the background information from Isfjorden. The stratigraphical boundaries were
interpreted by Blionva et al., 2012. The pockmarks, glacial lineations and faults were described by Roy et
al.,, 2015. The GHSZ was modeled by Betlem et al.,, 2021, and represents the maximum extent for
thermogenic gas conditions. The base map is courtesy of Earthstar Geographics.

2.3.5. Physiographic conditions of the study area

This work's study area is in Isfjorden and Van Mijenfjorden, two of the main fjords in western
Spitsbergen, in the Svalbard archipelago, located in the Arctic Ocean, midway between Norway
and the North Pole (Figure 1). Svalbard comprises all islands between 74° and 81° north and
between 10° and 35° east. Spitsbergen is the largest island with a land surface of 39.000 km?
(Ingdlfsson, 2004).

Central Spitsbergen presents higher-than-expected temperatures compared to other parts of
the High Arctic in the same latitude (Eckerstorfer and Christiansen, 2011) due to the West
Spitsbergen Current (WSC). The WSC brings warm and saline Atlantic Water (AW) in the upper
500-700 m along the shelf break and slope towards the north (Przybylak et al., 2014). The
current mean annual air temperature in Longyearbyen and the surrounding area (-5 to 0°C) has

changed significantly during the 1961-1990 period due to a regional increase of 1-2°C since
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1981 (Isaksen et al., 2017). However, the present temperature range still allows the occurrence

of gas hydrates both within or below the permanently frozen soil layers (Betlem et al., 2019).

The waters around Svalbard feature a large seasonal variability in water column temperatures,
and the bottom water temperatures are complicated by factors that include effects of water-
terminating glaciers, sea ice formation, and potentially subsea permafrost (Skogseth et al.,

2020).

2.3.5.1. Isfjorden

Isfjorden is the largest fjord system in western Spitsbergen. It is comprised of a main trunk with
thirteen tributary fjords (Figures 1 A, 7). The Isfjorden main trunk (IMT) is 8-25 km wide and 107
km long. The deepest point of the IMT is the Svensksunddjupet basin (430 m), located near the
mouth of the fjord (Figure 7). Isfjorden has a total area of 3084 km? and a volume of 390 km3

(Nilsen et al., 2008).

Its bathymetric relief is characterized by sub-parallel ridges, bedrock knobs, streamlined
bedforms, sediment debris lobes, and numerous pockmarks (Roy et al., 2012, 2015). The
bedrock structures in Isfjorden and Isfjordbanken span from Paleozoic carbonates and
evaporites to Mesozoic and Paleogene sandstones and shales (Dallmann et al., 1999). The
sedimentary environment of IMT was influenced by nine tidewater glaciers that terminated
there during the Younger Dryas and the Allergd period, which now are covered by the early-

Holocene glacial, subglacial and deglacial deposits (Forwick and Vorren, 2009).

Adventfjorden

Adventfjorden is a small side fjord situated in the southern part of Isfjorden (Figure 7). The fjord
is about 8 km long and 3.5 km wide. Water depths range from 50 to 80 m in the central part,
and it reaches nearly 100 m in the fjord's mouth. It has a wide, deep fjord inlet without a sill,

which provides easy water exchange with the IMT (Damm et al., 2021).

Tempelfjorden

Tempelfjorden is the easternmost tributary fjord of Isfjorden (Figure 7). It is 14 km long and 5
km wide and covers an area of 57 km? (Forwick et al., 2010). Water exchange is, to some extent,

restricted from Isfjorden. Tempelfjorden has two basins separated by a sill (Figure 7). The outer
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basin is 110 m deep, and it is shared with Sassenfjorden (Damm et al., 2021). The inner basin is

much shallower is highly influenced by the tidewater glacier Tunabreen (Forwick et al., 2010).

Nordfjorden

Nordfjorden is located in the northernmost part of the inner part of Isfjorden. It is approximately
20 km long and 17 km wide (Figure 7). The water depth in Nordfjorden varies from 7 to 260 m.
It has a wide and deep mouth providing an easy water exchange with the IMT. It concentrates

the highest density of pockmarks in the Isfjorden fjord system (Roy et al., 2015).

Sassenfjorden

Sassenfjorden is located on the eastern side of Isfjorden, between the main trunk and
Tempelfjorden (Figure 7). It is approximately 15 km long and 10 to 5 km wide (close to Isfjorden
and close to the mouth of Tempelfjorden, respectively). It is separated from Tempelfjorden by
a sill with a maximum depth of about 55 m, limiting the water exchange with Isfjorden, which

only overflows under specific circumstances (Damm et al., 2021).

14°E

Figure 7. Bathymetric relief of Isfjorden and the main tributary fjords in EPSG:32633 projection.
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2.3.5.2. Van Mijenfjorden

Van Mijenfjorden is the second-largest fjord in western Svalbard, comprising 50 km long and 10
km wide (Figure 1, B). It is divided into three basins with a maximum depth of 112 m in the outer
basin, 74 m in the middle basin and only 30 m deep in the inner basin. The fjord is separated
from Bellsund further out by Akselgya and Mariaholmen islands, which block more than three-
quarters of the fjord entrance, restricting ocean communication. Van Mijenfjorden is
characterized by a shallow sill, as well as the shallower depths of the inner basins in relation to

the shelf depth in front of the fjord (Damm et al., 2005).

Stratigraphically, Van Mijenfjorden is dominated by a large syncline forming part of the
Spitsbergen central basin, a sedimentary bedrock of various types such as sandstones, siltstones,
shales, coals and coal pebbles (Steel and Worsley, 1984). The inner basin is filled mainly with
glaciogenic sediments, with a thickness of >30 m. The outer basin is dominated by up to 20 m of
glaciomarine sediments resting on a till deposited during the Younger Dryas (Hald et al., 2001).

The current sea-floor surface sediments are dominantly silty clay (Hald and Korsun, 1997).
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3. RESEARCH OBIJECTIVES

In this thesis, | study the fluid flow distribution and characteristics as an indirect indicator of the
potential NGH occurrence in the fjords of western Spitsbergen. The focus on Isfjorden and Van
Mijenfjorden is owing to the richness in available data, previous modeling of the GHSZ (Betlem

et al., 2019; 2021), and their relatively easy accessibility from Longyearbyen.
Seven research objectives were addressed through this study:

1. Determine if flare intensity, height and time deflection are valuable parameters for
characterizing the seepage distribution in the shallow waters of fjords.

2. Describe the gas seepage and evaluate if it manifests strong seasonality as a result of
the fjord's hydrographic characteristics.

3. Asses if present-day fluid expulsion identified in the acoustic flare data correlates with
the pockmark distribution in Isfjorden.

4. |Investigate if the gas seeps detected in the water column result from the temporal
destabilization of the GHSZ and NGH dissociation.

5. Examine if geological heterogeneities like fault zones, igneous intrusions and high-
permeable strata control subsurface fluid migration in the fjords.

6. Interpret the organic-rich formations -namely Agardhfjellet and Botneheia Formations-
outcropping in the fjords and assess if they are the source rocks for the gas seeping in
the fjords.

7. Estimate if the gas seepage detected in the fjords directly contributes to the
atmospheric carbon pool via methane diffusion from the water column to the

atmosphere.
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4. DATA AND METHODS

The work performed in this study is summarized in a flowchart (Figure

8) that schematically

shows the different methods that | applied to make the geostatistical data analysis. 2D seismic

interpretation of the general stratigraphy of the fjords, multibeam and backscatter data for

describing seabed morphologies, hydroacoustic data for flares detection, air analyzer for

detecting the atmospheric CO, and CHs concentrations, water sampling for hydrocarbon

analysis, and CTD sampling for the water column characteristics. It is com
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Figure 8. Flow chart explaining the method followed for the realization of this work.

21



Data type Location/extent Comments Source
Bathymetry Isfjorden and tributary 200 m resolution, locally Norwegian Hydrographic Service,
and MBES fjords, Van 5m Norwegian Mapping Authority, The
Mijenfjorden University Centre in Svalbard (UNIS),
University of Bremen & MARUM
Geological Onshore Svalbard Mapped at 1:100000 Norwegian Polar Institute, NPI
maps scale in most areas, at (2016)
1:250000 in east Svalbard
2D Seismic Isfjorden and tributary Isfiorden: 47 seismic STATOIL (surveys NH8509, ST8515
fjords, Van profiles (1615 km), Van and ST8815), SVALVEX (surveys
Mijenfjorden, Onshore Mijenfjorden: 17 seismic 2005, 2006, 2007, 2008 and 2009),
Svalbard profiles (328.5 km) TGS (survey SVA-VM-85), Balum et
al. (2012), Blinova et al. (2012),
Blinova et al. (2013), Roy et al.
(2019)
Boreholes Reindalen Reindalpasset | (7819/12- Balum et al. (2012); Roy et al.
1) (2014); Senger et al. (2019)
Gas hydrate Isfjorden Thermobaric conditions, Betlem et al. (2019); Betlem et al.

stability zone

Modeled distribution in
Isfjorden (quartile 0.1,
0.5,0.9)

(2021)

Hydrographic
data

Isfjorden 2015 and
2021, Van Mijenfjorden
2015

Isfjorden 2015: 741 km,
Van Mijenfjorden 2015:
203 km, Isfjorden 2021:
523.8 km

University of Bremen & MARUM
(HE-449 cruise, 2015); This study
(GASGEM2021)

Offshore Isfjorden Chemical composition Liira et al. (2019); Damm et al.
geochemical (2021)

sampling

Seabed Isfjorden and tributary Pockmarks (Roy et al. (2015), Roy et

morphologies

fjords

al. (2016), Roy et al. (2019)), Faults
(Blinova et al. (2012), Roy et al.
(2014), Roy et al. (2015)), Glacial
lineations (Roy et al. (2015))

CTD data Isfjorden, 16 stations along 4 This study (GASGEM2021)
Tempelfjorden, transects
Nordfjorden
Water Isfjorden, 37 surface samples for This study (GASGEM2021)
samples Tempelfjorden, hydrocarbon analysis
Nordfjorden,
Billefjorden,
Sassenfjorden

Table 1: Summary of datasets.
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4.1. 2D seismic interpretation

The aim is to define the sub-surface stratigraphical structures forming Isfjorden and Van
Mijenfjorden to correlate the methane seepage detected in the water column with the source

rocks and, ultimately, find hydrate indicators such as Bottom-Simulating Reflector (BSR).

The seismic interpretations have been made using Schlumberger’s Petrel E&P Software Platform
v2019.1 and are based on seismic data acquired in multiple seismic surveys. In Isfjorden, the
data was acquired by STATOIL (actual Equinor) in the surveys NH8509, ST8515 and ST8815;
SVALVEX during the surveys performed in 2005, 2006, 2007, 2008 and 2009; and TGS in the
survey SVA-IS-85. In Van Mijenfjorden, the seismic data was acquired by TGS during the survey
SVA-VM-85. A total of 47 seismic lines have been interpreted in Isfjorden with a total length of
1615 km. In Van Mijenfjorden, 17 seismic lines have been interpreted with a total length of 328.5
km (Figure 9). The low frequency of the seismic acquisition results in deep penetration and low
resolution of the seismic profiles. Consequently, it is possible to interpret reflectors of deep
stratigraphic units, but it will be challenging to differentiate anomalies and reflectors on the

shallow marine sediments such as potential BSR.

The groups, subgroups and formations interpreted in this work are based on the lithological
structure described by Balum et al., 2012 from the Borehole Reindalspasset | (7819/12-1),
located in Reindalen at 78°03'28" N and 16°56'31" E (Senger et al., 2019). Two land-based
seismic lines linked the borehole onshore with the seismic profiles in Van Mijenfjorden (Figure
9). Once | had interpreted Van Mijenfjorden's general stratigraphy, | extrapolated the

interpreted reflectors to Isfjorden by generating seismic surfaces.
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Figure 9. The white lines outline the seismic lines interpreted for this work. The orange dot indicates the
geographic location of the Reindalpasset | borehole used to describe the stratigraphic units—satellite
image of western Spitsbergen courtesy of Earthstar Geographics.
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4.2. Bathymetry and backscatter

The integration of multiple bathymetric datasets has allowed the characterization of different

seabed morphologies in the fjords.

In Isfjorden, | received the full seafloor surface morphology coverage of the fjord courtesy of the
University Centre in Svalbard (UNIS) in collaboration with the Norwegian Hydrographic Service
and the Norwegian Mapping Authority with a 5 m resolution. Moreover, | incorporated the
transects covered by the HE-449 cruise onboard R/V Heincke in 2015. The bathymetric
information during the HE-449 was acquired with the shallow to mid-water multibeam
echosounder Kongsberg EM710 operating at 70—100 kHz to acquire an updated high-resolution

bathymetry and backscatter cover of the main trunk of Isfjorden (Figure 10).

Finally, during the GASGEM cruise in June 2021

(https://www.youtube.com/watch?v=VuFjKIMPgt0), we acquired bathymetric data using a

NORBIT - iWBMSh high-end turnkey multibeam sonar system, operating at 200-400 kHz. The
system operated with an equiangular mode, with a maximum swath angle of 120° in shallow
areas and 90° in deeper waters for an optimal depth range of 10-250 m. Sixteen CTDs were
performed along the transects to calculate the Sound Velocity Profiles (SVP) that were inserted
in the Data Collection Tool (DCT) (©Norbit Subsea). The data logging was in .wbm and .s7k files
format, which were further exported and processed using Qimera v2.4.1 (©QPS). In total, we
surveyed 523.8 km over the inner part of Isfjorden, Adventfjorden, Tempelfjorden, Billefjorden
and Nordfjorden (Figure 10). However, and due to the shallow-water characteristics of the
multibeam used, the data acquired was remarkably noisy in the deep parts of the fjords.

Consequently, | decided not to incorporate it in the general bathymetric chart.

In Van Mijenfjorden, | worked with the bathymetric cover acquired from the HE-449 R/V Heincke
Cruise in 2015, which partly covered the westernmost basin and made two transect lines
through the center of the fjord. The acquisition characteristics were the same as those described
in Isfiorden during this cruise, which also provided a high-resolution bathymetry and
backscatter. Moreover, | also received a bathymetry from the north part and inner part of the
fjord with a 10 m resolution grid provided by the Norwegian Hydrographic Service and the

Norwegian Mapping Authority (Figure 10).
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Figure 10. Regional map of western Spitsbergen with the bathymetric surfaces used in this work. Also, the
ship tracks that were followed during the HE-446 cruise in August 2015 and the GASGEM cruise in June
2015 for the acquisitions of hydrographic data. The base map is courtesy of Earthstar Geographics.
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4.3. Water column imaging

The water column information for the dataset from 2015 was acquired during cruise HE-449,
organized by the University of Bremen and MARUM - Center for Marine Environmental Sciences,
onboard the R/V Heincke in August 2015. The research vessel was equipped with a multibeam
hydroacoustic echosounder Kongsberg EM710 operating at 70—-100 kHz, making it an efficient
tool to identify and characterize submarine active and passive seepages (Veloso et al., 2015;

Mau et al., 2017).

The water column and bathymetric information from 2021 have been acquired during the
GASGEM Cruise, organized in collaboration between the University Centre in Svalbard and the
General Geology-Marine Geology Group of the University of Bremen, onboard R/V Clione during
1-8 of June 2021. The vessel was equipped with a NORBIT - iWBMSh high-end turnkey multibeam
sonar system, which operated at frequencies of 200 (deeper than 200 m) or 400 kHz (shallower

than 200 m) for the acquisition of high-resolution hydrographic data.

In both cruises, the swath width acquisition method enabled wide lateral coverage for
bathymetric and seafloor backscatter mapping and the detection of high backscatter anomalies

in the hydroacoustic profiles attributed to the presence of gas bubbles (acoustic flares).

In the dataset from August 2015, a total of 944 km of water column hydrographic profiles (741
km in Isfjorden and 203 km in Van Mijenfjorden area) were analyzed. For the data acquired in
June 2021, 523.8 km of water column hydrographic profiles were acquired in Isfjorden, and no
data was acquired in Van Mijenfjorden. The data of both datasets have been analyzed using
Fledermaus v7.7.2 tools and the FMMidwater v7.7.2 module (©QPS), employing the
FMGeopicking Tool to extract the flare source point data and get the reference information
related to the point. To visualize flare deflections and bubble rising heights, selected flares were
extracted from the multibeam echosounder's water column records and were edited using the
3D Editor. In addition, the Time Series Tool was used to define and export the flare's intensity
values in decibels (dB). The information related to the flare characteristics was exported to

Microsoft Excel v2107 for further analysis.

The flare data consisting of information about the flare position and reference in the dataset,
nature of the flare (pulsing or continue), its architecture defining traits as rooted to the seafloor,

the total height and the body deflection, or the intensity values, were spatially plotted using
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ArcGIS Prov2.7.0 (OESRI) (Figure 11). This software has been used to grid, visualize and interpret
the data.

Figure 11. Example of flares with different characteristics: A: Continue, Rooted to the seafloor, H (m) total
height, Homogeneous intensity; B: Pulsing, Not rooted to the seafloor, H (m) total height, Decreasing
intensity; C: Continue, Not rooted to the seafloor, H (m) total height, Homogeneous intensity.

Due to the multibeam echosounder's limitations, the real width coverage for detecting gas flares
is slimmer than the full bathymetric range. Therefore, a calculation of the real footprint for flare
identification was required. For doing so, the FMGeopicking Tool was employed to define the
flare area's detection boundaries in the hydrographic profiles. The points were spatially plotted
using ArcGIS Pro v2.7.0. By measuring the distance in different depths, it was possible to
empirically define the footprint's angle: d(D) = 2 (tan(31.864) * D) (Figure 12). Next, the
bathymetric values were extracted to the ship track to define the footprint values in each depth
and plotted again in ArcGIS Pro v2.7.0 using the Buffer Tool to define the final polygon (Figure
13).

d = real footprint (in meters)
D = depth (in meters)

o = empirical angle of the
footprint (in degrees)

o = tant 0-_560' = 31.864

d(D) =2 (tana D)

Figure 12. Diagram explaining the method for calculating the real footprint of the
hydrographic profiles.
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A similar procedure was used for evaluating the flare's footprint. Nevertheless, in this case, each
flare had a unique imprint on the seafloor, generating a single polygon for each individual flare.
The workflow consisted of identifying the points where the same flare appeared rooted to the
seafloor. The FMGeopicking Tool was used for picking the points, which were further plotted in
ArcGIS Pro v2.7.0 to define the area and extension of the flare's footprint. However, this is not
a precise method for calculating the seepage area because the lateral and temporal resolution
of the hydrographic profiles is too low to define the specific area with a square centimeter

resolution.

Microsoft Excel v2107 has been used for doing the calculations of the flare characteristics. The
statistical analyses were computed using Python v3.8.8. According to the statistical quartiles,
the flare's characteristics have been grouped into four categories. The characteristics defined by

unique values have been categorized into groups of approximated values.

The geo-statistics and spatial analysis have been programmed with Python v3.8.8, mainly using
pandas v1.2.4 and geopandas v0.9.0 for computing and matplotlib v3.3.4 and Cartopy v0.18.0
for plotting. To work with it, | used the open-source web-based user interface, JupyerlLab

v3.0.14. The code is available in Appendix 3.

Geographical visualization, statistical analysis and data georeference have been performed
using ESRI ArcGIS Pro v2.7.0. This method has helped to make a detailed comparison of the flare
distribution with the fault system, the outcropping geological sequences, and the pockmark

distribution in Isfjorden.
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Figure 13. Image of detail comparing the bathymetry swath (green-yellow) with the real footprint (light
blue). The red dots are the flares located inside the real footprint area.

4.4, Hydrographic data

Profiles of salinity and temperature in the water column were obtained using a Conductivity-
Temperature-Depth (CTD) system during the GASGEM cruise in June 2021. The instrument used
was a Sea-Bird SBE19+. A winch with a meter counter wheel was used when lowering the CTD
through the water column. The data was processed and visualized using the programming
language Python v3.8.8 and Ocean Data View v5.4.0 (ODV; Schlitzer, Reiner, Ocean Data View,

https://odv.awi.de). The interpolations between the data points were done in ODV using the

weighted-average gridding feature.

A bucket was used to collect a total of 37 discrete surface water samples over the fjords. It was
the less invasive method since we avoided large turbulences and bubbles, which could influence
the dissolved gases in the water. Once on deck, we rinsed a 100 mL glass vial 3 times, and after
filling it with the surface water, we crimped it with aluminum caps trying not to generate any
bubbles. Afterwards, we injected 1 mL of NaOH (1M) with a syringe through a self-sealing
membrane to stabilize the sample from any biological activity. Finally, we stored the samples
up-side-down in a cold and dark environment. Hence, we collected 37 discrete seawater samples
over the fjord’s surface that were sent to the University of Bremen (Germany) to analyze

methane concentrations.
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4.5. Geostatistical analysis

To perform the geostatistical analysis of the geospatial data, | have used JupyerlLab v3.0.14, an
open-source web-based user interface for data science. Pandas v1.2.4 and geopandas v0.9.0
have been the main packages | used to make the data analysis, and | used matplotlib v3.3.4 to

plot the results and make figures.
The analysis of the data has required three different workflows:

1. Nearest neighbour between two point datasets: The nearest neighbour analysis aims to find
the closest geometry to another geometry feature. In this case, | was looking for the closest
distance between two point datasets (Figure 14) (Code in Appendix 3.1). In the data, | calculated
the distance between flares and pockmarks, and to normalize the data, | also calculated the

distance from the ship track to pockmarks.

2. Nearest neighbour between a point and a

line/polygon: Calculating the nearest neighbor s
between a point and a polygon is not evident A\
because the closest distance needs to be =
defined to a geometry formed by multiple .. [
coordinate points (Code in Appendix 3.2). With

the closest distance to the polygon, | created &.268
bins of data at the same distance from the ‘
polygon. An example is the flare and ship track 7
point distribution with respect to the coastline. .
To present the results, | made a bin of the data 1}
to have the percentage of flares distributed in ¢, \

groups of 1 km from the coastline.

60.260 x N A
24.9900 24.9925 24.9950 24.9975 25.0000 25.0025 25.0050 25.0075 25.0100

3. Point in Polygon intersection: It consists of ) ) ]
Figure 14. Nearest neighbour schematic

finding out if a certain point is located inside or model taken from the autogis-site developed
by Henrikki Tenkanen & Vuokko Heikinheimo
(University of Helsinki). It shows the links
between point features (yellow dots) to the
closest ending feature (red dots).

outside an area (Figure 15). In this case, | compared
the flare and ship track distribution inside each one
of the areas for the geological groups, subgroups
and formations outcropping in the fjords (Code in Appendix 3.3). Because different polygons

formed one geological unit, | had to merge them into a single multipolygon. Furthermore,
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creating a loop has accelerated the calculation of the data. Finally, to normalize the flare data
distribution, | correlated the percentage of flares inside each geological unit, which we

normalized with the ship track.

le6 1leb
8.710 1
8.7050 -
8.705 4
8.7025 1
8.700
8.7000 1
8.695 -
8.6975 1
8.690 1
8.6950 -
8.685 T .
. . 8.6925 4
86801 o ’
: 8.6900 -
480000 490000 500000 510000 520000 4950089750600006025060500807506100061250615000

Figure 15. Explanatory visual model of the method used to calculate the points within a polygon applied
for the flares detected in the 2015 dataset and the outcrop area of the Kapp Toscana Group.
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5. RESULTS

5.1. Subsurface geology and stratigraphy of the fjords

The 2D-seismic interpretation of the 47 profiles in Isfjorden and 17 profiles in Van Mijenfjorden
based on the description of the Reindalpasset borehole (Baelum et al., 2012) as a reference, has

enabled mapping the major stratigraphic elements outcropping in the fjords.

In Isfjorden, the units form a large syncline with an almost vertical outcropping angle on the
western side and a lower angle (~10°) towards the east (Figure 16). | interpreted the major
groups: Van Mijenfjorden Group (250 km?), Adventdalen Group (690 km?), Kapp Toscana Group
(275 km?), Sassendalen Group (335 km?), Tempelfjorden Group (225 km?) and Gipsdalen Group
(390 km?) (Figure 17).

As part of the Adventdalen Group, | could differentiate the boundaries of the Janusfjellet
Subgroup (490 km?), which is represented by large thickness variations caused by folding and
related to compressional tectonics from the Paleogene. Janusfjellet Subgroup is further

subdivided into the Agardhfjellet Formation and Rurikfjellet Formation (Maher Jr, 2001).

The Agardhfjellet Formation is of high interest in this study due to its potential as a source rock.
That is why | tried to define its stratigraphic limits. However, the seismic data showed blurry
reflectors on the upper boundary of the formation. Consequently, the limits have been
extrapolated and described based on the layer's thickness outcropping onshore and from
exploration well holes. On the south coast of Isfjorden, it has been assumed a mean thickness
of 350 m with a sound travel velocity of 1700 m/s, defining a reflector 400 ms in two-way travel
time (TWT) above the reflector defining the top of Kapp-Toscana Group. In the central part of
the fjord, | assumed a mean thickness of 220 m (260 ms in TWT), and in the northern part of
Isfjorden, | assumed a thickness of 90 m (100 ms in TWT). The total outcropping area of the

formation in the fjord is 80 km? (Figure 17).

In Isfjorden, | also defined the lower limits of Botneheia Formation, the youngest unit of the
Sassendalen Group. Botneheia presents a changing thickness of 80 m (95 ms in TWT) in the
southern part of Isfjorden and 180 m (210 ms in TWT) in the northern part of the fjord. It is also
a primary unit of interest in our study for its hydrocarbon potential. It outcrops over 195 km? in

the inner part of Isfjorden (Figure 17).
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The seismic lines | used only covered the inner part of Isfjorden, which is why the unit boundaries
in the upper coast, Nordfjorden, Billefjorden, Tempelfjorden and the mouth of Isfjorden, were
interpreted following the general stratigraphical trends and the geology onshore. Consequently,

they are considered as areas of uncertain interpretation (Figure 17).

In Van Mijenfjorden, the stratigraphy of the syncline and the fjord's general structure make the
Van Mijenfjorden Group and Adventdalen Group outcrop in almost the full extent of the fjord,
covering 260 km? and 210 km?, respectively. The Janusfjellet Subgroup (60 km?), Kapp Toscana
Group (12 km?), Sassendalen Group (25 km?) and Tempelfjorden Group (2.5 km?) outcrop in the
western part of the fjord (Figure 17). | have designated the interpretations in the inner-most and
outer-most parts of the fjord as uncertain since the seismic data that | used does not cover those
areas. Nevertheless, the onshore geology gives explicit hints of the units outcropping. Moreover,
it has not been possible to discern the reflectors defining the boundaries of the Agardhfjellet

and Botneheia Formations.

No Bottom-Simulating Reflector (BSR) has been identified in the seismic profiles. Finally, the
faults defined in Isfjorden are from the interpretations of Blinova et al., 2012 and Roy et al.,

2015.

NW Seismic profile NH8509-NH8509-202-mig080001 s

810 1010 1210 1410 1610 1810 2610

Figure 16. Interpretation of the seismic profile NH8509-NH8509-202-mig080001 crossing the main trunk
of Isfjorden. The seismic profile is a central section of Isfjorden, and it is representative of the structures
that are present on all profiles. It has a vertical exaggeration x10. The map shows the outline of the line
in the regional setting of the fjord.
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Figure 17. Geological map of western Spitsbergen. The onshore geological information is courtesy of the
Norwegian Polar Institute (NPI). The stratigraphic units outcropping in the fjord are the result of the
interpretations of the seismic profiles. In shredded are the areas interpreted based on the geological
setting onshore. In blue is the location of the Reindalpasset | borehole. In Isfjorden, are shown the
stratigraphic boundaries (Blinova et al., 2012; Roy et al., 2015) and the faults described by Roy et al., 2015.
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5.2. Seabed morphologies and backscatter

The outer part of Isfjorden is occupied by Paleogene rocks surrounded by outcrops of Jurassic-
Cretaceous strata (Blinova et al., 2012). The seafloor relief is characterized by parallel ridges and
troughs in the NW-SE direction (Figure 7). These show a correlation between the depth values
and the backscatter intensity. The shallow part of the ridges is characterized by high backscatter

values, while the troughs have low backscatter values.

Most of the onshore extension of Van Mijenfjorden is constituted by seven different formations
of Cenozoic clastic infill, which are grouped under the name Van Mijenfjorden Group (Harland,
1969). Mesozoic strata cross the western-most part of the fjord. The bathymetry presents low-
backscatter values for most of the extension, except for a deep basin located in the west part of

the area covered, which presents high backscatter values.

5.3. Hydroacoustic flare characterization and distribution

The gas flares have been detected by a multibeam echosounder as acoustic anomalies in the
water column appearing in successive hydrographic profiles. A criterion used to differentiate gas
flares from other anomalies, such as fish schools, is that the water's anomaly has to present a

constant upward movement over time, as do the gas bubbles in the water column.
5.3.1. Dataset August 2015

In Isfjorden, 668 flares were detected over an area of 176 km?, and 115 flares were identified in

Van Mijenfjorden over an area of 20 km? (Figures 18, 19).

The flares identified in the hydroacoustic data were registered in water depths between 30.3
and 278.4 min Isfjorden, being 193.7 m the depth with the highest flare concentration (median)
(Appendix 1 Table 8). In Van Mijenfjorden, gas flares were registered in water depths between
30.7 and 116.4 m, being 108 m the median depth value with the highest flare concentration and
98.2 m as a mean value (Appendix 1 Table 8). The footprint of the flares has a mean value of 90

m?2, with values going from 2 m? to 458 m?2.

In Isfjorden, the flares' height values range between 1.2 and 192.2 m above the seafloor, with a
mean height value of 42.8 m and a median value of 37.2 m. The shallowest depth reached by a

recorded flare is 18.5 m, and the average value for the dataset is 117 m.
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The intensity values of the flares in Isfjorden ranges between -80 and -5 dB. The intensity value
for the first quartile is -60 dB and -45 dB for the third quartile. The median value of the flares is
-55 dB.

In Van Mijenfjorden, the flares' height ranges from 0.9 m to 69.7 m above the seafloor, with a
mean height value of 21.4 m and a median value of 18.5 m. The shallowest depth reached by a

recorded flare is 5.8 m, but the average value is 61.1 m depth.

The intensity values for the flares in Van Mijenfjorden ranges between -75 dB and -25 dB. The
intensity value for the first quartile is -60 dB and -40 dB for the third quartile. The median value
of the flares is -50 dB.

Error of the dataset

The dataset's error has been calculated based on the data previously interpreted by Dr. Miriam

Romer and the interpretation for this work by Nil Rodes.

The previous interpretation of individual seepage in Isfjorden was a total of 691 flares, while the
author has only identified 668 flares. In Van Mijenfjorden, the prior interpretation detected 70

individual flares along the fjord, and the author identified 115 flares.

For the flares that coincide in both interpretations, the average distance between them in
Isfjorden is 5.5 m, with a minimum distance of <1 m and a maximum distance of 41 m. In Van
Mijenfjorden, the average distance between flares is 4.3 m, with a minimum distance of <1 m
and a maximum distance of 23 m between flares. These differences are probably the result of
picking the first or the last sign of the flare in the hydrographic profiles since there are flares up

to 22 m long.

In the author's interpretation, no double counting of flares has been done in neither of the

fjords.
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Figure 18. Flare distribution in Van Mijenfjorden over of the bathymetric relief. EPSG:32633 projection
and base map is courtesy of Earthstar Geographics.

5.3.2.Dataset June 2021

In the dataset acquired in June 2021, a total of 152 gas flares have been identified over an area
of 110 km?, seeping from the seabed in the inner part of Isfijorden, Tempelfjorden, and
Nordfjorden (Figure 19). The flares have been found in a depth range between 13 and 232 m,

being 66 m the depth with the highest flare concentration (median) (Appendix 1 Table 8).

The size of the flares detected in June 2021 ranges between 3.52 m for the smallest flare and
44.9 m for the largest flare. The average size is 16.1 m. In this dataset, flares have been detected
reaching the water surface. Due to time limitations, | did not obtain the intensity information

for the flares.

Error of the dataset

The author has interpreted the hydrographic profiles from the 2021 dataset, and there is no
other interpretation. Consequently, it is not possible to make a comparison and calculate the

error of the dataset. No double counting of flares has been done in the 2021 dataset.
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Figure 19. Flare distribution in Isfjorden on top of the bathymetry. In yellow are the flares interpretations
along the transect lines of the 2015 dataset. In blue are the flares interpretation and the ship track from
the 2021 dataset. EPSG:32633 projection and the base map is courtesy of Earthstar Geographics.

5.4. Hydrographic data

The water column's temperature, salinity, and oxygen characteristics acquired over 16 CTD
profiles distributed in 4 main transects present similar values in the south Isfjorden, inner
Isfiorden and Nordfjorden transects and vary in the Tempelfjorden transect (Figure 20). The
temperature values ranged between 1 and 0°C in the south Isfjorden transect and the inner
Isfjorden transect over the entire water column. In Nordfjorden, the surface water temperature
was between 1.5-2°C. The temperature profiles in Tempelfjorden ranged from 1.5-2°C on the
surface waters to <-1°C in the deeper parts of the fjord. The salinity was similar in the surface
waters of the south and inner Isfjorden and Nordfjorden transects, with values ranging 34.3-
34.4 psu. In deeper waters, inner Isfjorden presented the lowest salinity values (34.4-34.5 psu).
Nordfjorden and south Isfjorden transects present similar values in deep waters (34.55-34.7
psu). Finally, the salinity profile in Tempelfjorden shows a large variability with low salinity values

in the surface (<31 psu) and saline values in the deep waters (34.65 psu). The oxygen levels were
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similar in most fjords, ranging between 1 and 3 02_v. In some stations of the south Isfjorden

transect, we got some measurement errors.
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Figure 20. Temperature, Salinity and Oxygen plots of the 16 CTD acquired in the study area. The profiles
were divided into 4 main transects—Appendix 2 for the individual plots of each station.

5.5. Geostatistical analysis

The ship track made during the hydroacoustic data acquisition did not cover the totality of the

fjords, and both the range of depth covered and the distance to the coast are not even.
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Therefore, it has been necessary to normalize the results and adjust the data measured during

the transects to see if there are statistically significant distribution anomalies.

For example, in the 2015 dataset, 20% of the ship track covered areas distanced 6-7 km from
the coastline, while it only sailed 5% of the transects 7-8 km from the coast. Consequently, and
assuming an equal distribution of flares in the fjord, we should expect four times more flares in
the 6-7 km bin than in the 7-8 km only from the difference of area covered during the research
cruise. This normalization method of adjusting different values to a common scale helps us

identify irregularities in the distribution of the values.

For the data acquisition in June 2021, we used a high-resolution multibeam meant for shallow
waters. The deepness of some areas, the bad weather days, and the instrument limitations made
different data qualities, which | grouped by confidence depending on the depth ranges. Below
200 m depth, the results have very low confidence as a consequence of the background noise.
Between 200 and 175 m, the resolution depended on the sea conditions while acquiring the
data but still presented low confidence results. The depths between 175 and 150 m have a better
resolution. Nevertheless, sometimes there is some noise, which could alter the results, adding
some uncertainty. Finally, there is strong confidence in the data acquired above 150 m depth
and its results since the echograms above this depth are clear. Consequently, to normalize the
results from 2021, | used the high confidence data, which only considers the values shallower

than 150 m.

5.5.1. Isfjorden 2015

Comparing the 2015 flare distribution to the coastline in Isfjorden, there is a high density of
flares in the bins 1-2 km, 2-3 km and 6-7 km from the coastline with 96 (14.4%), 95 (14.2%) and
111 (16.6%) flares respectively. These are also the bins more highly covered by the ship track
(14.9%, 21.4% and 20.9%, respectively). The lowest flare occurrence is distributed in the most
distant bins from the coastline, with 14 flares in the 10-11 km (2.1%) and 3 flares further than
11 km from the coast (0.4%). However, the ship track coverage was minimal over these areas,
representing 0.6% of the ship track in the 10-11 km bin and 0.2% of the ship track in distances
>11 km from the coast. The distance bins 3-4 km, 4-5 km and 5-6 km were covered more or less
evenly, representing around 8% of the ship track each. The normalization of the flares with the
ship track shows higher flare concentrations in the closest bin to the coast (0-1 km), representing
9.7% of the total value, and the bins further from the coast: 7-8 km with 10.2%, 8-9 km with

7.7%, 9-10 km with 8.7%, 10-11 km with 19.8% and >11 km with 13.7% (Appendix 1 Table 5).
41



The distant bins from the coast concentrate the lowest absolute number of flares. However,
they present the highest percentage of normalized flares. The reason for it is that these are also
areas with the lowest ship track cover. Furthermore, the distance bins with the highest absolute
number of flares are the ones with the lowest percentage of normalized values as a result of the
high area covered by the ship track. Nevertheless, in the 7 km closest to the shore, there is a
regular percentage of normalized flares of around 5% for each bin, except for the first km, which
has a value close to 10% of the normalized values. The distances between 7 and 10 km from the
coast present values higher than 7.5% of the normalized flares, and the bins further than 10 km

have much higher percentages (Figure 21).
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Figure 21. Bar chart of the percentage of flares, ship track and normalized flares divided in 1 km distance
bins from the coastline in Isfjorden for the 2015 dataset.

The depth distribution of the 2015 flares shows that the majority of the flares are found below
100 m, except for 2 flares located 30-40 m, 1 flare in 70-80 m and 1 flare in 80-90 m deep. The
highest flare congregations are located in 170-180 m, 180-190 m and 190-200 m, accounting for
8.1%, 9.9% and 10.7% of the flares, respectively. However, when normalizing the results with
the ship track distribution, we find the highest concentration of flares in 100-110 m, 110-120 m
and 190-200 m, with 9.3%, 8.2% and 9.4% of the flares, respectively. Between 140 and 260 m,
there is a homogeneous concentration of approximately 6% of the flares for each depth bin

(Figure 22) (Appendix 1 Table 8).
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Figure 22. Bar chart of the percentage of flares, ship track and normalized flares organized by depth ranges
in Isfjorden for the 2015 dataset.

Based on the seismic-well tie interpretations, | defined the areas in which different geological

groups, subgroups and formations outcrop in the fjords.

In the 2015 dataset, there is a very different distribution between the number of flares inside
each geological unit and the ship track. The ship track from 2015 in Isfjorden covers all the units
outcropping in the fjord, being Tempelfjorden Group (22,4%) and Gipsdalen Group (28,9%) the
ones with higher coverage. However, no flares were distributed above these geological groups.
Instead, the flares are concentrated in the center of the fjord, in the areas where the
Agardhfjellet Formation (19,3%), Kapp Toscana Group (45,9%) and Botneheia Formation (10,6%)
outcrop. The percentage of the ship track coverage for these geological units only represents
4,3%, 11,7% and 4,4%, respectively. When normalizing the flare data with the ship track,
Agardhfjellet Formation (29.1%) and Kapp Toscana Group (25.6%) stand out as the outcropping
units with the highest flare concentration, followed by Botneheia Formation (15.9%) and Van

Mijenfjorden Group (11.1%) (Figure 23) (Appendix 1 Table 2).
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Figure 23. Bar chart of the percentage of flares, ship track and normalized flares within each stratigraphic
unit (youngest to oldest from left to right) in Isfjorden for the 2015 dataset. VM Gr. stands for Van
Mijenfjorden Group, A Gr. stands for Adventdalen Group, J S.Gr. stands for Janusfjellet Subgroup, Ag Fm.
stands for Agardhfjellet Formation, KT Gr. stands for Kapp Toscana Group, B. Fm. stands for Botneheia
Formation, S Gr. stands for Sassendalen Group, T Gr. stands for Tempelfjorden Group and G Gr. stands for
Gipsdalen Group. The line shows the percentage of area that each geological unit represents in the fjord.

5.5.2. Van Mijenfjorden 2015

The flare dataset from Van Mijenfjorden compared with the coastline shows that the highest
percentage of flares is located in the bins 2.5-3 km (23.5%) and 3-3.5 km (17.4%) from the coast,
with a ship track cover in these areas of 8.1% and 10.3%, respectively. The highest percentage
of ship track cover (41.8%) is located in the 4.5-5 km bin, which only gathers 11.3% of the flares.
All this is reflected in the normalized values, showing that the 2.5-3 km and 4-4.5 km bins have
the higher flares/ship track ratio with 22.4% and 19.1% of the total, respectively, followed by
the bin 1-1.5 km (15.6%) and 3-3.5 km (13.1%). The areas closer than 1 km to the coastline do
not present any flares, and the bins of distance 3.5-4 km and 4.5-5 km have the lowest values

(2.7% and 2.1%, respectively) (Figure 24) (Appendix 1 Table 7).
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Figure 24. Bar chart of the percentage of flares, ship track and normalized flares divided in 500 m distance
bins from the coastline in Van Mijenfjorden for the 2015 dataset.

In Van Mijenfjorden, there are 81 flares (72.3%) below 100 m depth. However, this uneven flare
distribution in deep areas coincides with the ship track cover in the fjord, which also covered
72.3% of the transects below 100 m. Nevertheless, the flare values normalization regarding the
ship track shows different trends. In this case, there is a peak of flares between 30 and 40 m
deep, accounting for 27.7% of the total. Below that depth, there are barely any flares until 70
m, where 22.7% of the flares are concentrated. Beyond 80 m, the depth bins congregate around

10% of the flares each (Figure 25) (Appendix 1 Table 8).
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Figure 25. Bar chart of the percentage of flares, ship track and normalized flares organized by depth ranges
in Van Mijenfjorden for the 2015 dataset.

When interpreting the geological units outcropping in Van Mijenfjorden, it has not been possible
to differentiate the organic-rich formations from their general geologic groups and subgroups.
Therefore, Agardhfjellet Formation is included as part of the Janusfjellet Subgroup and

Botneheia Formation as part of the Sassendalen Group.

The comparison of the data acquired in 2015 with the interpretation of the geological units
outcropping in Van Mijenfjorden shows different trends for each geology. Van Mijenfjorden
Group represents the 50.5% outcropping in the fjord. However, only 8.8% of the total ship track
covered it, identifying 6.9% of the total flares. Adventdalen Group covers 30% of the fjord, and
the track coverage over this geological unit was 41.6%, identifying 22.6% of the total flares.
Nevertheless, more than two-thirds of the flares (67.8%) were identified above the area
occupied by Janusfjellet Subgroup (11.7%), covered by 40.4% of the total ship track. Kapp
Toscana Group, Sassendalen Group and Tempelfjorden Group occupy less than 5% of the fjord,
and the coverage of the ship track has also been below 5% for each of these stratigraphic units.
Consequently, the number of flares identified in the echograms is also meager. By doing the
normalization of the number of flares with regard to the ship track, it stands out that 47.3% of
the flares are located within Janusfjellet Subgroup, 22.2% are over Van Mijenfjorden Group, and
15.5% and 15.1% are over Kapp Toscana Group and Adventdalen Group, respectively. No flares
were detected within the Sassendalen Group and Tempelfjorden Group (Figure 26) (Appendix 1
Table 2).
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Figure 26. Bar chart of the percentage of flares, ship track and normalized flares within each stratigraphic
unit (youngest to oldest from left to right) in Van Mijenfjorden for the 2015 dataset. VM Gr. stands for
Van Mijenfjorden Group, A Gr. stands for Adventdalen Group, J S.Gr. stands for Janusfjellet Subgroup, Ag
Fm. stands for Agardhfjellet Formation, KT Gr. stands for Kapp Toscana Group, B. Fm. stands for Botneheia
Formation, S Gr. stands for Sassendalen Group, T Gr. stands for Tempelfjorden Group and G Gr. stands for
Gipsdalen Group. The line shows the percentage of area that each geological unit represents in the fjord.

5.5.3. Isfjorden 2021

The absolute number of flares in the dataset from June 2021 shows a high abundance of flares
near the coast, finding 97.3% of them inside the closest 4 km from the coastline. These distance
bins have a higher percentage of flares than ship track coverage, accounting for 61.5% of the
total. The bin 1-2 km concentrates the highest number of flares, with 40.8% of the total, and
accounting for 18% of the ship track cover (Figure 27). Unlike the dataset from 2015, there are

no flares located further than 5 km from the coastline (Appendix 1 Table 5).

As a result of bad data quality in the deepest areas of the fjords, the flares' normalization has
been done applying different confidence ranges based on depth ranges. The normalization
based on the full ship track shows a high percentage of flares close to the coastline (28.7% in 0-
1 km and 34.3% in 1-2 km), and lower values in distant bins (17.5% in 2-3 km, 15.97 km in 3-4
km and 3.5% in 4-5 km). However, the normalization based on the high confidence ship track,
which only covers areas shallower than 150 m, shows much more regular values for the 4 closest
bins (18.8% in 0-1 km, 26.1% in 1-2 km, 21.2% in 2-3 km and 26.2% in 3-4 km). Since no flares
were found further than 5 km, and consequently, the normalization values for both confidences

account for zero (Figure 27).
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Figure 27. Bar chart of the percentage of flares, ship track and normalized flares for two confidence range.
The data is divided into 1 km distance bins from the coastline in Isfjorden for the 2021 dataset.

The depth distribution of the flares from the 2021 dataset presents a Gaussian-like distribution,
concentrating 94.5% of the total flares in the upper 100 m. Below that depth, there is a low

number of flares. However, the total ship track covered all depth bins until 260 m (Appendix 1
Table 8).

| have used the ship track with the highest confidence (<150 m) for the data normalization
(Appendix 1 Table 9). The results show that between 10 and 50 m, there are the highest flare
percentages: 14.4% in 10-20 m, 11.8% in 20-30 m, 11.9% in 30-40 m and 20.3% in 40-50 m.

Below 50 m, the flare concentration plummets until 140 m (Figure 28).
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Figure 28. Bar chart of the percentage of flares, ship track and normalized flares organized by depth ranges
in Isfjorden for the 2021 dataset.
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In the 2021 dataset, the highest concentration of flares is over Janusfjellet Subgroup (43.4%).
The percentage of flares is higher than the percentage of ship track for all its associated
uncertainties covering this geological unit. Gipsdalen Group (17.8%), Tempelfjorden Group
(13.1%), Kapp Toscana Group (14.5%) and Botneheia Formation (10.5%) follow being the units
with the highest percentage of flares, which is lower than the percentage of ship track. One and
zero flares are found over Agardhfjellet Formation and Sassendalen Group, respectively. Van
Mijenfjorden Group and Adventdalen Group do not have data because they were not covered
during the cruise performed in June 2021, which focused on the inner part of Isfjorden. The flare
normalization with regard to the high-confidence ship track presents different results. Kapp
Toscana Group is the unit with the highest flare concentration, with 23.8% of the flares. It is
followed by Janusfjellet Subgroup (22.8%), Tempelfjorden Group (15.8%), Botneheia Formation
(13.6%), Agardhfjellet Formation (12.8%) and Gipsdalen Group (11.1%) (Figure 29) (Appendix 1

Table 2).
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Figure 29. Bar chart of the percentage of flares, ship track and normalized flares within each stratigraphic
unit (youngest to oldest from left to right) in Isfjorden for the 2021 dataset. VM Gr. stands for Van
Mijenfjorden Group, A Gr. stands for Adventdalen Group, J S.Gr. stands for Janusfjellet Subgroup, Ag Fm.
stands for Agardhfjellet Formation, KT Gr. stands for Kapp Toscana Group, B. Fm. stands for Botneheia
Formation, S Gr. stands for Sassendalen Group, T Gr. stands for Tempelfjorden Group and G Gr. stands for
Gipsdalen Group. The line shows the percentage of area that each geological unit represents in the fjord.
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5.5.4. Pockmarks

The distribution of pockmarks (Roy et al., 2015) results from the interpretation of the full
bathymetric coverage in Isfjorden (Figure 6). Therefore, it is not influenced by the ship tracks
performed during the cruises. Unfortunately, no pockmark interpretation was performed in Van
Mijenfjorden. The geostatistical analyses show a very low concentration of pockmarks in the
first km closer to the coast of Isfjorden (2.8% in 0-1 km). The highest concentration of pockmarks
is compressed between 1-3 km from the coastline, representing 16,9% for the 1-2 km bin and
20,3% for the 2-3 km bin. After that, there is a decreasing concentration trend towards the
center of the fjord. In the range 3-8 km, there is an average pockmark concentration of 11% per
bin, and further into the fjord (>10 km), the concentration drops to less than 1% (Appendix 1
Table 5).

Looking at the pockmark distribution within the geological units outcropping in the fjord, we see
that the Van Mijenfjorden Group presents a low concentration of pockmarks (1.4%),
representing 11.5% of the area in Isfjorden. Individually the western part of the Adventdalen
Group, Janusfjellet Subgroup (3.9%) and Agardhfjellet Formation also present a low number of
pockmarks. However, they are part of Adventdalen Group, the most extensive geological unit
outcropping in the fjord, occupying 31.9% of the total area, and when summing the pockmarks,
they represent 13.2% of the total. Kapp Toscana Group accumulates 21.8% of the pockmarks
over 12.9% of the area of Isfjorden. Botneheia Formation alone groups 12.1% of the pockmarks
over 8.9% of the area. However, combining it with the rest of Sassendalen Group sums 26.1% of
the pockmarks over 15.3% of the area. Finally, Tempelfjorden Group has 12.2% of the pockmarks
in 10.4% of the area, and Gipsdalen Group is the geological unit with the highest number of

pockmarks (25.2%) over 17.9% of the area in the fjord (Figure 30) (Appendix 1 Table 4).

To make a quantitative comparison of the pockmark distribution, | normalized the point density
based on the area of each geological unit in the fjord (Appendix 1 Table 4). And in this case, the
distribution presents a clear trend. The geological units located in the inner part of Isfjorden
concentrate a high number of pockmarks per outcropping area: Kapp Toscana Group (18.4%),
Botneheia Formation (14.8%), Sassendalen Group (24.2%), Tempelfjorden Group (12.9%) and
Gipsdalen Group (15.3%). The units located towards the mouth of Isfjorden present a low ratio
of pockmarks per area, being Agardhfjellet Formation (2.8%) and Van Mijenfjorden Group (1.4%)

the ones with the lowest values (Figure 30) (Appendix 1 Table 4).
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Figure 30. The bar chart shows the percentage of area each geological unit represents in the fjord,
pockmarks and normalized pockmarks within each stratigraphic unit (youngest to oldest from left to right)
in Isfjorden. VM Gr. stands for Van Mijenfjorden Group, A Gr. stands for Adventdalen Group, J S.Gr. stands
for Janusfjellet Subgroup, Ag Fm. stands for Agardhfjellet Formation, KT Gr. stands for Kapp Toscana Group,
B. Fm. stands for Botneheia Formation, S Gr. stands for Sassendalen Group, T Gr. stands for Tempelfjorden
Group and G Gr. stands for Gipsdalen Group.
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6. DISCUSSION

6.1. Flare analysis and interpretation

6.1.1. Flare characteristics

Inferring the flare characteristics from the 2015 dataset, we see that the flare intensity
distribution between Isfjorden and Van Mijenfjorden does not reflect a clear pattern. In
Isfjorden, high-intensity flares seem to be related to the base of steep slope areas in the fjord's
inner part (Figure 31). Proportionally, Van Mijenfjorden has 5.8% of more intense flares than
Isfjorden. Nonetheless, in Van Mijenfjorden, there is no correlation between the flare intensity
and the bathymetry since high-intensity flares are concentrated both in the shallowest and

deepest part of the fjord.

The flare's geometry and structure from the 2015 dataset shows that the flares from Isfjorden
are much higher than the ones in Van Mijenfjorden. The average flare height in Isfjorden is 42.7
m, and the maximum value, 192.2 m. In Van Mijenfjorden, the average flare height is 21.4 m,
and the maximum height is 69.7 m. The flare's characteristics from the 2021 dataset in Isfjorden
show that the average height is 16.1 m, and the maximum value is 44.9 m, much smaller than
the flares detected in 2015 (Figure 31). | suggest that these height differences result from larger
bubbles size due to greater accumulations of subsurface shallow gas seeping from the seafloor

in the deeper parts of Isfjorden.

Methane fluxes into the atmosphere rise with increasing flare height and decreasing water
depth (Greinert et al., 2010). Shallow sites (depths <100 m) may represent a significant source
of methane to the surface water and direct local emissions into the atmosphere (Schmale et al.,
2005). The flares detected in the deep parts of Isfjorden do not reach the water surface but
contribute to keeping the fjord waters supersaturated with methane (Damm et al., 2021).
Methane is mixed within the water column, transported along vertical isopycnals until it reaches
the water-atmosphere interface (Damm et al., 2021). Nevertheless, | believe the shallow sites

with large flares clusters contribute direct methane efflux (gas input into the atmosphere).

Neither of the datasets contains double flare countings, even though flares were detected in

ship track crossings (Figure 13). This suggests that the flares were not always present, and even
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detecting a large proportion of continuous flares in the hydroacoustic profiles, the gas flux is

spatially and temporally variable.
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Figure 31. A.1: Map of Isfjorden with the flares characterized by intensity groups. A.2: Map of Van
Mijenfjorden with the flares characterized by intensity groups. B.1: Map of Isfjorden with the flares
characterized by height groups. B.: Map of Van Mijenfjorden with the flares characterized by height
groups.

6.1.2. Flare distribution

The area covered is the result of the ship track and the fjord's bathymetric profile. The shallower
the bathymetric relief, the narrower is the multibeam swath, reducing the probability of
observing flares in the echograms (Figures 18, 19). Therefore, it can be assumed that there is a
bias in which the area covered by the ship track influences the flare distribution. Consequently,
it is essential to normalize the depth values of the flares with the percentage of depth covered
by the ship track (Figure 32). Moreover, the 2021 results could also be biased by the bad
acquisition quality in the deeper parts of the fjord (i.e., >150 m depth). This also influenced the

ship track, which had to be adjusted according to the multibeam depth range limitations, mainly
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covering the shallow waters of Isfjorden and the tributary fjords. The quality of the echograms
is depth-dependent. Consequently, the ship track data has been divided into different depth

groups and their uncertainty to reduce possible bias.
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Figure 32. Bar chart comparing the percentage of normalized flares, organized in 1 km distance bins from
the coastline in Isfjorden, for the 2015 and 2021 datasets.

6.1.3. Correlation with stratigraphic units

The results of the distribution of flares in 2015 compared to the geological units outcropping in
the fjord revealed that gas emissions were concentrated above Agardhfjellet Formation, Kapp
Toscana Group and Botneheia Formation. Agardhfjellet Formation and Botneheia Formation are
the rich-organic formations of Svalbard, rock formations with oil and gas potential. Moreover,
the Kapp Toscana Group presents a large concentration of faults with respect to its area (12,9%),
concentrating the 21% of the overall faults outcropping in the fjord (Blinova et al., 2012; Roy et
al., 2015) (Appendix 1 Table 4). These faults could act as migration pathways for the gas
generated in the underlying Botneheia Formation, reaching the seafloor and seeping into the
water column. Moreover, there is a high percentage of pockmarks (21.8%) within the area

covered by the Kapp Toscana Group, indicating an active fluid flow system.

The comparison of the normalized flare and ship track datasets from 2015 and 2021 with the
geological units illustrates some differences: a) In the 2015 dataset, only 3.5% of the normalized
flares were found within the Janusfjellet Subgroup. However, in 2021, 22.8% of the normalized

flares are over this unit. This is because the highest concentration of flares found in 2021 is
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located inside the shallow waters of Adventfjorden, where the Janusfjellet Subgroup outcrop
dominates. b) The distribution of flares inside the Agardhfjellet Formation also differs between
the two years. In 2015 the flares found within this formation represented 19.3%, while in 2021,
they only account for 0.6%. c) Another difference relates to the Kapp Toscana Group, where
45.9% of the flares detected in 2015 were within outcrops of the predominant geology grouping,
but this value decreased to 14.5% in 2021. d) Finally, Tempelfjorden Group and Gipsdalen Group,
over which no flares were described in 2015, account for 13.1% and 17.8% of the flares in 2021,
respectively. In contrast, Botneheia Formation and Sassendalen Group present similar flare

values between the two datasets (Figure 33).

Due to the lack of information in the 2021 dataset, no comparison has been made over Van

Mijenfjorden Group and Adventdalen Group.

The ship tracks differences between 2015 and 2021 could be a source of error in our results.
However, the proportion of coverage of the geological units is similar in both datasets.

Therefore, this bias can be neglected in this discussion.
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Figure 33. The bar chart compares the normalized flares' percentage within each geological unit (youngest
to oldest from left to right) outcropping in Isfjorden for the 2015 and 2021 datasets. VM Gr. stands for
Van Mijenfjorden Group, A Gr. stands for Adventdalen Group, J S.Gr. stands for Janusfjellet Subgroup, Ag
Fm. stands for Agardhfjellet Formation, KT Gr. stands for Kapp Toscana Group, B. Fm. stands for Botneheia
Formation, S Gr. stands for Sassendalen Group, T Gr. stands for Tempelfjorden Group and G Gr. stands for
Gipsdalen Group.

In the seismic profiles from Van Mijenfjorden, | could not differentiate Agardhfjellet and

Botneheia Formations from their respective stratigraphical groups and subgroups (Figure 34).

55



Agardhfjellet Formation is a rich-organic unit part of the Janusfjellet Subgroup, with related
hydrocarbon potential. | speculate that the observations of a high flare concentration above the
Janusfjellet Subgroup might be related to light hydrocarbons produced within the Agardhfjellet

Formation.
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Figure 34. Flare distribution in Van Mijenfjorden within the different stratigraphic units outcropping in the
fjord. EPSG:32633 projection and base map is courtesy of Earthstar Geographics.

6.2.4. Correlation with pockmarks

There is no clear correlation between the areas densely populated with pockmarks and the flare
distribution. Pockmarks are displayed as single bathymetric features or in clusters. Generally, in
both cases, flares are absent in areas with high pockmark concentrations (Figure 35). On the one
hand, the reason why pockmarks have not developed in the areas where gas flares have been
detected can be a consequence of a coarser nature of the seafloor sediments (Forwick et al.,
2009). On the other hand, this can be due to the current inactivity of the pockmark locations or
because the pockmarks are not releasing enough methane to appear as a gaseous phase and to

be detected as an acoustic flare in the water column (Roy et al., 2015).

In Isfjorden, the pockmarks are concentrated in the inner part of the fjord, the region where the
oldest stratigraphical units outcrop. Moreover, there is no clear relationship between the
pockmark distribution and the flares detected in the 2015 and 2021 datasets (Figure 35).

Therefore, | speculate that the pockmarks described by Roy et al., 2015 in Isfjorden are not
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caused by the current seepage but might be paleopockmarks caused by a former fluid system
that migrated along fault zones, doleritic intrusions and geological unconformities towards the
surface. Meanwhile, the seepage detected in the flare datasets found its way to the water
column via other channels. Pockmarks located far from the tectonic lineaments could be formed
by diffuse fluid flow through the marine sediments or seepage of microbial gas formed in the
shallow sediments. The pockmarks in Isfjorden could partly also result from the dissociation of
gas hydrates since more than 600 pockmarks are located within the potential GHSZ (Betlem et

al., 2021) (Figure 6). Thawing near-shore subsea permafrost and gas hydrate dissociation are

possible mechanisms for pockmark formation (Roy et al., 2015).
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[_] van Mijenfjorden Group

Figure 35. Stratigraphic units outcropping in Isfjorden and tributary fjords. In yellow are the flares
interpretations along the transect lines of the 2015 dataset. In blue are the flares interpretations and the
ship track from the 2021 dataset. In green is the pockmark distribution described by Roy et al., 2015.
EPSG:32633 projection and base map is courtesy of Earthstar Geographics.
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6.2. Spatio-temporal variability of the gas seepage

Based on the observations and analyses of the results, | argue for five different hypotheses

regarding the spatio-temporal variability of the gas seepage:
6.2.1. Hypothesis 1: Thermogenic origin from source rocks

The first hypothesis that | raise is that the gas flares detected in the echograms rising through
the water column have a thermogenic origin coming from deep sources and that the stratigraphy

and lithology control the fluid flow.

The results from the geostatistical analysis show that in Isfjorden, the highest flare concentration
in 2015 was concentrated over Agardhfjellet Formation, Kapp Toscana Group and Botneheia
Formation. In June 2021, the highest flare concentrations were over Janusfjellet Subgroup
(mainly located in Adventfjorden) and Kapp Toscana Group. In the latest dataset, barely any

flares were found over Agardhfjellet Formation (Figure 36).

In Van Mijenfjorden, the largest number of flares is within Janusfjellet Subgroup. This includes

the Agardhfjellet Formation, which | could not differentiate in the seismic profiles.
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Figure 36. The bar chart compares the normalized flares' percentage within each geological unit (youngest
to oldest from left to right) outcropping in Isfjorden for the 2015 and 2021 datasets. Also, the percentage
of normalized flares and pockmarks in the geological units. VM Gr. stands for Van Mijenfjorden Group, A
Gr. stands for Adventdalen Group, J S.Gr. stands for Janusfjellet Subgroup, Ag Fm. stands for Agardhfjellet
Formation, KT Gr. stands for Kapp Toscana Group, B. Fm. stands for Botneheia Formation, S Gr. stands for
Sassendalen Group, T Gr. stands for Tempelfjorden Group and G Gr. stands for Gipsdalen Group.
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As introduced in section 2.3.2., the Agardhfjellet and Botneheia Formations have hydrocarbon
potential and are a direct gas source. Roy et al., 2014, suggests that the gas migrates from the
bedrock sources through fluid-flow systems up to the seafloor. Moreover, Knies et al., 2004
found high concentrations of adsorbed methane and ethane in the southern part of
Nordfjorden, implying a thermogenic gas origin that could have experienced a short-range

migration from the organic-rich formations.

Structural fracture zones are areas where methane migrates upwards from deep bedrocks, and
shallow gas occurrence eventually favors gas seeping into the marine environment (Judd and
Hovland 2007; Forwick et al., 2009; Roy et al., 2015; Mau et al., 2017). The Kapp Toscana Group
is the most porous and permeable unit in the area and presents a high concentration of faults
(Figure 36) (Appendix 1 Table 4), which could act as fluid conduits for large quantities of gas
coming from the underlying Botneheia Formation. Janusfjellet Subgroup consists of strongly
crushed and altered shale and is highly fractured (Roy et al., 2014). Structural characterization
of core samples documents a high fracture frequency up to 50 f m? (Braathen et al., 2012).
Moreover, it contains more than 25% of the total faults interpreted in Isfjorden, which could

serve as migration pathways for the gas from the underlying Agardhfjellet Formation.

Pockmarks are found over all the units outcropping in the fjord, but with higher concentrations
over Kapp Toscana Group, Botneheia Formation, Sassendalen Group, Tempelfjorden Group and
Gipsdalen Group (Figure 36). Their numerous occurrence aligned with fractures and steep faults
suggests that these could provide direct routes for the methane-rich fluids, which would then
seep through the seafloor forming pockmarks (Roy et al., 2014) (Figure 38). There is also a high
concentration of pockmarks along the outcropping edge of doleritic intrusions from the Early
Cretaceous, which could also be crucial in channeling the buoyant fluid flow towards the surface

(Roy et al., 2014).

The spatial distribution of flares detected in the fjords does not correlate with the pockmark
distribution. This could be because the flare distribution is altered by differences in sediment
accumulation, subsurface bedding geometry, migration paths (fractures, faults and intrusions),
differences in expulsion rates, and action of bottom currents. The non-flare-pockmark
correlation also suggests that the pockmarks described by Roy et al., 2015 are paleopockmarks
formed by a former fluid system that migrated along faults towards the surface. This is clear
over the Kapp Toscana Group, a unit that does not have high hydrocarbon potential but is highly

fractured, transporting the gases from deep sources. The spatial pockmark distribution in the
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seafloor over this unit is closely correlated with the faults interpreted by Blinova et al., 2012

outcropping in the fjord (Figure 37).

Figure 37. Detail of the outcropping faults in red (Blionva et al., 2012) and the pockmark distribution in
green (Roy et al., 2015) over Isfjorden's seafloor. The figure is spatially referenced in Figure 6.

In Van Mijenfjorden, the highest number of normalized flares is at 30-40 m water depth, in the
sill located 33 km from the fjord's mouth. This matches with the outcropping stratigraphical
boundaries between Van Mijenfjorden Group and Adventdalen Group (Figure 34), which could

indicate fluid migration in the boundary between stratigraphic units.

Another fact supporting this hypothesis are the flares detected in the 2021 dataset over the
Billefjorden fault zone (Figures 6, 19). These flares are over the Tempelfjorden and Gipsdalen
Groups, which do not have hydrocarbon potential. However, the Billefjorden fault system could

act as a migration pathway from deep thermogenic sources towards the seafloor.

This hypothesis does not explain the flares detected in Tempelfjorden, where there is a large
cluster of pockmarks but no faults outcropping in the fjord (Figure 6). Therefore, it is unlikely

that the gas detected in that area has a thermogenic origin.

In any case, the only way to prove that the gas comes from a thermogenic source is to take in-
situ samples and analyze the hydrocarbon concentrations revealing the C;:Cy. ratio and the

carbon and hydrogen isotopic composition.
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Figure 38. Conceptual model adapted from Roy et al., 2014. It shows the decollement
layer between two stratigraphic units (the underlying unit represents rich-organic
content). The igneous intrusions and the faults act as migration pathways for the gas
that seeps through the seafloor in the form of gas flares and creating pockmarks.

6.2.2. Hypothesis 2: In-situ gas production from Holocene sediments

The second hypothesis that | pose based on the observations is that the gas detected in the
hydrographic profiles results from the in-situ production in the Holocene sediments of the fjords.
In both the 2015 and 2021 hydrographic datasets, many flares are distant from fluid migration
systems such as faults and the boundaries of the geological units (Figure 35). Consequently, |
suggest that the gas detected in these areas is attributed to the seepage of microbial gas formed

in the shallow sediments.

The gas flares characterization shows that 33% of the flares detected in 2015 in Isfjorden and
42% of the flares detected in 2021 have a pulsing nature, and in Van Mijenfjorden, the pulsing
flares account for 29% of the total. | suggest that this could be an indicator of biogenic gas
accumulation as a consequence of microbial activity producing methane and forming bubbles
when methane concentrations in the sediment are high enough (similar to the biogenic gas

formation mechanism described in lake systems).

Fjords present some of Earth's most rapid sedimentation rates and organic carbon burial
(Wtodarska-Kowalczuk et al., 2019). If muddy sediments contain enough organic matter to

support microbial communities, these can produce microbial gas (Audsley et al., 2021). In the
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Svalbard archipelago, high organic matter deposition rates of 5 to 17 g m2 yr'! were reported in
the fjords (Winkelmann and Knies, 2005), favoring the methane produced by the degradation of

organic matter in near-surface sediments (Damm et al., 2021).

The microbial methanogenesis would support the spatio-temporal variability of the gas flares
detected in the 2015 and 2021 datasets in Isfjorden (Figure 39). A temperature-dependent
mechanism could boost the microbial activity in the superficial sediments of the fjord in summer
due to the temperature increase of the water column. This would explain why in the dataset
from June 2021, when the deep parts of the water column are still cold but the upper part is
getting warmer, there is a high concentration of flares in the upper 100 m. Contrarily, in the
dataset from late August 2015, when higher temperatures reached the deeper parts of the

water column, flares are found below 100 m, but rarely above this depth.
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Figure 39. The bar chart compares the percentage of normalized flares from 2015 and 2021 in Isfjorden
organized by depth ranges.

This hypothesis suggests that during the early spring-summer, the upper parts of the water
column get warmer and stratified, causing an increase of the microbial activity in the shallow
sediments, which would decompose the organic matter accumulated over the winter. In late
summer or early autumn, with the water column mixing, there would be a temperature rise on
the deeper parts of the fjords, resulting in a microbial activity increase that would start
decomposing the organic matter in deeper sediments. However, the organic matter located in
the shallow parts of the fjords would have already been decomposed by then, not manifesting

any more flares.

This hypothesis for the microbial gas formation would explain why in June 2021, so many flares
were detected in the shallow waters of Adventfjorden or Tempelfjorden, far away from any

tectonic lineaments and unrelated to rich-organic source rocks. However, it does not explain
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why there is such a difference in the number of gas flares within different geological units since
its distribution should only depend on the input of organic matter in the fjord and the water

temperature.

Similarly to hypothesis 1, it is necessary to take in-situ gas samples and analyze the carbon

isotopic composition of methane (613C) to determine the gas genesis.

6.2.3. Hypothesis 3: Sub-sea permafrost

The third hypothesis that | suggest is sub-sea permafrost as a controlling factor of the gas
detected in some parts of the fjords. In August 2015, a large number of flares were detected in
a steep slope close to the southern coast of Isfjorden, in a depth range between 94 and 250 m.
However, just a few flares were discovered there in June 2021, and all above 100 m depth (Figure
19). As argued in hypothesis 2, there is a significant seasonality in the fjords resulting from
temperature changes in the water column (Skogseth et al., 2020). Therefore, | hypothesize that
the temperature change could contribute to seasonal sub-sea permafrost degradation leading

to captured or trapped gas release.

The drilling results from the borehole DH6 in Adventdalen indicate an increase in gas
concentration directly beneath the permafrost, placed at approximately 120 m depth (Senger et
al., 2017). As Roy et al., 2014 discussed, the gas detected in the water column could result from
the gradual thinning and degradation of the near-shore permafrost layer. The fluids would
migrate along the onshore impermeable permafrost and seep through to the seabed where the

permafrost is absent.

One example supporting this hypothesis is the flare observation within Billefjorden, which is
crossed by the Billefjorden fault zone and where there is a large pockmark cluster (Roy et al.,
2015) (Figure 6). However, no gas flares were detected in the over 100 km of hydrographic
profiles acquired during the cruise performed in August 2015 (Figure 19). The explanation |
propose is that the deeper parts of the water column in the fjord are at sub-freeze temperatures
all year round (Figure 40). This is a consequence of the restricted water inflow from the main
trunk of Isfjorden, limited by the shallow sill in the mouth of the fjord. The low temperatures
could cause a stable impermeable sub-sea permafrost layer that acts as a trap preventing the

gas from escaping towards the surface (Figure 41). Roy et al., 2012 suggested a pockmark
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formation mechanism associated with the permafrost thawing in the coastal areas, releasing
large amounts of methane into the water column and the atmosphere. The cluster of pockmarks
in Billefjorden could be the consequence of a massive overflow event of warm waters behind
the sill, which increased the temperature of the inner part of the fjord destabilizing the
permafrost layer and releasing the gas accumulated underneath.
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Figure 40. The figure shows the temporal GHSZ cross-sections along 20 CTD sited in Isfjorden. The water
column temperature in Billefjorden is in permanently sub-freeze conditions. Figure published by Betlem
et al., 2021.

An increased inflow of Atlantic Water results in a temperature rise in the water column from
Isfiorden (Skogseth et al., 2020). This increment in temperature will negatively impact the
permafrost extent, potentially releasing the gas trapped underneath. Methane release from
beneath permafrost represents a significant uncertainty in the Arctic greenhouse gas budget

(Hodson et al., 2020).
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Figure 41. Conceptual model adapted from Roy et al., 2014. It represents a transect from the south coast
of Isfjorden in which the gas flows below the impermeable permafrost layer until seeping into the water
column as gas flares.

6.2.4. Hypothesis 4: Natural gas hydrates (NGH)

Another hypothesis that | suggest based on the observations of this work is that the gas detected
in Isfjorden comes from NGH dissociation. The deepest parts of the fjords of Spitsbergen present
favorable thermobaric conditions, which, together with a proven petroleum system, make it
suitable conditions for the presence of NGH (Senger et al., 2017; Betlem et al., 2021). Betlem et
al., 2021 modeled the GHSZ in Isfjorden, considering different parameters of gas composition.
The results suggest that the GHSZ distribution is highly variable depending on different gas
compositions. In the case of microbial gas, the area of occurrence for a GHSZ is minimal.
However, the modeled distribution change for thermogenic gas (95:5 methane:ethane mixture)
covering large areas in the main trunk of Isfjorden and the southern part of Nordfjorden. The
modeled GHSZ for thermogenic gas covers multiple outcropping strata ranging in age from the
Paleogene to Carboniferous, including the organic-rich sequences Agardhfjellet Formation and
Botneheia Formation, increasing the likelihood of thermogenic NGH occurrence (Betlem et al.,

2021) (Figure 42).

Most of the flares detected during the cruise in August 2015 are within the predicted GHSZ for
thermogenic gas conditions (Figure 42). Moreover, there are high flares concentrations in the
fjord's southern coast, close to the boundaries of the modeled GHSZ. Still, the 2021 dataset

presents an opposite scenario with all flares, except for one found outside the potential GHSZ.
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Nonetheless, it is necessary to remark that the ship track from the cruise in 2021 barely covered
the GHSZ, as it was too deep for the multibeam, and consequently, it is not possible to discuss

the flare relation with the GHSZ for this dataset.

In case that the seepage's temporal variability detected in the hydrographic datasets would be
related to the presence of NGH, | hypothesize that it would result from temperature changes in
the fjord. In early June, when the water is still cold in the deepest parts of the fjord, the NGHs
are stable, not releasing any gas into the water column. However, a temperature increase in the
deepwater layers by the end of the summer would influence the hydrate stability curve, causing
NGH dissociation reflected as gas flares in the water column. Moreover, this phenomenon would
be increased close to the GHSZ boundaries where the hydrates are more unstable, as is observed

in the southern coast of Isfjorden.
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Figure 42. Bathymetric map of Isfjorden and the tributary fjords. In yellow are the flares interpretations
along the transect lines of the 2015 dataset. In blue are the flares interpretation and the ship track from
the 2021 dataset. In green is the pockmark distribution described by Roy et al., 2015. It is also presented
the modeled GHSZ for thermogenic gas (Betlem et al., 2021). Onshore there are the geological formations
outcropping (NPI). EPSG:32633 projection.
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Faults could be key stratigraphic elements, providing near-vertical leakage pathways that allow
gases to migrate to shallower depths where they could convert into hydrates (Figure 43).
Furthermore, the dissociation of NGHs could result in fluid migration pathways opening up
(Betlem et al., 2021). The pockmark distribution in Isfjorden can be linked with the presence of
NGH since more than 600 pockmarks are located within the potential GHSZ (Figure 42),
suggesting NGH dissociation as a potential mechanism for pockmark formation (Paull et al.,

1999; Roy et al., 2015).

Due to its shallow physiographic conditions, the models do not predict any GHSZ in Van
Mijenfjorden. Therefore, the gas seepage detected in that fjord has to be related to other

processes.

Finding a BSR in the sediments would prove that NGHs are present in the fjords. According to
the GHSZ modeled by Betlem et al., 2021, and assuming thermogenic gas composition, a BSR
could have evolved in the deepest parts of Isfjorden. However, no BSR was found in the seismic
profiles interpreted. An explanation for not detecting it could be related to the quality of the
available seismic profiles interpreted. Notwithstanding, the presence of a BSR would require a
long-term and stable NGH layer with free gas underneath. | hypothesize that if NGHs are present,
they might exist in a disseminated form in the sediment as they are close to the boundary of the

GHSZ, lacking a trapping effect to accumulate free gas below, and therefore, not showing a BSR.

| believe that the hypothesis of NGH controlling the gas seepage is unlikely to happen since
temperature changes in the sediment are slower than in the water column, making it improbable
to have such pronounced seasonal variability. Nevertheless, | suggest direct sampling as the best

way to determine the NGH presence in the shallow waters of Spitsbergen.

Regardless of the gas source and composition, the widespread GHSZ provides a transient
reservoir for both microbial and thermogenic methane (Betlem et al., 2021). The atmospheric
and oceanic temperature increase could likely trigger the destabilization of potential gas
hydrates and liberate vast quantities of methane to the atmospheric carbon pool, contributing
as positive feedback to the Arctic amplification and global warming (Westbrook et al., 2009)
(Figure 43). Therefore, it is necessary to gather more knowledge on their potential distribution

and stability to assess the potential impact of large NGH destabilizations in the fjords.
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Figure 43. Conceptual model of the gas system across Isfjorden (Figure 16 for georeference). It presents
the main stratigraphic groups outcropping in the fjord. The rich-organic units are the source of the
thermogenic gas that migrates through the fault system (Roy et al., 2014, 2015) to the surface. There is
also represented the modeled GHSZ (Betlem et al., 2021) and the gas flares interpreted in the dataset
from 2015. The nature of the gas flares is pictured as continuous and pulsing. The potential efflux remains
uncertain.

6.2.5. Hypothesis 5: Combination from different gas sources

Finally, based on our observations, | argue that the gas seepage in the fjords is a combination of
different processes and sources. According to the results of the geostatistical analyses, gas
flares, pockmarks and other fluid seepage features in Isfjorden are found within or close to
organic-rich stratigraphic sequences outcropping in the fjord (Figure 35). This would make us
incline for a thermogenic gas origin, migrating from the deep bedrock sources Agardhfjellet
Formation and Botneheia Formation through fluid-flow systems up to the seafloor. However,
the hydrographic and bathymetric data results also show clusters of gas flares and pockmarks in
tributary fjords such as Tempelfjorden and Billefjorden far from the potential thermogenic gas
source (Figure 42). Consequently, in these cases, | argue for an in-situ microbial gas source
resulting from microbial activity in the organic-carbon-charged Holocene sediments that seeps

via diffuse fluid flow through the sediments.
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The different gas sources could also explain the temporal variability and differences in the
characteristics of the gas seepage detected over the datasets from early June 2021 and late
August 2015. As discussed in the previous hypotheses, we expect to find a stratified water
column with warm surface water in June (late spring/early summer conditions) and a better-
mixed water column in August (late summer/early autumn). On the one hand, in the early
season, the superficial temperature increase could help degrade potential near-shore sub-sea
permafrost releasing the methane concentrated beneath the impermeable frozen ground into
the water column. Moreover, the temperature rise would increase the activity of the microbial
communities found in the superficial sediments boosting the degradation of organic matter and
methane formation. However, the deeper waters would remain cold and stable, not releasing
any gas. On the other hand, in the late season, the temperature rise would reach the deeper
parts of the fjords, causing a potential NGH destabilization and sub-sea permafrost degradation.
Moreover, an increase in the salinity of the water from the fjords resulting from more inflow
from the North Atlantic current (Skogseth et al., 2020) could shift the gas hydrate stability field,
resulting in the destabilization of NGH and finally releasing large amounts of gas into the water

column.

The pockmark distribution does not argue against any gas sources since they can be related to
the seepage of methane-rich fluids originating either from microbial or thermogenic sources
(Liira et al., 2019). Moreover, the reason why pockmarks have not developed over all of the

active seepage sites could be due to the coarser nature of the seafloor sediments.

Regarding the differences in the gas flares properties observed in Isfjorden and Van
Mijenfjorden, | suggest higher accumulations of shallow subsurface gas seeping to the seafloor
in Isfjorden. The gas emissions in Isfjorden could potentially come from NGH destabilizations
(Figure 43), while this scenario is improbable to be the case in Van Mijenfjorden since the

modeling results do not predict GHSZ in the fjord.

To assess the origin of the gas is necessary to sample and analyze the carbon stable isotopic
compositions (613C) and C;:Cy. ratio in in-situ gas samples. Thermogenic gas would most likely
come from the rich-organic formations and microbial gas from the in-situ methane production
within the fjord sediments. In the case of sampling gas with different compositions, it would be
necessary to study the sources in more detail. Different authors (Knies et al., 2004; Liira et al.,

2019; Roy et al., 2019) suggest a flux of thermogenic gas from deep areas that is probably
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microbially oxidated while rising from deep sources, adding a biogenic component to the

mixture.

In any case, the shallow depths from the fjords facilitate a direct release of methane to the
atmosphere, regardless of the gas source, because the ascending gas bubbles do not have time
to dissolve in the water column completely (Figure 43). Because dissolved methane can be
oxidized during the transport along the pycnocline (Damm et al.,, 2005), lower methane
concentrations could be expected to reach the water surface in Van Mijenfjorden as water
exchange with the shelf is restricted in Van Mijenfjorden. A stronger water column stratification
could be established, trapping methane below. Nevertheless, methane concentrations have
been described as exceeding the atmospheric equilibrium concentration in both Van
Mijenfjorden and Isfjorden (Damm et al., 2005) and being permanently supersaturated in

Adventfjorden and Tempelfjorden (Damm et al., 2021).

The methane's atmospheric input is particularly important in the Arctic regions such as Svalbard,
a climate-sensitive area, where it would contribute to the atmospheric carbon pool, enhancing
climate warming and contributing to the Arctic amplification. That is why it is necessary to
further study the mechanisms of gas release and the gas fluxes at the ocean-atmosphere

interface and assess how much methane enters the atmosphere.
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7. CONCLUSIONS

In this work, | analyzed the spatio-temporal distribution and characteristics of gas flares in
Isfjorden over August 2015 and June 2021, and in Van Mijenfjorden, the main fjords of western
Spitsbergen. The comparison and assessment of the gas seepage with the geological setting and

seabed morphologies have led to the following conclusions:

e A total of 796 flares have been interpreted and characterized in the 2015 dataset. In
Isfjorden, 668 flares have been detected over 176.57 km?, and in Van Mijenfjorden, 115
flares have been detected over 20.14 km?. In 2021, 152 flares have been interpreted over
110 km? in the inner part of Isfjorden and tributary fjords.

e Aspostulated in the first research objective, the flare intensity, height, and time deflection
have proved to be valuable parameters for characterizing the fjords' seepage distribution.

e Uneven ship tracks coverage over the bathymetric relief and outcropping stratigraphic
units required normalization of the flare results to make them comparable over time and
space.

e Asdefined in the second research objective, we described the gas flares distribution in the
fjords. The analysis of the gas seepage over two different seasons in Isfjorden has proven
to be spatially and temporally variable.

e Greater sub-surface methane accumulations might be the reason why the flares detected
in Isfjorden are much larger than the ones detected in Van Mijenfjorden.

e Isfjorden's seafloor relief is characterized by parallel ridges and troughs in the NW-SE
direction, manifesting large differences in backscatter intensity values. In Van
Mijenfjorden, high backscatter values cover part of the western basin.

e The assessment of the third research objective has concluded that pockmarks and flares
do not show a clear spatial correlation.

e The areas densely populated with pockmarks manifest low present-day seepage activity.
Consequently, | suggest that some of the pockmarks interpreted by Roy et al., 2015 are
paleopockmarks caused by a former fluid system that migrated along fault zones, doleritic
intrusions and geological unconformities towards the surface.

e The pockmarks located far from the tectonic lineaments could be formed by diffuse fluid
flow through the marine sediments or seepage of microbial gas formed in the shallow

sediments.
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Following the sixth research objective, | identified the main stratigraphic horizons defining
the geological groups and subgroups outcropping in the fjords based on seismic profiles.
In Isfjorden, | defined the extent of the Mesozoic organic-rich source rocks (Agardhfjellet
and Botneheia Formations) based on well holes and observations onshore.

The flares detected in the 2015 dataset in Isfjorden were concentrated within Agardhfjellet
Formation, Kapp Toscana Group and Botneheia Formation. The flares interpreted from the
2021 dataset were over Janusfjellet Subgroup and Kapp Toscana Group.

As expected by the quality of the seismic profiles and the high velocity of the sound
propagation, no BSR has been recognized in the seismic profiles.

The observations of many gas flares in Isfjorden and Van Mijenfjorden have proved an
active fluid flow system in the fjords. However, | could not prove the fourth research
objective, which focused on relating the gas seepage to the presence of NGH.

Five different hypotheses have been raised as an interpretation of the spatio-temporal
variability of the gas seepage detected in the fjords:

o Hypothesis 1: Following the fifth research objective of this work, | hypothesize that
there is strong evidence that stratigraphy and lithology control the fluid flow
migration from deep source rocks in Isfjorden.

o Hypothesis 2: Microbial in-situ gas production in the Holocene sediments is the
primary source of the gas seeping in the fjords.

o Hypothesis 3: The flares detected in Isfjorden result from an inherent subsurface
shallow gas accumulation and potential subsea permafrost destabilization.

o Hypothesis 4: Near-shore NGH dissociation could cause the seepage detected in
Isfjorden since most flares from 2015 are distributed within the modeled GHSZ.

o Hypothesis 5: The gas seepage is a combination of microbial and thermogenic gas
result from different sources triggered by a temperature-dependent system.

| could not estimate the seventh research objective raised at the beginning of this work
about the gas diffusion to the atmosphere. Nevertheless, | conclude that the gas seepage
detected in the fjords could contribute to direct methane efflux, directly impacting a
climate-sensitive area like the Svalbard archipelago, contributing to the atmospheric
carbon pool, and enhancing the Arctic amplification.

Finally, and despite the achievements of this work, more information is needed to better
comprehend all the processes for conclusively assessing the origin and fate of methane in

the near-shore settings of the fjords of western Spitsbergen.
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8. FURTHER RESEARCH QUESTIONS

This study provides an insight into the fluid flow system of the main fjords of western
Spitsbergen. Nonetheless, large uncertainties still exist, and further research should be
conducted to evaluate if there is atmospheric methane diffusion (efflux) related to the seepage
detected in the fjords. In case there is diffusion, it is essential to define the contribution of the
methane seeping in the near-shore settings of Spitsbergen to the atmospheric carbon pool. This
can be done by linking the 37 surface water samples taken during the GASGEM2021 cruise and
further analyzed at the University of Bremen with the CO, and CH4 atmospheric concentration

measurements taken during the same cruise.

In addition, assess if there are analogous fluid flow systems in other fjords of the western
Spitsbergen with a comparable geological setting. Further knowledge of the extent of Svalbard's
petroleum system is needed to assess the energy resource potential and the possible impact on

greenhouse gas emissions.

Besides, further monitoring of methane release is needed to quantify the magnitude of future
emissions and their potential implications on the regional and global climate. Perform periodic
hydrographic surveys to evaluate the extent of the gas seepage in the fjords. Also, sample in-
situ gas seeping to define the gas source by analyzing the C;:C,. ratio and the isotopic methane
composition (613C). In the case of a microbial source, it is crucial to define the potential
formation of microbial gas in the upper part of the sediment and estimate their atmospheric
input. Also, determine how does the fresh sediments input influence the microbial gas formation
in the fjords. On the contrary, corroborating a thermogenic gas source, it would be essential to

identify the active migration pathways.

In turn, more exploration related to the presence of natural gas hydrates is required in the fjords
of Spitsbergen to define their area of occurrence. Potential for follow-up research might

undertake two approaches - presented next:

- Indirect hydrate indicators: Take sediment samples to measure conductivity, pH, eH, CH,
and SO, concentrations to assess the potential anaerobic methane oxidation (AMO)
and potential NGH formation/dissociation. Moreover, measure the 20, 2H (deuterium)
and sulfate anomalies in pore water, which could relate to NGH destabilizations. Also,
take water samples in different depths and analyze CHs and C;Hs concentrations to
understand the gas source and hydrocarbon concentrations in the water column.
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- Direct hydrate indicators: Interprete high-resolution seismic profiles looking for the
existence of a BSR as a hydrate indicator. Moreover, take direct sediment samples

looking for NGH.

In case that it proves the existence of NGH, it is vital to determine the spatial distribution and
quantify the gas hydrates sitting in regions of enhanced warming, such as the shallow water
environments in the Svalbard fjords. It is necessary to evaluate how much warming there will
be, how much hydrate breakdown will result from that warming, how long it will take to
destabilize the gas hydrates, and how much methane will be transferred to the atmosphere,

acting as a positive feedback of the Arctic amplification and global warming.
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APPENDIX 1. Raw data
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Table 3. Ship track distribution within

stratigraphic units.

Table 2. Flare distribution within stratigraphic

units.
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Ship track Isfjorden

Ship track Isfjorden

Ship track Isfjorden

2015 2021 (Total) 2021 (<150 m)

b |{s::1n}ce Total % Total % Total %
0-1 8042 3,75 18645 13,16 18056 26,69
1-2 32065 14,96 26117 18,44 21716 32,09
2-3 45823 21,38 20649 14,58 10815 15,98
3-4 17673 8,25 21736 15,34 8400 12,41
4-5 17634 8,23 16691 11,78 4725 6,98
5-6 20443 9,54 11778 8,31 1437 2,12
6-7 44896 20,95 12666 8,94 1163 1,72
7-8 10647 4,97 8475 5,98 1000 1,48
8-9 8502 3,97 3580 2,53 345 0,51
9-10 6914 3,22 1211 0,85 0,0
10-11 1256 0,58 91 0,064 0,0
>11 389 0,18 0 0,0 0,0

Table 6. Ship track distribution in 1 km distance bins from the coastline in Isfjorden.

Ship track Van Mijenfjorden

Flares Van Mijenfjorden 2015 2015
Distance Total % Total %
(m)

0-500 0 0,0 438 0,44
5000-1000 0 0,0 2626 2,65
1000-1500 11 9,56 4719 4,77
1500-2000 6 5,22 3913 3,95
2000-2500 10 8,695 9699 9,79
2500-3000 27 23,48 8065 8,14
3000-3500 20 17,39 10196 10,29
3500-4000 2 1,74 4890 4,94
4000-4500 18 15,65 6307 6,37
4500-5000 13 11,30 41423 41,84

= 5500 8 6,95 6724 6,79

Table 7. Flares and ship track distribution in 500 m distance bins from the coastline in Van

Mijenfjorden.
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Table 8. Flare and pockmark distribution by depth (10 m bins).

88



00 0 00 0 NEN NEN 95T 050t 087-0/T
00 0 170 687 NEeN NEeN ¥1'T L€SS 0£7-09%
00 0 6T°C £8T¢ NEN NEN 1Z's £8YET 097-05%
00 0 Ze1T ££8T NEeN NEN 10 £9€0T 0SZ-0vZ
00 0 STy GS/S NEN NEN SL'Y SLTTT 0FZ-0£7
00 0 65'S [4y44 NEN NEeN 1£'s SE/ET 0£C-0T¢
00 0 STy 5065 NEN NEN 'y 6560T 02¢-0T¢
00 0 /8% 6579 NEN NeN 8¢c'e GE/8 0TZ-00¢
00 0 0/'9 S676 NEN NEN €1’y 58901 007-06T
00 0 /6'9 8/96 NEN NEN £5°CT 966¥¢ 06T-08T
00 0 6£'9 5/88 NEN NEN [E'Y 16211 08T-0/T
00 0 8ty 9179 NEeN NEeN 6F'C 6EY9 0/T-09T
00 0 £g’g £6EL NEN NEN SS0T 967/T 09T-05T
9L ¥E8Y ¥y £88G NEeN NEN 0Tt 9708 0ST-0¥T
€Ly 090¢€ oz'e 090€ NEN NEeN ¥8'T LS1Y OFT-0ET
80/ 28SF 0g'e 28SF NEN NEN S0 LT1ES 0ET-021
£9's ¥/9€ 89 ¥/9€ LS'FE #STEE 60'T 8787 0Z1-0TT
009 /88¢€ 08t /88¢€ GL'LE 00Z9¢ [€'T [aasts 0TT-00T
66'TT 69/L 09°'s 69/L 6.9 TL¥9 8T'T 7S0¢€ 00T-06
60CT 978/ ¥9's 978/ 899 1v9 4 9709 06-08
€T 0.6/ ¥L's 0/6( £€9°C 67ST 06T £ISL 08-0/
1T 86E/ £€’g 86E/ €1°¢ 785¢ 09°'s fd3aa 0/-09
€09 S06€E 18°C S06€E N TSET 60°0T 80197 09-05
L5'F £96¢ €1 £96¢ 60'C 6002 £8°0 9577 05-0F
62'S 9CvE 7't 9CvE 887 £9/¢ [6°0 S0S¢ 0F-0¢
€T’ 2602 18T 2607 710 TZh #50 TO¥T 0€-0¢
90T CEET 960 CEET 00 0 SED 268 07-0T
¥00 ¥ Z0'0 ¥ 00 0 00 0 0T-0
% |e10) % |e10) % |ero) % |ero) (w) s8ues yadag
(wosT>) TZOT (1e0]) TZ0Z STOZ uapsofjualiy B ]4

uspaolys) yoesy diys

uspiolys) yjoesy diys

uep yoesy diys

uapuiolys) yoesz diys

Table 9. Ship track distribution by depth (10 m bins).
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APPENDIX 2. Figures

Southern Isfjorden
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Figure appx2.1. Temperature, salinity and oxygen profiles for the CTDO1 (Figure 20 for location).
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Figure appx2.2. Temperature, salinity and oxygen profiles for the CTD02 (Figure 20 for location).
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Figure appx2.3. Temperature, salinity and oxygen profiles for the CTDO3 (Figure 20 for location).
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Figure appx2.4. Temperature, salinity and oxygen profiles for the CTDO5 (Figure 20 for location).
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Figure appx2.5. Temperature profile from the southern Isfjorden transect.
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Figure appx2.6. Salinity profile from the southern Isfjorden transect.
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Figure appx2.7. Density profile from the southern Isfjorden transect.

Eastern Isfjorden
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Figure appx2.8. Temperature, salinity and oxygen profiles for the CTD04 (Figure 20 for location).
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Figure appx2.9. Temperature, salinity and oxygen profiles for the CTD06 (Figure 20 for location).
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Figure appx2.10. Temperature, salinity and oxygen profiles for the CTDO7 (Figure 20 for location).
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Figure appx2.11. Temperature, salinity and oxygen profiles for the CTD08 (Figure 20 for location).
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Figure appx2.12. Temperature profile from the eastern transect.
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Figure appx2.13. Salinity profile from the eastern transect.
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Figure appx2.14. Density profile from the eastern transect.
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Figure appx2.15. Temperature, salinity and oxygen profiles for the CTD09 (Figure 20 for location).
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Figure appx2.16. Temperature, salinity and oxygen profiles for the CTD10 (Figure 20 for location).
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Figure appx2.17. Temperature, salinity and oxygen profiles for the CTD11 (Figure 20 for location).
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Figure appx2.18. Temperature profile from the transect in Tempelfjorden.
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Figure appx2.19. Salinity profile from the transect in Tempelfjorden.
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Figure appx2.20. Density profile from the transect in Tempelfjorden.
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Nordfjorden
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Figure appx2.21. Temperature, salinity and oxygen profiles for the CTD12 (Figure 20 for location).
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Figure appx2.22. Temperature, salinity and oxygen profiles for the CTD13 (Figure 20 for location).
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Figure appx2.23. Temperature, salinity and oxygen profiles for the CTD14 (Figure 20 for location).
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Figure appx2.24. Temperature, salinity and oxygen profiles for the CTD15 (Figure 20 for location).
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Figure appx2.25. Temperature, salinity and oxygen profiles for the CTD16 (Figure 20 for location).
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Figure appx2.26. Temperature profile from the transect in Nordfjorden.
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Figure appx2.27. Salinity profile from the transect in Nordfjorden.

Density [density, kg/m*3]

0 . 1028.75
1028.5
—
)
E 50
) _ 1028.25
3
]
]
5 1028
g 10
%)
g 1027.75
2 :
g 150
o
s 1027.5
=
3
§
200 SETA 1027.25
/] 5 10 15

Section Distance [km]

H
H
H
3
H
H

Figure appx2.28. Density profile from the transect in Nordfjorden.
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In [2]:
In [4]:
In [ ]:
In [ ]:

Appendix 3. Python scripts

To perform the geostatistical analysis of the geospatial data, we have used JupyerLab v3.0.14, an open-
source web-based user interface for data science.

Import packages

import pandas as pd

import geopandas as gpd

import matplotlib.pyplot as plt
import matplotlib.ticker as mticker
import cartopy

import cartopy.crs as ccrs

import shapefile

import csv

import osgeo.ogr, osgeo.osr

import numpy as np

import iris

import iris.iterate

import iris.plot as iplt

from shapely.geometry import Point, MultiPoint, shape, Polygon
from shapely.ops import nearest points
from shapely import speedups

from shapely.ops import unary union
from osgeo import ogr

from sys import argv

from sklearn.neighbors import BallTree
from matplotlib import cbook

from pathlib import Path

from cartopy.mpl.gridliner import LONGITUDE FORMATTER, LATITUDE FORMATTER

Define file path

Depending on the file-type, we will use pandas (pd) or geopandas (gpd) to import the file.

Import CSV file
v

sv = pd.read csv(r"Directory:\Folder\FileName.csv", sep ";")

# Import shapefiles
shapefile = gpd.read file(r"Directory:\Folder\FileName.shp")

Coordinate conversion

The data needs to be fully georeferenced using the correct EPSG code in order to perform any geostatistical analysis.
Consequently, we made a conversion to UTM 32633 coordinate reference system using the function .to_crs("epsg:32633").

track gpd.GeoDataFrame (
track, geometry=gpd.points_from xy (track.long,track.lat),crs = "epsg:4326"
track track.to_crs ("epsg:32633")
track["x"] = track.geometry.x
track["y"] = track.geometry.y

track.to_file(r"Directory:\Folder\FileName.shp")

3.1. Nearest neighbour between two point datasets

We have to define a dataset of origin and a dataset of destination. We used the function .distance() and selected the
destination point with the minimum distance from each point of origin for the calculation.



# Step 1: Calculate the closest distance from the origin point (e.g. flare) to the end point (e.g

flare["distance"] = flare.geometry.apply(lambda row: min (pockmark.distance (row)))
In [ ] Lo o . . .
# Step 2: Binning data (e.g. flares) - divide (bin) the data into numeric ranges
In [ ]
cut_labels 6 = ["0-2 km", "2-4 km", "4-6 km", "6-8 km" ,"8-10 km", "> 10 km"]
cut_bins [0, 2000, 4000, 6000, 8000, 10000, 12000]
gdf['cut exl'] = pd.cut (gdf["distance"], bins=cut bins, labels=cut labels 6)
In [ ]: flare["cut flare"]
flare[ (flare["cut_ flare"] == "0-2 km")].count ().iloc[-1]
In [ ]: - N . .
# Step 3: Calculate the % of data in each bin
stats flare.groupby (by = "cut flare").count ()
stats["%"] = stats.distance/stats.distance.sum()*100
In [ ]: 45 i . . . . .
Step 4: Export in CSV file using the function .to file()
stats.to_csv(r"Directory:\Folder\FileName.csv", index = False)
3.2. Nearest neighbour between a point and a line/polygon
Evaluate the shortest distance between flares and ship track to the coastline to understand their distribution in the fjord.
To do so, we have used the union of the two functions .boundary.distance().
In [ 1: # Step 1: Calculate the closest distance from the origin point (e.g. track points) to the line (e
track["distance"] = track.geometry.apply(lambda row: min (coast.boundary.distance (row)))
In [ 1: # Repeat Steps 2, 3 and 4 from section 1.1.
3.3. Point in Polygon intersection
Calculate the % of flares and ship track that covered the different geological units outcropping in the fjords. | used the
function .within() from geopandas to describe the points there are within a polygon.
In [ ]:

# Step 1: Define the file characteristics

# The geo polygon files need to be previously converted to UTM.shp
geo_polygon = [filel, file2, file3, file4, file5, file6]

# Define the label of each polygon group
geo_label = ["Label 1", "Label 2", "Label 3", "Label 4", "Label 5", "Label 6"]



In

In

In

In

In

In [ ]:

def flares_in polygon (file points, file polygon, geo_label, **kwargs):
if “plot” in kwargs and kwargs[“plot”]:
fig, ax = plt.subplots()
file polygon.plot (ax=ax, facecolor='gray’)
file points.plot (ax=ax, color='blue’, markersize 0.5)
plt.tight_ layout ()
file points.within(file polygon)
speedups.enabled

if file points.crs !=file polygon.crs:
print (“our files do not have the same CRS, make sure to double check.”)
print (f”file points crs = {file points.crs}”)
print (f”file polygon crs = {file polygon.crs}”)

# Merge the polygons into a single multipolygon
one_multipolygon = unary union (file polygon.geometry.values)
one multipolygon series = gpd.GeoSeries (one multipolygon)

one_multipolygon dataframe = gpd.GeoDataFrame (geometry one _multipolygon_series)

one _multipolygon_ dataframe.crs file _polygon.crs

pip mask = file points.within(one multipolygon dataframe.at[0, “geometry”])
pip_point_polygon = file points.loc[pip_mask]
# Create a figure with one subplot
if “plotl” in kwargs and kwargs[“plotl”]:
fig, ax = plt.subplots/()
file polygon.plot (ax=ax, facecolor=’lightblue’)
pip_point_polygon.plot (ax=ax, color='gold’, markersize=2)
plt.tight layout ()
# Add a column with classification
if not hasattr (gdf,”geology”) :
file points[“geology”] = np.nan
file points.loc[pip_point polygon.index.values, “gecology”] = geo_ label

#finalresult = file points[file points.geology==(geo_ label)]
return file points

# Creating a loop has accelerated the calculation of the data

for i in range (len(geo_polygon)) :
gdf = flares in polygon (gdf, geo polygon[i], geo label[i], plot = True, plotl

gdf.geology.drop duplicates ()

# Step 2: Create a new column with the $ of points in each bin

groups = gdf.groupby ("geology") .count ()
groups["%"] = groups.geometry/groups.geometry.sum()*100

# Step 3: Export the file in CSV

groups.to _csv(r"Directory:\Folder\FileName.csv", index = True)

3.4. Data normalization and statistical calculations

3.4.1. Data normalization

Normalization of the flares with respect to the ship track and distance to the geological units.

shiptrack["s"]

True)



I :
n ] normtrack = shiptrack["%"]/100

I : .
oL flares["normalize"] = (flares["depth(m)"])/normtrack
I : . . .
oL flares["normalize(%)"] = (flares["normalize"]/flares["normalize"].sum())*100
I : . .
n [l # Export the file in CSV
flares.to_csv(r"Directory:\Folder\FileName.csv", index = True)
34.2. Statistical calculations
I : .
n ] # Furthest distance
np.max (flares["distance"])
# Closest closest distance
min(flares["distance"])
# Mean distance
np.mean (flares["distance"])
# Median distance
np.median (flares["distance"])
# Lower quartile caulculation
np.percentile (flares["distance"], 25)
# Higher quartile calculation
np.percentile (flares["distance"], 75)
3.5. Link coordinates with timestamp
The scripts below merge the track locations with the measurements of the methane analyzer.
In [ ]: . . . .
# Step 1: Change timezones and adding timestamp as the index
methOl["datetime"] = pd.to_datetime (meth0l.SysTime, format "$d/sm/%Y $H:%M:%S.%f", utc=True)
# Time in Longyearbyen time (-2 hours respect to UTC)
utc = pd.tseries.offsets.DateOffset (hours=-2) # this step transforms time to UTC from Europe/Oslo
# +2.49 min delay from the machine
timestamp error = pd.tseries.offsets.DateOffset (minutes=-2,seconds=-49)
# -54 sec delay from the 25 m tube
fluidflow delay = pd.tseries.offsets.DateOffset (seconds=-54)
methOl.datetime = methOl.datetime + utc + timestamp_error + fluidflow_delay
#The resulting time is in UTC
In [ ]:

# Step 2: Replace the initial index with the datetime stamp and drop NaN values

meth0l.set index("datetime", inplace=True)
methOl.dropna (inplace=True)
meth01



I : . . A
nb test = methOl.copy() # Creates a time-offset dataframe and appends it to the original one

test.index = test.index + pd.tseries.offsets.DateOffset (days=5)
meth0l = methOl.append(test)

I : C . ,
n ] # Step 3: Plot the methane data for a specified datetime interval
start "2021-06-01 00:56:02.000"
stop = "2021-06-01 23:59:02.000"
meth0l.loc[start:stop] .plot (y="[CO2] ppm")
#or, similarly:
meth0l.loc["2021-06-01 00:56:02.000":"2021-06-01 23:59:02.000"].plot (y="[CO2] ppm")
In [ ]: #Step 4: Convert string column to datetime in track
track["datetime"] = pd.to_datetime (track["DateTimeS"], format = "%Y-%m-%dT%H:%M:%S.%£f"
track["datetime"] = track.datetime.round("s")
track track.drop_duplicates (subset="datetime", keep="first")
track.set_index ("datetime", inplace True)
track track.resample (£"1S") .bfill (limit=1)
track.x = track.x.interpolate ()
track.y = track.y.interpolate ()
track.geometry = [Point (xy) for xy in zip(track.x,track.y)]
The following code down below rounds all track and methane measurement times to the second interval; this allows to
compare them based on their timestamps.
I : , .
n ] #Step 5: Round track and methane index datetimes to the second
methO0l.index = methOl.index.round (freg="s")
I :
ol # Step 6: Plot all track points that have a corresponding timestamp in the meth0l index
track.loc[track.index.isin (methOl.index)].plot ()
I : . Lo .
n ] meth0l ["geometry"] = track.loc[track.index.isin (methOl.index)].geometry.values
In [ ]:

for nr, i in enumerate (p.glob ("**/*")):
air = pd.read csv(str (i), skiprows=1,skipinitialspace True)

air["datetime"] = pd.to_datetime (air.SysTime, format = "%d/%m/%Y $H:%M:%S5.%f", utc=True)

utc = pd.tseries.offsets.DateOffset (hours=-2) # this step transforms time to UTC from Europe/
timestamp error = pd.tseries.offsets.DateOffset (minutes 2,seconds=-49)

fluidflow_delay = pd.tseries.offsets.DateOffset (seconds 54)

air.datetime = air.datetime + utc + timestamp_error + fluidflow_delay

air.datetime = air.datetime.round("1s")
air = air.drop_duplicates (subset="datetime")
air.set_index ("datetime", inplace=True)

air.dropna (inplace=True)
#print (air.head())
if nr '= 0:
allair = allair.append(air)
print (i, nr, len(air))
del air
else:
allair = air.copy()
print (i, nr, len(air))
del air

allair = allair.drop_duplicates ()



In [ ]:

allair = allair.loc[track.index.min () :track.index.max ()
allair["geometry"] = track.loc[track.index.isin(allair.index)].geometry.values
allair gdf = gpd.GeoDataFrame (
allair, geometry=allair.geometry,crs = "epsg:32633"
allair gdf["x"] = allair_gdf.geometry.x
allair gdf["y"] = allair gdf.geometry.y

allair gdf.plot (kind="scatter",x "x", y="y",c="[CO2] ppm")

In [ ]: allair gdf.plot (kind="scatter",x "x", y="y",c="[CO2] ppm", vmin = 380, vmax=500)

I :
nb] # Step 7: Plot the data using Cartopy

fig = plt.figure (figsize=(10,5))

#ax.stock img()

ax = plt.axes (projection=ccrs.epsg(32633))
ax.coastlines (resolution="10m")
ax.set_title("Air CH4 concentration")

#ax.set extent([14.5, 17.3, 78.2, 78.65], ccrs.Geodetic())

## Plot of the dataset
allair gdf.plot (ax=ax,
a kind="scatter",
x="x", y="y",c="[CH4] ppmn",
#vmin = 400, vmax=500, #for CO2_ppm
vmin = 1.935, vmax= 2, #for CH4 ppm
cmap="'0OrRd")

## Plot map
gl = ax.gridlines (draw_labels = True,
dms = True,
x_inline=False, y inline= False,
color= "gray", linewidth= 0.5)
gl.xlabels_top = False
gl.xlabels bottom = True
gl.ylabels left = True
gl.ylabels right = False
gl.xlocator = mticker.FixedLocator ([14, 15, 16, 171])
gl.ylocator = mticker.FixedLocator ([78.2, 78.3, 78.4, 78.5, 78.61])
gl.xformatter = LONGITUDE FORMATTER
gl.yformatter = LATITUDE_FORMATTER
gl.xlabel style = {"size": 11, "color": "black"}
gl.ylabel style = {"size": 11, "color": "black"}
gl.xaxis.set major formatter (cartopy.mpl.ticker.LongitudeFormatter ([14, 15, 16, 17])
gl.yaxis.set major formatter (cartopy.mpl.ticker.LatitudeFormatter ([78.3, 78.4, 78.5])

plt.tight_layout ()
plt.savefig(r"Directory:\Folder\FigureName.png", dpi=300)

plt.show ()



3.6. Plots
3.6.1. Bar charts

I :
nb] # Plot data - E.g. comparison of faults and normalized within geo units
barwidth 0.25
geoarea = geology["%"]
faults = normfaults["%"]
normfaults = normfaults["normalize (%)"]
# Set position of bar on X axis
brl = np.arange (len(geoarea))
br2 = [x + barWidth for x in brl]
br3 = [x + barWidth for x in br2]
# Make the plot
plt.bar (brl, geocarea, color ='dimgrey', width = barWidth,

edgecolor ='grey', label ='Outcrop area')
plt.bar (br2, faults, color ='firebrick', width = barWidth,

edgecolor ='grey', label ='Faults'
plt.bar (br3, normfaults, color ='darkred', width = barWidth,

edgecolor ='grey', label ='Normalized faults')
# Adding Xticks
plt.xlabel ('Geological units') #, fontweight ='bold', fontsize = 11)
plt.ylabel ('Percentage (%) ')#, fontweight ='bold', fontsize = 11)
plt.xticks([r + barWidth for r in range (len (geoarea))],

(v Gr.", "A Gr.", "J S.Gr.", "Ag Fm.", "KT Gr.", "B Fm.", "S Gr.", "T Gr.", "G Gr."])
plt.suptitle('Distribution of faults within the geological units - Isfjorden')
plt.size=(20,40)
plt.legend (loc="upper right'")
plt.grid(axis="y")
plt.tight_layout ()
plt.savefig(r"Directory:\Folder\FigureName.png", dpi=300)
plt.show ()

3.6.2. CTD stations
In [ ]:

# Step 1: Create variables with user-friendly names

depth datal:, 2]
temp datal:, 3]
salt datal:, 6]
oxygen = datal:,5]

del ()



In [ ]:

# Step 2: Three-panel plot

fig2, (ax2, ax3, ax4) = plt.subplots(l,3,sharey=True)
#rfig2.size=(20, 40)

fig2.suptitle ('CTD 15', size=12, y=0.95)
# Temperature

ax2
ax2

ax2.

ax2

ax2.
ax2.
ax2.
.set xticklabels(["-0.5", "0", "0.5"])

ax2

.plot (temp, depth)

.set_ylabel ('Depth (m)")
set ylim(ax2.get ylim()[::-1]) #this reverses the yaxis (i.e.
.set:xlabel('Tempgfature (°cy"

)
xaxis.set label position('top')
xaxis.set ticks position('top')
set_xticks ([-0.5, 0, 0.5])

#ax2.set xticklabels (xtl)
# Salinity

ax3

ax3

ax3.
.yaxis.set_visible (False) # This erases the y ticks

ax3

.plot (salt,depth, 'r")
ax3.
ax3.
ax3.
ax3.
.set_xticks([34.4, 34.5, 34.6]

set_xlabel ('Salinity')
xaxis.set label position('top')
xaxis.set_ticks_position('top')
set_x1im(34.3, 34.6)

set_xtickslabels ([34.25, 34.5, 34.75])

# Fluorescence

ax4

ax4

plt.

plt

.plot (oxygen,depth, 'g')
ax4.
ax4.
ax4.
ax4.

set_xlabel ('Oxygen (V)")

xaxis.set_ label position('top')
xaxis.set ticks position('top')
set_xticks ([0, 1, 2, 3, 4, 5])

tight_layout ()

.savefig(r"Directory:\Folder\FigureName.png",

.yaxis.set_visible (False) # This erases the y ticks

dpi=300)

deep at the bottom)
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