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Abstract

Large national programs in the United States and several Asian countries have defined and characterised
their marine methane hydrate occurrences in some detail, but European hydrate occurrence has received
less attention. The European Union-funded project “Marine gas hydrate — an indigenous resource of
natural gas for Europe” (MIGRATE) aimed to determine the European potential inventory of
exploitable gas hydrate, to assess current technologies for their production, and to evaluate the
associated risks. We present a synthesis of results from a MIGRATE working group that focused on
the definition and assessment of hydrate in Europe. Our review includes the western and eastern margins
of Greenland, the Barents Sea and onshore and offshore Svalbard, the Atlantic margin of Europe,
extending south to the northwestern margin of Morocco, the Mediterranean Sea, the Sea of Marmara,
and the western and southern margins of the Black Sea. We have not attempted to cover the high Arctic,
the Russian, Ukrainian and Georgian sectors of the Black Sea, or overseas territories of European
nations. Following a formalised process, we defined a range of indicators of hydrate presence based on
geophysical, geochemical and geological data. Our study was framed by the constraint of the hydrate
stability field in European seas. Direct hydrate indicators included sampling of hydrate; the presence of
bottom simulating reflectors in seismic reflection profiles; gas seepage into the ocean; and chlorinity
anomalies in sediment cores. Indirect indicators included geophysical survey evidence for seismic
velocity and/or resistivity anomalies, seismic reflectivity anomalies or subsurface gas escape structures;
various seabed features associated with gas escape, and the presence of an underlying conventional
petroleum system. We used these indicators to develop a database of hydrate occurrence across Europe.
We identified a series of regions where there is substantial evidence for hydrate occurrence (some areas
offshore Greenland, offshore west Svalbard, the Barents Sea, the mid-Norwegian margin, the Gulf of
Cadiz, parts of the eastern Mediterranean, the Sea of Marmara and the Black Sea) and regions where
the evidence is more tenuous (other areas offshore Greenland and of the eastern Mediterranean, onshore
Svalbard, offshore Ireland and offshore northwest Iberia). We provide an overview of the evidence for
hydrate occurrence in each of these regions. We conclude that around Europe, areas with strong
evidence for the presence of hydrate commonly coincide with conventional thermogenic hydrocarbon

provinces.

Keywords: methane hydrate; Europe

1. Introduction

Gas hydrate is an ice-like, crystalline solid comprising a hydrogen-bonded water lattice with trapped
gas molecules that is stable at high pressures and low temperatures (e.g., Sloan and Koh, 2008). In
nature the most common hydrate-forming gas is methane. Methane hydrate is widespread in seafloor
sediments and as such may provide a useful energy resource. Because, for equivalent energy production,

burning methane generates significantly less greenhouse gases than burning coal, the energy mix
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required to satisfy the target of keeping the average global temperature rise below 2°C during the 21%
century may involve substantial gas production, including from undiscovered sources (e.g., McGlade
and Ekins, 2015). Methane hydrate could be one such source, providing a transition fuel to a low-carbon
energy system that compliments intermittent renewable energy generation and supports energy security.
Hydrate-bearing sands have been identified as a key target for production (Boswell and Collett, 2011).
Hydrate is also of interest because hydrate dissociation might be triggered by global ocean warming,
potentially leading to further greenhouse warming (e.g., Archer et al., 2009; Ruppel and Kessler, 2017),

and because of their role as a potential geohazard for offshore operations and infrastructure.

Driven by high demand for energy and limited conventional hydrocarbon resources, several nations,
including the USA, Japan, China, Korea and India, have developed large national hydrate research and
exploration programmes (e.g., Gabitto, 2010; Oyama and Masutani, 2017; Song et al., 2014). In Europe,
however, there has been less investment in hydrate research. Gas demand declined in Europe during the
first half of this decade, but is likely to show a modest increase in the next decade, despite increasing
development of renewables (Honoré, 2014). Thus there is a continuing need to better understand hydrate
potential in Europe, and the original motivation for this study was to provide a foundation for future
hydrate exploration in Europe. However, for many European nations, imported shale gas is now seen
as a more cost-efficient route to supplement conventional gas supplies, and hydrate exploration is not
seen as a priority. Therefore our study has expanded beyond a focus on hydrate in sands, to cover all
forms of hydrate occurrence around Europe and some adjacent areas. Our goal is to review the current

state of knowledge of hydrate occurrence within this area.

Our study is framed by the offshore stability field for pure methane hydrate in seawater around Europe,
estimated from global databases (Fig. 1). The region of stability is most poorly constrained offshore
Greenland, where few constraints are available on the geothermal gradient, but is likely to include many
of the deeper fjords. The limit of stability lies at varying distances from the coast on the northwest
European margin, and hydrate is stable in parts of the Barents Sea and a small part of the Skagerrak.
Hydrate is stable in large areas of the western and eastern Mediterranean basins, the Tyrrhenian Sea
and the Black Sea, and in small areas of the Adriatic and Aegean Seas and the Sea of Marmara. Hydrate
also can be stable beneath permafrost and beneath ice sheets. These settings require more complex
hydrate stability calculations that depend on often poorly known parameters. Therefore we have not
attempted to carry out such calculations for the whole of our study area. However, in section 4 below

we discuss the possibility of hydrate stability beneath permafrost and ice caps onshore Svalbard.

We first describe the methods that we used to identify areas where the presence of hydrate was
indicated. Then we describe in a series of sections the evidence for hydrate occurrence within these

areas. Finally we synthesise the available evidence on hydrate occurrence in Europe.
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Figure 1: Pure methane hydrate stability zone around Europe (orange area). Blue marks offshore areas
where pure methane hydrate is not stable, but other forms of hydrate may be stable. The limit of
stability is estimated using the 30 arc-second bathymetry grid from the General Bathymetric Chart of
the Oceans, GEBCO (https://www.gebco.net/data_and products/gridded bathymetry data/), the
0.25° seabed temperature grid from the National Oceanic and Atmospheric Administration, NOOA
(https://www.nodc.noaa.gov/cgi-bin/OCS5/SELECT/woaselect.pl), a salinity of 3.5% wt, and the
Moridis (2003) phase boundary for Structure I hydrate. Seabed temperature data were interpolated to
match the resolution of the bathymetric grid. Red boxes mark the areas shown in other figures.

2. Methods

To frame our study, we developed a list of hydrate indicators and a workflow for scientific exploration
of marine hydrate; our workflow is adapted from the hydrate petroleum system approach of Max and
Johnson (2014). For a detailed hydrate assessment from an energy resource perspective, readers are
referred to Boswell et al. (2016), and for a complete review on the hydrate systems concept we refer to

Collett et al. (2009).

2.1 Hydrate indicators

We define hydrate indicators as geological, geophysical and geochemical observations that either
provide strong evidence to confirm the current presence of hydrate, or simply suggest that hydrate might
be present. We considered two categories of hydrate indicators, based on their confidence in confirming

the hydrate presence: (i) direct indicators and (ii) indirect indicators. Direct indicators include sampling
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of hydrate, and observations of hydrate bottom simulating reflectors (BSRs), gas seepage and pore
water chlorinity anomalies. Indirect indicators include gas chimneys, anomalies in seismic velocity and
electrical resistivity, zones of anomalous reflectivity, the presence of a conventional petroleum
province, and various seabed features (cold seeps without gas, backscatter anomalies, mud volcanoes,
pockmarks and pingos). Except for the sampling of hydrate, all the other indicators are not only found
in hydrate systems and should be considered as hydrate indicators only if they are inferred within or
close to the hydrate stability zone (HSZ). In marine settings, the HSZ is the region with appropriate
sub-seafloor pressure and temperature conditions to form hydrate. Its thickness is given by the distance
between the seabed and the intersection of the thermal structure (obtained using the seabed temperature

and geothermal gradient) with a hydrate phase boundary (e.g., Marin-Moreno et al., 2016).

A hydrate BSR is a seismic reflector with opposite polarity to the seafloor that generally mimics the
seafloor at a depth consistent with the expected base of the HSZ. The presence of a continuous BSR
may be an indication of dispersed gas being present in pore water below it rather than being an indicator
of the presence of significant hydrate above (e.g., Max and Johnson, 2014). Also, other geological
phenomena can create BSRs at different depths (e.g., Berndt et al., 2004). Nevertheless, the presence
of a hydrate BSR allows us to constrain the extent of the HSZ (Boswell et al., 2016) and likely requires
the presence of at least some hydrate, so we consider it as a direct indicator for hydrate. Hydrate
accumulations often have been identified without associated BSRs, for example in the Gulf of Mexico

(Majumdar et al., 2016).

Pore water chlorinity anomalies can arise from dissociation of hydrate during the ascent of a core from
the seabed to the surface vessel. Gas seeps from the seabed within the HSZ indicate that pore waters
are saturated with gas and therefore hydrate is very likely to be present. Gas escape structures such as
pipes and chimneys may be imaged in seismic reflection data and may indicate the presence of hydrate-
forming gas within the HSZ. The presence of hydrate increases seismic velocities and electrical
resistivities, while the presence of gas decreases seismic velocities but also increases electrical
resistivities. High seismic reflectivity (“bright spots”) can result from the presence of subsurface gas,
while seismic “blanking”, involving loss of coherent reflectivity, can result from the presence of gas or
of chaotic fluid escape structures. Conventional petroleum provinces can provide a source of
thermogenic gas entering the HSZ, while the various seabed features listed above provide possible

evidence for past or present gas escape through the seabed.

2.2 Hydrate exploration workflow

We developed a hydrate scientific exploration workflow consisting of four clearly defined steps:

1. Determining the likelihood of hydrate stability.
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2. Imposing better constraints on the likelihood of hydrate presence considering relevant recent
geological, physical and chemical changes.

3. Hydrate petroleum system analysis.

4. Prospect identification and scientific drilling.
The first step is to determine the likelihood of hydrate thermodynamic stability under steady state
conditions, i.e., to calculate the HSZ. For this calculation, the bathymetry, seabed temperature, pore
water salinity, hydrate forming gases, and geothermal gradient or heat flow need to be known or
assumed. In general, sufficient bathymetric data exist or can be easily acquired, but seabed temperature
and/or geothermal gradient/heat flow data are generally sparse, and sometimes non-existent. Therefore
interpolation/extrapolation techniques need to be employed, with caution to avoid creation of artefacts.
In marine environments, the first estimate of the HSZ is commonly made by assuming a salinity of

3.5% and that the hydrate-forming gas is 100% methane.

The second step involves constraining the likelihood of hydrate presence by assessing existing
geological, geophysical and geochemical data. This step also considers the temporal variability of the
system and includes: (i) the identification of BSR(s) and their character (continuous or discontinuous)
in existing seismic data; (ii) assessment of the sediment thickness that may contain hydrate, based on
the identification of source beds and quantification of total organic carbon; (iii) re-assessment of the
hydrate-forming gas and its saturation based on possible thermogenic sources; (iv) re-calculation of the
HSZ using better constraints on the hydrate-forming gas and any time-dependent parameters affecting
the volume of the HSZ, including the influence of geologically recent oceanographic, seabed and

tectonic changes on seabed pressure and temperature, geothermal gradient and salinity.

The third step involves developing a hydrate system analysis, beginning with identifying what
additional data need to be acquired. This step might involve the following surveys: (i) a regional 2D
seismic survey to study the large scale structure of the geological system and identify BSRs (e.g., Lee
et al., 2005); (ii) an ocean bottom seismometer (OBS) survey and/or a 2D long streamer seismic survey
to derive information on seismic-wave velocity, porosity, and hydrate and gas saturation (e.g.,
Westbrook et al., 2008); (iii) a high resolution local 2D/3D seismic survey to clearly identify direct
indicators of hydrate and/or potential clues (e.g., Riedel et al., 2002); (iv) a controlled source
electromagnetic survey (CSEM) to impose better constraints in porosity contrasts and pore phase
saturations (e.g., Weitemeyer et al., 2006); (v) less well established exploration techniques such as heat
flow-based methods for additional information and/or for independent validation of the seismic and
electromagnetic observations. Such surveys might lead to a more formal analysis for gas hydrate
identification and saturation estimation (e.g., Dai et al., 2008). A joint interpretation approach can be
applied to the different geophysical datasets (e.g., Goswami et al., 2015), and focus the interpretation

on identifying the depositional environments within and immediately beneath the HSZ, gas sources,
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and depocentres for sand, turbidite and mass transport deposits, and on assessing the morphology of the
sand deposits. At this stage, there are enough data to estimate the approximate volume of methane that
might be recoverable from hydrate using average hydrate saturations, and the dominant hydrate

distribution and morphology.

The fourth step, prospect identification, brings the detailed information needed to make an informed
decision about scientific drilling targets. This step includes a detailed analysis of seismic and CSEM
data to identify features such as sweet spots or structures with enhanced fluid flow, or elevated
resistivities or seismic velocities. Such analysis may be followed by rock physics and geotechnical
laboratory experiments to determine the elastic (e.g., Priest et al., 2005), electrical (e.g., Spangenberg
and Kulenkampff, 2006) and thermo-hydro-mechanical (e.g., Santamarina et al., 2015) properties of
hydrate-bearing samples. These properties are then used to calibrate rock physics and geotechnical
models (e.g., Marin-Moreno et al., 2017; Uchida et al., 2012) that provide a quantitative understanding
of the above properties, of the likely response of the target natural hydrate bearing deposits to natural
and/or anthropogenic perturbations, and of local relationships between relevant properties such as
porosity and permeability. Then potential drilling targets can be chosen and a geohazard assessment
performed for each target to help to decide which, if any, should be prioritized. Finally, scientific

drilling should take place to evaluate more fully the prospectivity of the area.

Below we cover in a series of regional sections the areas where there is evidence for the presence of
hydrate. Some large sections of the eastern Atlantic margin have been extensively sampled using both
seismic and acoustic techniques, as well as direct sampling. However, to date there are no published
reports of hydrate BSRs, gas seeps, chlorinity anomalies or other significant hydrate indicators within
or in close proximity to the HSZ. Examples include the northwest margin of the UK and the Bay of
Biscay; in both areas, gas seeps have been detected at shelf depths (e.g., Judd et al., 1997; Ruffine et
al., 2017) but not in regions of hydrate stability. In most of the areas described below, only the first step
and some aspects of the second step have been conducted (Table 1). To date, scientific drilling for
hydrate in Europe has been limited to the west Svalbard margin and the western Black Sea, though

hydrate has been encountered several times during drilling for other purposes.
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Table 1: Summary of the most relevant hydrate-related information for all the regions described in the

255  text. ODP = Ocean Drilling Program; MV = mud volcano; see text for definitions of indicators.
Direct Occurrence Hydrate
hydrate  Indirect hydrate and host Gas source and extent and
Region Location Data indicator indicator sediment migration path amount
ODP 909; 2D Gassy sediment
seismic; heat Possible S No hydrate No information .
Northeast flow; seabed BSR samp?mg_, bright recovered available Not estimated
spots; chimneys
temperature
Offshore . Seismic blanking;
Gravity core; . .
Greenland 2D & 3D oil and gas shows; Thermogenic gas;
West seismic: heat BSRs Ikz.nte crystals; No hydrate  migration through Not estimated
fluid/gas escape recovered faults and
flow; seabed .
temperatur structures; fractures
empe © pockmarks
. 700 km?
Tgcp;)tirlaclt)llllrlgﬁny Dominant extent of HSZ
2D & 3D Y . at~800-2000
o controlled; thermogenic;
seismic; OBS; Hydrate Small, thin thermogenic mbsl;
Vestnesa CSEM,; cores; ar}; led: Chimneys; hi inl vein inout in % a saturation
Ridge and  MeBo drilling; sampred, pockmarks; Cchips, cins put INCTeases g0 Vp 6-
gas seeps; S . or as chunks in with depth; 0.
slope seafloor seismic blanking . 18%; from
. . BSR the upper 2-4 m  thermogenic
imaging; HSZ . Lo CSEM 20-
. of fine-grained  gas migration o
modelling . . 30% and 40-
hemipelagic through faults o)
; 68% in
sediments .
chimneys
2D seismic;
Offshore . "
Svalbard OBS; CSEM; Hydrate Hydrate Microbial with
. cores; MeBo sampled; . . L
Prinz Karl L1 Chimneys; bright recovered from significant .
drilling; gas seeps; . Not estimated
Forland spots one pockmark thermogenic
seafloor patchy contribution
imaging; HSZ BSR
modeling
Abiotic gas
inferred in the
Elsewhere .2D.8f 3D . Gasseeps; Bright spots; gas  No hydrate South Molloy .
West seismic; cores; BSR. himn c red Transform Fault  Not estimated
s HSZ modelling s chrmneys ceovere & West
Knipovich Ridge
region
HSZ mpdelhng; Hydrate stability; Fractured Partly .
scientific and hydrate found thermogenic;
Onshore . . sandstones S . .
industry None offshore; fluid migration via Not estimated
Svalbard 11e and shales;
drilling; 2D escape structures; fractures and
.2 coal beds
seismic gas seeps seeps
Volume 0.19
i
Structurally G_Sm n
controlled,; B.Jornoya
0 Mostly Basin; 93-650
Lo Hydrate . . BSRs in : . b
2D seismic; Bright spots; . thermogenic gas;  GSm’ in SW
Barents . sampled; : . consolidated L
S cores; HSZ . chimneys; ) it migration through Barents Sea or
ca modelling £33 SCCPS, pockmarks OW-POTOSITY faults and 470-3320
BSRs sediments 3
. fractures GSm’ if
and glacial .
. . higher
Norwegian sediments
> hydrocarbons
Margin
4000 km?
Core sampling; Finely bedded BSR along N
Mig-  ZDseismic o Hydmle gy g ogppe o comtouriteand e i) i Jank of
. OBS; Multi- sampled; hemipelagic . Storegga
Norwegian structures; . thermogenic s 1.
Marein component BSRs ockmarks deposits — component Slide;
& seismic; CSEM; p mainly silty P saturation 2-
HSZ modelling clays 10%; volume
of 625 GSm’
256



257  Table 1: Continuation
Gas source
Direct and Hydrate
hydrate Indirect hydrate = Occurrence and migration extent and
Region Location Data indicator indicator host sediment path amount
Scientific & Thermogenic
Rockall and industry Hydrocarbon gas migration
Offshore Porcupine drilling; 2D &  Possible  seeps; fluid escape No hydrate through faults Not
Ireland P 3D seismic; BSRs structures; bright recovered above active estimated
Basins
HSZ spots petroleum
modelling systems
Pockmarks;
NW Cores; 2D fluid/gas escape
Iberian seismic; HSZ None structures; seismic Ij:cgzg::ie Not known os tiljxi);te d
Margin modelling blanking; bright
spots; chimneys
MV; gas .
chimneys; Hydrate found in T;lse;lnilorg;?;;
Hydrate pockmarks; MV; localised g g
Offshore sampled; degassing deposits and through . Saturation of
Gulf of Cores; 2D O > . focused fluid o/ :
South . L chlorinity  structures; seismic ~ hosted in fine- 5-31% in
. Cadiz seismic . . . flow;
Iberia & anomalies; blanking; grained abiogeni cores
NwW BSRs backscatter sediments with ogenie
' . - crustal-derived
Africa anomalies low permeability .
Marei fluids
argin
. Chlorinity  Gas release from No hydrate Thermogenic Not
Alboran Sea Cores . gas from ~5 .
anomalies cores recovered estimated
km depth
Hydrate mm to cm
sampled; Hvdrate found 4 scale d
Anaximander  Cores; HSZ L . ydrate found in . isseminate
Seamount modelling ;;l(ir(ﬁ:llilé}s]- MV; pockmarks MV Thermogenic H; saturation
’ 0f 0.7-16.7%
gas seeps
Hydrate
Eastern sampled; Hydrate found in Mainly ¢. 5 GSm? in
Mediterr  Olimpi Field Cores chlorln.lty MV; pockmarks MV thermogenic  Milano dome
anean anomalies;
gas seeps
Mostly .
. 2D & 3D Possible Pockmarks, bright . microbial; Estlmateq N
Nile fan and L D Sandy buried . 100 Tcfin
. seismic; BSR; gas spots, seismic thermogenic at
Levant Basin . . systems the Levant
seafloor video seeps blanking MV .
Basin
Thermogenic
s . G migration
Sea of Cores: 2D & Hydrate. MV; brlght SpO.tS, . from deep Not
e sampled,; gas chimneys; Thermogenic . .
Marmara 3D seismic Oligocene- estimated
gas seeps pockmarks
Eocene
Ieservoirs
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Table 1: Continuation

Direct Occurrence Gas source Hydrate
hydrate Indirect hydrate and host and migration extent and
Region Location Data indicator indicator sediment path amount
. Saturation
Cores,. 2D. & Hydrate Seismic blanking; . from CSEM
Bulgaria & 3D seismic; sampled; as pipes and H formed in of 30% and
U gafta OBS; CSEM; pled, £2s pipes ar levees or base Microbial ’
Rumania gas seeps; chimneys; high from OBS of
HSZ o of channels o
. BSRs resistivity values 10% or 30-
modelling 0
- 40%.
Belztcelzn Seismic blanking;
- Hydrate bright spots; gas Hydrate Migration via
Sea o 2D seismic, . A . Not
Igneada cores sampled;  chimneys; possible  fragments in faults and estimated
BSRs MV possible MV possible MV
Cores; 2D o . .
Zonguldak- seismic: HSZ BSRs Seismic bla.nklng, Not known Therrr}ogen}c Not
Amasra . MV; gas chimneys and microbial estimated
modelling
Possible
Cores; 2D Seismic blankmg; hy(.irog.en Not
Samsun O None gas chimneys; Not known sulphide in the .
seismic estimated
pockmarks gas
Eastern
Black Deep
Sea Hopa-Rize- thermogenic
Trabzon- 2D.& 3D BSRs Seismic bla.nklng; Not known gas migration Not
Gir seismic MV; gas chimneys through faults estimated
esun and microbial
gas
3. Offshore Greenland

3.1 Geological Setting

The West Greenland margin formed during Cretaceous to Paleogene continental rifting that eventually
resulted in seafloor spreading in the Baffin Bay and the Labrador Sea (e.g., Oakey and Chalmers, 2012).
A change in spreading direction during the latest Paleocene to Eocene resulted in a general northward
drift of Greenland into the Arctic Ocean, resulting in compression and inversion that becomes more
pronounced the farther north along the Baffin Bay part of the margin. Significant strike-slope motion

along many parts of the margin are also recorded at this time.

After the cessation of the Caledonian Orogeny during Late Silurian—Early Devonian, the northeast
Greenland margin experienced repeated episodes of rifting with intervening quiescent periods, and
occasionally minor compression and inversion. During the Cretaceous to Paleogene, rifting and breakup
resulted in the onset of opening of the North Atlantic, and continued seafloor spreading formed large
sedimentary basins (Hopper et al., 2014 and references therein). By early Neogene times, the seafloor
spreading resulted in the opening of the Fram Strait and creation of the Atlantic-Arctic gateway (Jokat

et al., 2008; Ritzmann and Jokat, 2003).

Along the southeast Greenland margin, no Paleozoic—Jurassic rocks are exposed onshore or otherwise

known to exist. Small outcrops of Cretaceous sediments are known both onshore and offshore (e.g.,

11
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Gerlings et al., 2017). Paleocene to Eocene breakup was accompanied by extremely voluminous

volcanism as seafloor spreading was established (e.g., Larsen and Saunders, 1998).

In late Neogene, all of Greenland's margins became glaciated, resulting in erosion of the inner and
middle shelf areas and deposition of kilometer thick glacigenic wedges on the outer shelf and slope

areas, while thick contourite deposition occurred in the basinal areas.

Figure 2: Bathymetric map of the Greenland margins and outline of larger offshore areas with seismic
indications of hydrate. Box marks the area shown in Fig. 3.

3.2 Hydrate occurrence

Greenland is surrounded by wide shelf areas with water depths of 200-500 m and 1000-4000 m deep
basinal areas (Fig. 2), all swept by cold bottom water currents. Therefore the Greenland continental
margins should have physical and oceanographic settings suitable for marine hydrate formation. In

addition, a study addressing as yet undiscovered hydrocarbon resources north of the Arctic Circle
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suggests that the offshore Mesozoic sedimentary basins on the west and northeast Greenland margins
could hold large quantities of oil and gas (Gautier et al., 2011). Due to late Cenozoic uplift and glacial
erosion (Japsen et al., 2006), these basins are now exposed on the shelves at or near the seabed

(Gregersen and Bidstrup, 2008; Hamann et al., 2005; Hopper et al., 2014), increasing the probability of

seepages of gas and thus for formation of hydrate.
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Figure 3: Indications of hydrate occurrence in the Disko area offshore central west Greenland, where
bottom water temperature is c. 3°C (after Nielsen et al., 2014) a) Bathymetric map with locations of
seismic and cores shown in ¢)-f) ; b) Simplified map of Cretaceous—Paleogene major structural
elements, outlining the hydrocarbon-bearing Nuussuaq Basin (Bojesen-Koefoed et al., 2007) and the
likely hydrocarbon-bearing Ilulissat Graben (Gregersen and Bidstrup, 2008), with locations of seismic
and cores; ¢) High-resolution seismic line along Vaigat showing younger sediments with chimneys
(dashed black lines) indicating gas/fluid seepage from below, and location of gravity core PG2012-05
taken on top of one of these features; d) 6-cm-long ikaite crystal collected from the core catcher of
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gravity core PG2012-05, presumably originating from seepage of methane; ) 2D seismic record
showing a seabed depression with sub-cropping faulted Cretaceous—Paleocene strata (yellow lines)
and a BSR at about 75 ms sub-bottom depth (red dashed line); f) High-resolution seismic line inside
the seabed depression, showing Cretaceous—Paleocene strata overlain by younger sediments that are
disrupted by gas/fluid escape features (black dashed lines). Gas-bearing gravity core PG2012-03 was
located in a pockmark underlain by a large diapiric feature.

Nevertheless, little work has been done on the hydrate potential of offshore Greenland. At present, most
of the available data derive from conventional oil and gas exploration, including more than 100,000 km
of 2D seismic reflection data offshore west and northeast Greenland as well as several 3D surveys on
the western margin. Some information of heat flow and seabed temperature data offshore Greenland
exist, but these are sparse and mostly limited to the few exploration wells that have been drilled along
the western margin. Echo-sounder, high-resolution subbottom profiler and swath bathymetry data exist

for smaller areas along all the margins, but most are not in the public domain.

Offshore northeast Greenland no commercial wells have been drilled yet. However, in the southern
Fram Strait, Ocean Drilling Program (ODP) well 909 encountered gassy sediments (Knies and Mann,
2002), which can be traced up-slope the northeast Greenland margin, where bright spots, chimneys and
possible BSRs indicate that hydrate may be present (Fig. 2; Nielsen and Jokat, 2009). Offshore west
Greenland, several commercial wells have gas and oil shows, but there have been no significant
discoveries so far. Several oil seeps as well as hydrate and gas encountered by shallow onshore drilling
demonstrate that working petroleum systems exist in the Nuussuaq Basin (Fig. 3; Bojesen-Koefoed et
al., 2007; Christiansen et al., 1994; Pedersen et al., 2006). A pilot study of the marine part of the
Nuussuaq Basin found various indirect indicators for the presence of hydrate in shallow seismic and
gravity core data (Nielsen et al., 2014; Fig. 3), demonstrating that the offshore part of the Nuussuaq
Basin likely contains significant quantities of hydrate. Further offshore west Greenland, in the up to
700 m deep Davis Strait area (Fig. 2), BSRs with associated amplitude variations indicating hydrate
above free gas can be seen on several seismic profiles (Nielsen et al., 2000), further demonstrating a

possible marine hydrate occurrence in the region.

Direct sampling of hydrate offshore Greenland has not been reported to date and, despite the above-
mentioned indications of hydrate presence, no systematic study or compilation has yet been undertaken.
In addition, due to the very sparse information on heat flow and seabed temperature, there is currently

no published detailed study of the hydrate stability zone offshore Greenland.

4. Offshore and onshore Svalbard
4.1 Geological Setting

The west Svalbard margin shares a common geological history with the northeast Greenland margin

(section 3.1) until the opening of the Fram Strait. Subsequently, deep-water circulation between the
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Arctic Ocean and the Norwegian-Greenland Sea led to deposition of thick contourite sequences that
extend from the Svalbard margin towards the mid-ocean ridges. Two sediment types dominate the west
Svalbard margin: glacigenic debris flows in trough mouth fans beyond the shelf break; and turbiditic,
glaciomarine and hemipelagic sediments, which are to some extent reworked by contour currents
(Vorren and Laberg, 1997; Vorren et al., 1998). The eastern margins of the Fram Strait were dominated
by contourites during the late Miocene to Pleistocene (Mattingsdal et al., 2014) leading to the
development of large sediment drifts such as the Vestnesa Ridge (Fohrmann et al., 2001) on young and
relatively warm oceanic crust. The Vestnesa Ridge is located in the eastern Fram Strait at ~79°N, north
of the Knipovich Ridge and Molloy transform fault (Fig. 4), representing one of the northernmost

occurrences of hydrate in the world.

In contrast, the Svalbard archipelago is the most uplifted part of the Barents Shelf and is dominated by
older strata providing a “window” into the tectono-stratigraphic evolution of the Barents Sea area.
Approximately 60% of the archipelago is covered by glaciers, with the remainder strongly affected by
continuous permafrost. Ice caps are found predominantly in northeastern Svalbard, with ice thicknesses
of up to 550 m observed for the Austfonna ice cap on Nordaustlandet (Furst et al., 2018). Permafrost
thickness varies from less than 100 m in coastal settings to over 500 m in the highlands (Humlum et al.,
2003). The nearly complete Devonian-Paleogene stratigraphic record is exceptionally well exposed due
to the lack of vegetation, giving insights into reservoir and source rock intervals targeted further south

(Henriksen et al., 2011b; Nattvedt et al., 1993; Worsley, 2008).

4.2 Hydrate occurrence

4.2.1 Offshore west Svalbard

The presence of a prominent hydrate BSR was revealed by several seismic reflection studies in the
Vestnesa basin (e.g., Dumke et al., 2016; Eiken and Hinz, 1993; Vanneste et al., 2005; Fig. 4). The BSR
can be traced from the continental slope at c. 800 m water depth to the Molloy Transform Fault and
beyond to > 2000 m water depth (Hustoft et al., 2010; Sarkar et al., 2012; Vanneste et al., 2005). It
appears as a nearly continuous reflection with amplitudes that vary laterally and generally decrease
towards the flanks of sedimentary ridges (Fig. 5). This variation indicates that hydrate and gas
accumulations are primarily topographically and structurally controlled (Biinz et al., 2012). The BSR
covers the whole of the Vestnesa Ridge (i.e., from c. 1100 m to 1700 m water depth), exhibiting a strong
impedance contrast between hydrate-bearing and gas-charged sediments (Biinz et al., 2012; Petersen et
al., 2010; Plaza-Faverola et al., 2017). An interconnected zone of free gas beneath the BSR is more
prominent along the eastern segment of the Vestnesa Ridge, where currently active gas seepage is
concentrated (Hustoft et al., 2009; Panieri et al., 2017; Smith et al., 2014). Faults are identified on
seismic profiles, extending from the seafloor to beneath the BSR. These faults control the ascent of

fluids and the distribution of gas seeps on the Vestnesa Ridge (Plaza-Faverola et al., 2015; Vanneste et
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al., 2005). Basin modeling studies show that generation of thermogenic gas from relatively shallow and
young source rocks sustains shallow gas and hydrate accumulations, at least within the eastern part of
the Vestnesa basin (Dumke et al., 2016; Knies et al., 2014). In this setting, very close to the mid-ocean
ridge, the hydrate system is strongly influenced by the young and hot oceanic crust. Geothermal
gradients increase gradually from 70 to 115 °C/km towards the Molloy Transform Fault (Crane et al.,
1991; Vanneste et al., 2005).
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Figure 4: BSR distribution projected over IBCAO bathymetry off Svalbard. The BSR outline
corresponds to observations from Vanneste et al. (2005); Petersen et al. (2010); Hustoft et al. (2009);
Sarkar et al. (2012); Biinz et al. (2012); Geissler et al. (2014); Johnson et al. (2015); (Dumke et al.,
2016);Plaza-Faverola et al. (2017); and Waghorn et al. (2018). Gas flares compiled from multiple
expeditions to the area by NOC, AWI, CAGE. PKF=Prins Karl Forland; COT=Continent-Ocean
Transition (Engen et al., 2008); KR=Knipovich Ridge; MR=Molloy Ridge; VR=Vestnesa Ridge;
VB=Vestnesa Basin; SR=Svyatogor Ridge; MTF=Molloy Transform Fault; STF=Spitsbergen
Transform Fault. (a)-(d) mark seismic profiles shown in Fig. 5.
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South of the Molloy Transform Fault and to the west of the Knipovich ridge spreading axis, a well-
developed hydrate system has been documented along the Svyatogor ridge, a contourite drift similar to
the Vestnesa Ridge (Fig. 4, 5). Here the gas hydrate system is believed to be sustained by input of
abiotic gas, a product of serpentinization at detachment faults (Johnson et al., 2015; Waghorn et al.,

2018).

Elsewhere on the west Svalbard Margin, the BSR is weak and in some areas it is patchy (e.g., Geissler
et al., 2014). Observations of shallow gas in accumulations that roughly follow the seafloor further
upslope on the continental margin may be linked to hydrate dissociation (Riedel et al., 2018; Sarkar et
al., 2012). To the west and east of the Yermak Plateau, relatively weak BSRs and some double BSRs

have been documented (e.g., Geissler et al., 2014).

Figure 5: Examples of BSRs offshore west-Svalbard: (a) western segment of the Vestnesa Ridge (Plaza-
Faverola et al., 2017); (b) western flank of Yermak Plateau (Geissler et al., 2014); (c) slope between
Prins Karl Forland and the Molloy Transform Fault (Vanneste et al., 2005); (d) southern part of the
Svyatogor Ridge (Johnson et al., 2015; Waghorn et al., 2018). The location of each example is indicated
in Fig. 4. The BSR is continues and strong along the Svyatogor Ridge, the Vestnesa Ridge and its
southern flank. The BSR is weak and patchy towards the Yermak Plateau.

Hydrate has been recovered from several of the pockmarks that lie above chimney structures on the
eastern Vestnesa Ridge segment. Here, hydrate appears as small, thin chips, in veins or as chunks of

several 10s of cm, embedded in the upper 2-4 m of muddy sediments (e.g., Panieri et al., 2017; Smith
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et al.,, 2014). The gas compositions of these hydrate samples and of core head-space gas samples
provide strong evidence for a thermogenic input into the HSZ (Plaza-Faverola et al., 2017; Smith et al.,
2014). Massive hydrate has been collected in a zone of weak BSRs at a focused fluid flow structure on
the continental slope (e.g., Graves et al., 2017; Sarkar et al., 2012). Hydrate is suspected but so far not
found in regions where the HSZ pinches out near the shelf break off Prins Karl Forland, where pervasive
seepage exists (e.g., Berndt et al., 2014; Wallmann et al., 2018; Westbrook et al., 2009). A HSZ volume
of ca. 700 km® was derived from mapped BSRs in the Vestnesa Basin (Plaza-Faverola et al., 2015).

Several studies provide constraints on hydrate saturations on the eastern Vestnesa Ridge based on P-
wave velocity variations from seismic data and resistivity from CSEM data. From P wave velocity
anomalies, Hustoft et al. (2009) estimated mean hydrate saturations of ~6% within a 30-100 m thick
zone above the BSR, reaching a maximum of 11%. Their velocity model was derived from multi-
channel seismic reflection data along an E-W profile that intersects the crest of the Vestnesa ridge at
the eastern end of an area of active seepage. They found the highest hydrate saturations at the crest of
the ridge and near fault zones. In a more recent study along the ridge crest nearby, Singhroha et al.
(2019) estimated hydrate saturations of 10-18% of the pore space within a 100 m thick zone above the
BSR, based on P wave velocities and full waveform inversion of wide-angle seismic data from OBSs.
By comparison, joint analysis of resistivity from CSEM data and OBS data along a transect in the same
area suggests mean hydrate saturations of 20-30% outside of chimney structures and 40-68% in the
lowermost c. 80 m of the HSZ within a highly brecciated gas chimney (Goswami et al., 2015). Despite
similar velocities to those of Hustoft et al. (2009) and Singroha et al. (2019), these estimated saturations
are much higher because free gas is assumed to co-exist with hydrate in the HSZ, contributing positively
to the resistivity anomaly and negatively to the velocity anomaly. All three studies systematically found
the highest hydrate saturations associated with faults and fractures within the GHZ. The free gas
saturations estimated by these studies in zones outside gas chimneys consistently range between 1.5

and 4% of the pore space within a low-velocity zone below the BSR.

4.2.2 Onshore Svalbard

As part of early petroleum exploration of the Barents Sea, eighteen petroleum exploration wells were
drilled on Svalbard from 1961 to 1994 (Senger et al., 2017). While none of these wells resulted in
commercial discoveries, numerous boreholes encountered gas. In addition, research drilling in
Adventdalen and coal exploration in Petuniabukta discovered producible natural gas, some of which
is directly associated with permafrost (Senger et al., 2019). These discoveries, as well as the presence
of hydrate offshore (Section 4.2.1), prompted efforts to assess the feasibility of finding hydrate
onshore Svalbard (Betlem et al., 2019).
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Recent modelling efforts constrain a potentially stable marine hydrate stability zone in the fjords around
Svalbard (Betlem, 2018; Roy et al., 2012), and a permafrost-associated hydrate stability zone onshore
central Spitsbergen (Betlem et al., 2019). The latter has been extended to all unglaciated areas of
Svalbard’s main islands (Spitsbergen, Nordaustlandet, Prins Karls Forland, Barentseya and Edgegya;
Fig. 6). Thus far hydrate has not been directly sampled onshore Svalbard, largely due to a lack of
dedicated exploration efforts. Circumstantial evidence for probable hydrate presence is provided by
long-term gas bubbling in numerous coal exploration boreholes (Jochmann, M., pers. comm. 2017),

though these are unfortunately not well documented.

Thus the Svalbard archipelago possesses three important factors contributing to the presence of hydrate:
1) suitable thermobaric conditions, 2) an active petroleum system, and 3) a constant flux of thermogenic
and microbial gas. Suitable thermobaric conditions (i.e., shallow-to-deep permafrost) are brought about
by laterally changing mean annual air temperatures of between -3.5 °C and -8 °C (Betlem et al., 2019;
Przybylak et al., 2014). Where permafrost surpasses 100-125 m depth, subsurface thermal regimes are
cold enough to allow hydrate formation under hydrostatic pressure. Thickening of ice caps and glaciers
towards the north is likely to contribute further to local regions of hydrate stability as a result of loading
(i.e, pressure increase) and favourable thermal regimes at glacier bases. However, the extent of hydrate
stability remains difficult to assess due to uncertainties in properties such as sub-glacial thermal state,

densities, and local thicknesses, as well as the limited resolution and accuracy of relevant datasets.

Widespread organic-rich source rocks (e.g., Upper Jurassic to Lower Cretaceous Agardhfjellet
Formation and Middle-Triassic Botneheia Formation) and coal beds (e.g., Lower Carboniferous
Billefjorden Group and Paleogene Firkanten Formation) may act as unconventional reservoirs hosting
disseminated or fracture-filled hydrate. These Mesozoic organic rich source rocks have the same
origin as those contributing to hydrocarbon discoveries in the Barents Sea (Abay et al., 2014) and
have been linked to hydrocarbon finds onshore. Suitable reservoir rocks are found in both sandstone-
dominated sequences (e.g., the Paleogene Van Mijenfjorden Group, the Lower Cretaceous
Helvetiafjellet Formation and the Upper Triassic-Middle Jurassic Wilhelmaya Subgroup) and
carbonates (e.g., the Permian Tempelfjorden and Gipsdalen Groups). Limited reservoir quality, with
poor matrix porosity and permability related to extensive diagenesis (e.g., Mork, 2013) is a major
challenge. However, pervasive natural fracturing contributes by enhancing fracture-related fluid flow

(Ogata et al., 2012).

Significant quantities of thermogenic gas (mixed with microbial gas in shallower intervals) were
encountered during research drilling for the Longyearbyen CO, Lab project in Adventdalen (Ohm et
al., 2019) and in petroleum and coal exploration wells (Senger et al., 2019). Furthermore, high

concentrations of microbial gas are observed in onshore pingo discharge waters (Hodson et al., 2019).
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Gas flares, pockmarks and thermogenic methane are observed in several fjords of Svalbard (Liira et

al., 2019; Roy et al., 2019). Thus there is evidence for active fluid seepage both onshore and offshore.
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Figure 6: Thickness of the HSZ onshore Svalbard, for a plausible gas composition of 93% methane, 7%
ethane and seawater salinity. Geothermal gradients are derived from boreholes and inferred from the
depth of the base of permafrost thickness in central Spitsbergen (Betlem, 2018; Betlem et al., 2019).
Lapse rate is set at -6 °C/km, and surface air temperatures are incorporated from Przybylak et al. (2014).
A: Adventdalen; L: Longyearbyen; P: Petuniabukta. The map uses topographic and coastline data from
the Norwegian Polar Institute.

Assuming that structure I hydrate dominates, a zone of hydrate stability likely occurs in the interior of
Spitsbergen along a relatively unglaciated corridor stretching from Nordenski6ldland in the centre to
Wijdefjorden in the north. Strandflats and valley systems limit hydrate stability on Svalbard’s western
flanks due to elevated temperatures associated with the West Spitsbergen Current (Przybylak et al.,
2014). Mean annual temperatures decrease to the east, so that similar settings on Edgeaya, Barentsgya

and Nordaustlandet fall well within the hydrate stability field, even in coastal settings. Most of the
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archipelago thus appears to be on the edge of hydrate stability, with vertical and lateral variations

tipping particular locations in and out of the hydrate stability field.

5. Norwegian Margin

5.1 Geological setting

The Barents Sea is a large epi-continental shelf sea bound by the North Atlantic to the west, the
Norwegian and Russian landmasses to the south, the Arctic Ocean to the north and Novaya Zemlya to
the east. Formed in association with the opening of Norwegian-Greenland Sea and Eurasia Basin during
the Cenozoic (Faleide et al., 1984), it is composed of a complex mosaic of basins, platforms, and
structural highs and is a major petroleum province (Doré, 1995; Nettvedt et al., 1988). Tectonic uplift,
erosion and multiple glaciations affected the Barents Sea during the Cenozoic and resulted in the
removal of up to 2 km of sediments from the region (Henriksen et al., 2011a; Ktenas et al., 2017; Vorren
et al., 1991). These processes resulted in the spillage of hydrocarbons from reservoir rocks, and recent
exploration has shown predominantly gas reservoirs and underfilled reservoirs with low oil saturation

(Doré and Jensen, 1996; Henriksen et al., 2011a).

Along the mid-Norwegian margin, the Mere and the Vering basins are the two most prominent. They
developed as a result of several rifting episodes until Late Paleocene/Early Eocene continental break-
up (Brekke, 2000; Lundin and Doré, 1997). Post break-up thermal subsidence during the Cretaceous
resulted in up to 10-km-thick sedimentary basin fill. The second youngest sedimentary succession is
the Miocene/lowermost Pliocene Kai Formation with predominantly fine-grained hemipelagic
sediments (Dalland, 1988; Rise et al., 2005). The overlying Naust formation encompasses sediments of
the Plio-Pleistocene glacial-interglacial cycles that significantly changed the sedimentation pattern,
yielding a thick wedge of clastic sediments on the shelf (Hjelstuen et al., 1999; Stuevold and Eldholm,
1996). Within this formation, contourites deposited along slope during deglaciation and interglacials
frequently interlayer the glacigenic downslope-transported debris flows (Laberg et al., 2001). A mass-
wasting event, the Storegga Slide, removed large amounts of sediment within the Mere Basin and along

its northern border with the Vering Plateau at about 8.2 ka (Bryn et al., 2005).

5.2 Hydrate occurrence

5.2.1 Barents Sea

Leaking reservoirs in the Barents Sea have given rise to widespread occurrence of fluid-flow features
such as shallow gas accumulations, gas seeps, gas chimneys, pockmarks of various sizes, pingos and
hydrate (Fig. 7; Andreassen et al., 2017; Chand et al., 2012; Laberg and Andreassen, 1996; Rise et al.,
2015; Serov et al., 2017; Vadakkepuliyambatta et al., 2013; Vadakkepuliyambatta et al., 2017). Fluid
migration in the area is structurally controlled, with major faults and fractures acting as pathways

(Vadakkepuliyambatta et al., 2013).
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The presence of hydrate has been inferred at multiple locations in the Barents Sea from BSRs in multi-
channel seismic data (Vadakkepuliyambatta et al., 2017 and references therein). BSRs occur in close
association with vertical fluid-flow systems, shallow gas accumulations, faults, and fractures (Ostanin
et al., 2013; Vadakkepuliyambatta et al, 2013; Vadakkepuliyambatta et al., 2017;
Vadakkepuliyambatta et al., 2015). They generally occur in consolidated sediments of Jurassic and
younger ages as well as in the glacial sediments of Pleistocene to Holocene age (e.g., Andreassen et al.,
1990; Vadakkepuliyambatta et al., 2017). Although multiple active seeps have been detected in the
southwest Barents Sea (e.g., Andreassen et al., 2017; Chand et al., 2012), no hydrate sample has been
recovered yet. However, in the Storfjordrenna region of the northwest Barents Sea, Serov et al. (2017)
reported sampling of hydrate just below the seafloor. Hydrate was also recovered on the continental

slope of southwest Barents Sea at the Hikon Mosby mud volcano (Ginsburg et al., 1999).

Results from thermal modelling suggest a prevalence of thermogenic methane and higher order
hydrocarbons forming hydrate in the region (Chand et al., 2008; Vadakkepuliyambatta et al., 2017).
Methane hydrate is not stable in most parts of the Barents Sea, primarily due to the shallow water depth
(<350 m; Chand et al., 2008; Klitzke et al., 2016; Vadakkepuliyambatta et al., 2017). Hydrate
occurrence is highly variable, controlled primarily by thermogenic gas discharge into the shallow
sediments (Vadakkepuliyambatta et al., 2017). Variations in the geothermal gradient, salt tectonics, and
the inflow of warm Atlantic water also influence hydrate stability in the region (Chand et al., 2008;
Vadakkepuliyambatta et al., 2017). Major factors controlling hydrate stability, such as the bottom water
temperature and geothermal gradient, vary greatly across the various basins and highs of southwest
Barents Sea. Bottom-water temperatures can vary between 1 and 6 °C across the region, where warm
Atlantic waters mix with cold Arctic waters (Vadakkepuliyambatta et al., 2017). Seasonal variations in
bottom water temperature are up to 2 ° C (Ferré et al., 2012). Geothermal gradients vary from 25 to 65
® C/km, mainly due to the presence of salt diapirs on the eastern part of this area (Bugge et al., 2002).
The southwest Barents Sea may be a focus of hydrate dissociation due to ocean warming in the near

future (Vadakkepuliyambatta et al., 2017).

The volume of hydrate in the Barents Sea is still uncertain, primarily due to the uncertainties related to
gas composition, hydrate saturation and hydrate distribution within the host sediments. Based on multi-
channel seismic data and well logs, Laberg et al. (1998) estimated ~0.19 GSm® (GSm® = 10° standard
cubic metres) of gas hydrate trapped within the Eocene succession of a small part of Bjerngya Basin
where a BSR was observed. Vadakkepuliyambatta et al. (2017) proposed a hydrate volume of ~93-650
GSm’ in the southwest Barents Sea from hydrate stability models that assumed that the hydrate-forming
gas was pure methane. Due to the presence of higher-order hydrocarbons, the hydrate volume could be

as high as ~470-3320 GSm®. The patchy occurrence of hydrate systems in the southwest Barents Sea
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and their occurrence in consolidated, low-porosity sediments indicates low resource density for

economic exploitation.
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Figure 7: a) Bathymetry of the western Barents Sea with locations of hydrate indicators