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GENERAL INTRODUCTION

The aim of Geological Analysis and Resource Assessment of Selected
Hydrocarbon Systems (GARAH) is to develop a harmonized, science-based
geological analysis and assessment of conventional and unconventional
hydrocarbon resources that will help member states continue the transition to
lower carbon energy sources. This will contribute to climate commitments and
allow planning for secure sources of affordable energy. The analysis and
assessment of hydrocarbons will focus on two areas:

(i) A geological analysis and resource assessment of petroleum systems
in Europe’s major petroleum province, the North Sea. This research includes the
assessment of conventional and unconventional oil and gas resources in the
most important hydrocarbon basin in Europe. This will enable the remaining
resources to be better understood and managed and will identify options for
multiple and alternative uses of the subsurface as producing fields come off-line.

(i) An assessment of hydrates on the European continental margin and
related risks from a pan-European viewpoint. The assessment of gas-hydrate
resources on the European continental margin fills an information gap of pan-
European interest. This will improve the understanding of the potential role that
gas hydrates may play in the future EU energy mix, as it will constitute a baseline
for future projects aimed at improving the European model of the gas hydrate
stability zone (GHSZ), related hazards and potential for geological storage of
COo..

A catalogue evaluating the multiple-use of hydrocarbon reservoirs as an
integrated or alternative use of the subsurface, together with an appraisal of risks
and safety, will also be produced.
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Abstract

This report presents the current state of hydrate-related data in the
European continental margins and analyses it in order to define critical knowledge
gaps and areas of interest for future joint projects and for assessing the potential
of CO2-rich hydrates for safe geological storage and hydrate-related geohazards
and risks. Hydrate-related data show a heterogeneous distribution and
knowledge gaps (areas with <1 records per 100 km?) have been defined. Some
of these knowledge gaps have been classified as critical: east of Greenland,
Svalbard, the northern Norwegian margin, the southern-western Barents Sea and
the White Sea, the north of the British Islands, the Gulf of Cadiz, the Bay of
Biscay, the north-western Iberian margin and the south Mediterranean Sea. For
a fully interoperability of the hydrate related information, future hydrate related
data should be collected and stored compliant the data model structure of the
hydrate GIS-data base of GARAH project. Nine areas of interest for future
scientific projects were defined based on the critical knowledge gaps, potential
CO: storage and geohazard risk: east Greenland and Svalbard, the west Barents
and White seas, the northwest Norwegian margin, the northwest British Islands,
the Bay of Biscay and the northwest Iberian margin, the southern Iberian and
northern Moroccan margins, the Tunisian and Libyan margins, the eastern
Mediterranean, and the Black and Marmara seas. The Bay of Biscay shows a
potential safe CO2 deep offshore storage capacity: 3,422 km® and 3,700 km?3, in
the French and Spanish EEZ, respectively. Finally, the susceptibility assessment
of occurrence of hydrate dissociation processes on the seafloor shows high
values in Svalbard, the northern Norwegian margin—Barents Sea, the
continental slope of the mid-Norwegian margin and the North Sea, the Gulf of
Cadiz and the eastern Mediterranean and the Black Sea. Moderate values are
observed on the continental shelf of western Greenland, the northwest of the
British Islands and the continental slope of the western and northern
Mediterranean Sea.
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1. INTRODUCTION
1.1. Objectives

The main objective of the report (D3.3) is to integrate and analyse all the
results obtained in the previous tasks: (3A) collection of hydrate-related data and
(3B) development of a hydrate-related GIS database.

This report shows the current state of marine methane hydrate-related
pan-European data in a harmonized GIS model in order to (i) identify critical
knowledge gaps, (ii) provide information on areas of interest for future joint
projects, (iii) assess the potential of CO2-rich hydrates for safe geological storage,
and (iv) assess related geohazards and risks.

1.2. Scope and framework

The study area of the present report involves the geographical area of the
European Marine Observatory Data Network (EMODnet) Bathymetry (Fig. 1.1 A).
The geographical limits for identifying critical knowledge gaps and areas of
interest for future joint projects and for assessing the potential of COg2-rich
hydrates for safe geological storage and hydrate-related geohazards and risks
are therefore 30°W to 43°E and 25°N to 85°N.

However, because hydrate data for the neighbouring area were stored in
the databases collected in this project (PERGAMON, MIGRATE and EMODnet),
we extended the GIS database to western Greenland (Fig. 1.1 B) and the Barents
Sea (Fig. 1.1 C).
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Fig. 1.1. Study area of GARAH WP3

Page 6 of 60 Revision no 0 Last saved 23/09/2021 08:14



* X %

* % %
L

* 5 %

This report presents the current state of hydrate-related pan-European
data (Section 2). Available data were also analysed in order to identify critical
data gaps for understanding gas hydrates along the European continental
margins (ECMs) (Section 3). Based on the results of the knowledge gap
assessment, the selected areas with low density or lack of data are assessed in
order to establish priority areas for future projects (Section 4). An application of
the gas hydrate—related GIS database presented is shown in the assessment of
(i) CO2-rich hydrates for the safe geological storage of CO2 (Section 5) and (ii)
hydrate-related geohazards (Section 6).

The hydrate-related risk was assessed in order to determine the impact of
possible destabilization of hydrates on the seafloor and the potential links with
geohazards. The risk analysis was addressed in the scope of the susceptibility
assessment. The likelihood of the seafloor being affected by natural and human-
induced hydrate dissociation processes was also considered.

Finally, an overview of the main highlights of WP3 is presented in Section
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2. CURRENT STATE OF HYDRATE-RELATED PAN-EUROPEAN DATA

The current state of hydrate-related pan-European data was grouped for
assessment into two sets of geological/geophysical and oceanographic data: (i)
data of a pan-European scope from free public databases such as EMODnet,
PERGAMON and MIGRATE; and (ii) data of a regional scope from scientific
organizations (GEUS, IGME, BGS, BRGM, NOC and CAGE, among others).

2.1. Geological and geophysical data

The geological and geophysical data focused on marine methane hydrate
evidence and indicators. The term hydrate evidence refers to hydrate samples
recovered by direct sampling (gravity core, dredge, etc), while the term hydrate
indicators refers to indirect signs of the presence of hydrates in the seafloor or
sediment column based on geophysical or geochemical anomalies. They were
reported along the ECMs of Greenland and Svalbard, the Norwegian margin, the
northern British Islands, the southern Iberian and northwest African margins (Gulf
of Cadiz and Alboran Sea), the Black Sea, the Marmara Sea and the eastern
Mediterranean Sea (Fig. 2.1).
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Fig. 2.1. Evidence and indicators of hydrates on the European continental margins stored in the GARAH GIS hydrate
database. A. Study area (EMODnet Bathymetry area). 1, Svalbard; 2, Svalbard-Barents-Norwegian margins; 3, mid-
Norwegian margin; 4, offshore northern British Islands; 5, southern Iberian and northwest African margins; 6, eastern
Mediterranean Sea: 7, Marmara Sea; 8, Black Sea. Bathymetry source EMODnet Bathymetry. B. Indicators offshore
of west Greenland. Bathymetry sourced from IBCAO. C. Evidence in the Barents Sea. Bathymetry sourced from
IBCAO.
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The Arctic Ocean groups the evidence and indicators of offshore
Greenland, Svalbard, the northern Norwegian margin and the Barents Sea: in
particular, 10 direct hydrate samples (hydrate evidence) and ca. 2160 km? of
hydrate mapping, 223 geophysical hydrate indicators (of which 38,836 km?
correspond to bottom-simulating reflectors [BSRs] and gas chimneys) and more
than one thousand individual gas seepages.

The majority of indicators of offshore Greenland are BSR levels (Fig. 2.2).
Locally, on the west margin, individual seepages have been observed and pore
water anomalies have been recovered in gravity cores. The source is
thermogenic gas migrating through faults and fractures (Mikkelsen et al., 2012;
Hopper et al., 2014; Nielsen et al., 2011, 2014).
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Fig. 2.2. Evidence and indicators of hydrates in offshore Svaldbard and west Greenland. VR, Vestnesa Ridge; PKF,
Prinz Karl Forland; MTF, Molloy Transform Fault; KR, Knipovich Ridge.

Offshore of Svalbard, hydrate evidence and indicators have been collected
at two locations: the Vestnesa Ridge and Prinz Karl Forland (Fig. 2.2). Direct
evidence is represented by three recovered samples of gas hydrates. A total of
81 seismic indicators have been collected: in the water column mainly gas flares
(68) and in the sediment column gas chimneys, seismic blanking, bright spots
and BSRs (ca. 8,000 km?). In the vicinity of these indicators, ca. 1,000 pockmarks
and seepages have been reported. The gases are dominantly of thermogenic
origin in Svalbard, migrating through faults (Plaza-Faverola et al., 2015), with a
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microbial contribution at Prinz Karl Forland (Plaza-Faverola et al., 2017; Smith et
al., 2014). Abiotic methane was inferred in the western zone of the South Molloy
Transform Fault and the west Knipovich Ridge region (Johnson et al., 2015;
Waghorn et al., 2018). A volume of 700 km? was estimated from BSRs and the
theoretical GHSZ.

The south Svalbard-Barents—northern Norwegian margins constitute a
widespread region with a great deal of hydrate evidence and indicators (Fig. 2.3).
The main hydrate region has been reported in the southern Barents Sea, with
2,163 km? mapped (Fig. 2.1 C; Petrov et al., 2019). On the other side, two local
cases of direct evidence have been reported in the Hakon-Mosby mud volcano
(Vogt et al., 1997; Ginsburg et al., 1999) and one in the Storfjordrenna region
(Serov et al., 2017). Seventeen seabed fluid flow structures (pockmarks, hydrate
pingos and mud volcanoes) directly related to the hydrates have been reported.
More than 150 geophysical indicators have been reported on the south Svalbard—
Barents—northern Norwegian margins. Forty-six of them are local BSRs, bright
spots and gas flares detected on seismic profiles; the rest are mapped surfaces
of BSR levels and gas chimneys (a total of 3,876 km?). The gases are mostly
thermogenic, migrating through faults and fractures. Finally, the volume is
estimated to be 0.19 GSm? in Bjgrngya Basin (Laberg et al., 1998) and 93-650
GSm? (Vadakkepuliyambatta et al., 2017) or 470-3320 GSm? (Minshull et al.,
2020) in the southwest Barents Sea.
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Fig. 2.3. Evidence and indicators of hydrates on the south Svalbard—Barents—northern Norwegian margins

The Atlantic Ocean is the largest part of the study area. Evidence and
indicators have been reported on the mid-Norwegian, Irish and southern Iberian
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and northwest African margins. However, direct hydrate evidence has only been
recovered on the mid-Norwegian margin and in the Gulf of Cadiz (Fig. 2.1).

On the mid-Norwegian margin (“3” in Fig. 2.1), hydrate evidence and
indicators are mostly circumscribed to the vicinity of the eastern and northern
flanks of the head of the Storegga Slide (Fig. 2.4). The direct hydrate evidence
was collected from six gravity cores during the TTR-16 cruise (Akhmetzhanov et
al., 2008). Approximately 4,300 km? of BSRs have been mapped along the north
flank of the Storegga Slide (Bugge et al., 1988; Posewang and Mienert 1999;
Bouriak et al., 2000; Bunz et al., 2003), together with pockmarks and other
seismic indicators such as bright spots and gas chimneys. The gases have a
primarily microbial origin but with a significant thermogenic component (Vaular et
al., 2010). The total volume of gas in this area (both hydrate and free gas zones)
has been estimated at 625 GSm? (Senger et al., 2010).
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Fig. 2.4. Evidence and indicators of hydrates on the mid-Norwegian margin

Although hydrates have not been detected offshore of Ireland and northern
Scotland, several seabed fluid flow structures and hydrate indicators have been
observed in close proximity to the theoretical GHSZ base of the HSZ (Fig. 2.5)
(Roy et al., 2018; Minshull et al 2020). The indicators are pore water anomalies
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(Irish margin) and seismic amplitude anomalies such as bright spots, seismic gas
pipes and chimneys, blacking acoustic facies and BSRs.

Offshore of the southern Iberian and northwest African margins, hydrate
evidence and indicators have been detected only in association with mud
volcanoes. Direct samples of hydrates (25) were recovered in the Gulf of Cadiz,
first during the TTR programme (Kenyon et al., 2000, 2001, 2002, 2006, 2006;
Akhmetzhanov et al., 2007, 2008; Ivanov et al., 2010) and later during several
scientific cruises (Kopf et al 2004; Hensen et al., 2015). The indicators in cores
are mainly degassing structures and pore water anomalies and those in seismic
profiles are seismic amplitude anomalies such as bright spots, seismic gas pipes
and chimneys, blacking acoustic facies and BSRs (Depreiter et al., 2005; Ledn
et al., 2006). Seabed fluid flow structures such as mud volcanoes, pockmarks,
collapses and authigenic carbonates have been recovered in the vicinity of this
evidence (Somoza et al., 2003; Diaz-del-Rio et al., 2003; Ledn et al., 2006, 2010,
2012; Magalhaes et al., 2012) (Fig. 2.6). Hydrate and hydrocarbon gases
sampled from mud volcano sediments include both microbial and thermogenic
components (Mazurenko et al., 2002; Stadnitskaia et al., 2006).
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Fig. 2.6. Hydrate indicators on the southern Iberian and northwest African margins

In the eastern Mediterranean and Marmara seas, direct samples of
hydrates have been recovered in both mud volcanoes (Woodside et al., 1997;
Lykousis et al., 2009; Aloisi et al., 2000) and mounts (the Western High in the
Marmara Sea; Bourry et al., 2009). Furthermore, indicators such as a soupy
texture (Lykousis et al., 2009) and their signatures in pore water chlorinity and
chemistry (de Lange and Brumsack, 1998a; Pape et al., 2010) have also been
reported. At Milano MV, 5x10°m? of methane as hydrate and free gas has been
estimated (De Lange and Brumsack, 1998b). Offshore of Israel, about 2,500 km?
of BSR levels have been mapped (Fig. 2.7). Many focused seepages such as
mud volcanoes and pockmarks (about 600 sites) are present. In particular,
numerous mud volcanoes are present, primarily along the accretionary complex
and to a lesser extent on the Nile fan (Mascle et al., 2014; Zitter et al., 2005),
showing clear thermogenic signatures (Pape et al., 2010). Gas seepage features
include gas bubbling, pockmarks and authigenic carbonates at the seafloor, and
a variety of seismic reflection anomalies beneath the seabed, including bright
spots and seismic blanking with a microbial methane gas signal (Romer et al.,
2014).
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Fig. 2.7. Hydrate evidence and indicators in the western Mediterranean, Marmara and Black seas. ZA,
Zonguldak-Amasra.

In the Black Sea, 23 cases of gas hydrate evidence (Yefremova and
Zhizchenko 1974; Riboulot et al., 2018) and ca. 3,700 km? of seafloor mapped as
hydrates (Popescu et al., 2007; Zander et al., 2017) have been reported. More
than 3000 gas plumes in the water column have been detected (Egorov et al.,
2011), the majority of them marking the present-day upper limit of the GHSZ. At
some sites, such as offshore of the Danube delta, the hydrate is of microbial origin
and is related to periodic seabed anoxia conditions. At other sites, such as
offshore of Zonguldak-Amasra, thermogenic gases are found, in addition to
microbial gas in the shallow sediments.
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2.2. Oceanographic data and environmental constraints

Hydrate-related oceanographic data were focused on the oceanographic
continuous variables controlling the GHSZ, such as seafloor temperature,
geothermal gradient and bathymetry (pressure). Sediment thickness was also
considered an environmental constraint.

Seafloor Temperature is a dataset developed in Task 3C in the Spanish
Geological Survey using CTD (conductivity, temperature and depth) data. The
CTD data originate from the World Ocean Database
(https://www.ncei.noaa.gov/products/world-ocean-database) and were
downloaded with ODV (https://odv.awi.de/) on 2019-05-27T13-05-21. The
CDT/STD cast data were provided by the British Oceanographic Data Centre
(https://www.bodc.ac.uk/). The final map was created by picking the last
temperature record of the CDT or STD sounder if it reached the seafloor (Fig.
2.8).

Geothermal Gradient is a dataset from the global heat flow database of
the International Heat Flow Commission (website:
http://engineering.und.edu/geology-and-geological-engineering/globe-heat-flow-
database/index.cfm). The data were downloaded with the ODV application
(https://odv.awi.de/) (Fig. 2.9).

The bathymetry dataset is composed of two sets: EMODnet Bathymetry
and IBCAO. EMODnet Bathymetry is a free public dataset (https://www.emodnet-
bathymetry.eu/) that covers the study area of WP3 of the GARAH project. IBCAO
(https://www.gebco.net/data_and products/gridded bathymetry data/arctic_oc
ean/) is also a free public dataset and was added in order to supply a bathymetric
base map for the hydrate evidence and indicators located outside the limits of
EMODnet Bathymetry, such as those for west Greenland and the southern
Barents Sea (Fig. 2.10).
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Fig. 2.8. Location of the CTD data considered in the Seafloor Temperature dataset.
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Fig. 2.9. Location of the Geothermal Gradient records.
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Fig. 2.10. The bathymetry dataset used in WP3 of the GARAH project.

The sediment thickness dataset was added in order to supply a geological
constraint for the theoretical hydrate or GHSZ thickness. It is a raster dataset
containing the total sediment thickness of the world’s oceans and marginal seas.
Data were collected from the National Oceanic and Atmospheric Administration
(query 27/09/2019; https://data.noaa.gov/dataset/dataset/total-sediment-
thickness-of-the-worlds- oceans-marginal-seas-version-2) (Fig. 2.11).
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Sediment rate is a key parameter for the conversion of organic material
into gas hydrate. A sediment dataset was therefore added from the free pan-
European public portal of EMODnet Geology (Fig. 2.12; https://www.emodnet-
geology.eu/map-
viewer/?bmagic=y&baslay=baseMapEEA baseMapGEUS&optlay=&extent=-
2179400,-
295790,7283560,5318790&layers=emodnet_sediment_accumulation_rates).

Sediment accumulation rate x

cm/year 8
D _ p 0
o 0.0-0.1 cmiyear g
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Fig. 2.12. Records of sedimentation rate along continental margins. Source, EMODnet Geology
(https://www.emodnet-geology.eu/).
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Finally, a layer related to ocean production was added in order to supply an
information dataset related to the organic material production in the oceans.
This model stores the photosynthetic rates (g C m2yr?) derived from satellite-
based chlorophyll concentrations
(http://sites.science.oregonstate.edu/ocean.productivity/standard.product.php).

Fig. 2.13. Global estimates of annual phytoplankton primary production using the vertically generalized production
model V(GPM).
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3. CRITICAL DATA GAPS IN HYDRATE ASSESSMENT

Evidences of marine methane hydrates have been reported in eight main
regions along the ECMs (Fig. 3.1): offshore of Greenland, Svalbard, the
Norwegian margin, offshore of the northern British Islands, the southern Iberian
and northwest African margins (the Gulf of Cadiz and the Alboran Sea), the Black
Sea, the Marmara Sea and the eastern Mediterranean.
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Fig. 3.1. Evidence and indicators of hydrates on the European continental margins stored in the GARAH GIS hydrate
database. A. Evidence in the EMODnet area (study area). 1, Svalbard; 2, western Barents Sea; 3, mid-Norwegian
margin; 4, offshore of the northern British Islands; 5, offshore of the southern Iberian and northwest African margins;
6, eastern Mediterranean Sea: 7, Marmara Sea; 8, Black Sea. Bathymetry source, EMODnet Bathymetry. B.
Evidence offshore of western Greenland. Bathymetry source, IBCAO. C. Evidence in the Barents Sea. Bathymetry
source, IBCAO.

Nucleation and dissociation of marine methane hydrates are directly
controlled by four environmental parameters: seafloor temperature, geothermal
gradient, salinity and pressure (water depth) (Sloan, 2003). However, free public
information about these key parameters for understanding the GHSZ shows a
non-homogeneous continuity along the ECMs. This issue is especially important
for giving a predictive (and quick) static and continuous model for the hydrate
stability field along the whole of the ECMs.

Identifying the critical knowledge gaps provides (i) information on areas of
interest for future joint projects; and (ii) the groundwork for future projects aimed
at improving models of the GHSZ along the European margins.
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Although several regional GHSZ models have been reported along the
ECMs (Betlem et al., 2019; Leon et al., 2009; Roy et al., 2017; Wallmann et al.,
2012), there is no pan-European model with a standardized methodology, unified
quality of data, and an error and/or uncertainty prediction assessment. Such a
model is essential for assessments relating to geohazards and risks, the
abundance of sediment-hosted gas hydrates, and the role of CO2-rich hydrates
for the geological storage of CO.. It is also of broad interest for the scientific
community: petroleum geologists, biologists and ecologists working on
vulnerable ecosystems, researchers on natural hazards and tsunamis, civil
engineers and policy makers.

3.1. The geothermal gradient

Marine geothermal data show a heterogeneous distribution that is
especially concentrated in areas surveyed by scientific cruises. However, this
concentration appears only in some of the eight above-mentioned regions with
hydrate evidence (Fig. 3.2).
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Fig. 3.2. Distribution of geothermal gradient data in the study area. Black dotted line, knowledge gap.
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We selected as the geothermal gradient knowledge gap all seafloor areas
with a low density of records of geothermal gradient. A density map of geothermal
gradient data was developed using the kernel density algorithm of ArcGIS® with
the following parameters: search radius, 5.64 km; area units, square kilometres;
output values, densities; method, planar. Results are number of records per 100
km? (Fig. 3.3).
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Fig. 3.3. Density map of geothermal gradient developed using the kernel density algorithm of ArcGIS®. Density in
number of records per km2. Black dotted line, knowledge gap. Red dotted line, critical knowledge gap.

On this map, the selected geothermal gradient knowledge gaps match with
areas of zero or less than 1 record of geothermal gradient per 100 km?.

These knowledge gaps are especially critical (i) in areas where direct
samples of hydrates have been collected; (ii) in the vicinity of the base of the
GHSZ; and (iii) in areas where seabed fluid flow structures have been detected.
Taking into account these three scenarios, the knowledge gaps were classified
as critical in the east of Greenland, Svalbard, the northern Norwegian margin, the
southern Barents Sea and the White Sea, north of the British Islands, the Gulf of
Cadiz, the Bay of Biscay, the northwest Iberian margin and the southwest
Mediterranean Sea.
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e In Svalbard, the northern Norwegian margin, the North Sea, north of the
British Islands and the Gulf of Cadiz, because of the proximity of the
base of the GHSZ and the presence of evidence and indicators of
hydrates and seabed fluid flow structures.

e In the Bay of Biscay and the northwest Iberian margin, because of the
proximity of the base of the GHSZ and the presence of seabed fluid flow
structures.

¢ In the southwestern Mediterranean Sea, because of the lack of
information, the presence of seabed fluid flow structures and the
proximity of the base of the GHSZ.

¢ [n the east of Greenland, because of the lack of information and the
proximity of the base of the GHSZ.

e In the southern Barents Sea and the White Sea, because of the lack of
information and the presence of evidence and indicators of hydrates.

Finally, the hydrate scientific community has a critical need to understand
the geothermal gradient and to gather more data, especially better data coverage
overall. In particular, in areas having a relatively high spatial variance in the
geothermal gradient, a high-resolution coverage is critical in order to assess the
potential for uncertainty predictions for similar areas with no data.

3.2. Seafloor temperature

Marine methane hydrates are stable under low-temperature conditions
(Sloan, 2003). Seafloor temperature is the most sensitive variable in the
theoretical calculation of the base of the GHSZ (Burnol et al., 2015; Ledn et al.,
2009). Data collected in the GARAH project show a heterogeneous distribution
(Fig. 3.4). The Black Sea and the eastern Atlantic continental shelf are the areas
of greatest concentration of seafloor temperature data in the ECMSs.
Nevertheless, areas with lack of information have been observed and are
classified as seafloor temperature knowledge gap areas: east of Greenland, the
western Barents Sea, the Baltic Sea, the northern Black Sea, the northern mid-
Atlantic Ocean, the deep Bay of Biscay, the southern Gulf of Cadiz and the
southeastern Mediterranean Sea (black dot lines in Fig. 3.4).

A density map of seafloor temperature data was developed using the
kernel density algorithm of ArcGIS® with the following parameters: search radius,
5.64 km; area units, square kilometres; output values, densities; method, planar.
The results are the number of records per 100 km? (Fig. 3.5).
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Fig. 3.5. Density map of seafloor temperature data developed using the kernel density algorithm of ArcGIS®. Density
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On this map, the selected geothermal gradient knowledge gaps match with
areas of less than 1 measure of seafloor temperature per 100 km?2,

As stated in the geothermal gradient section (section 3.1), these
knowledge gaps are especially critical (i) in areas where direct hydrate sampling
has been performed; (i) in the vicinity of the base of the GHSZ; and (iii) in areas
where seabed fluid flow structures have been detected. Taking into account these
three scenarios, the following critical seafloor temperature knowledge gaps were
identified: east of Greenland, the western Barents Sea and White Sea, the
northern Black Sea and the southeastern Mediterranean Sea.

e East of Greenland, because of the lack of information and the proximity
of the base of the GHSZ.

e |n the western Barents Sea and White Sea, because of the lack of
information and the proximity of evidence and indicators of hydrates.

¢ In the northern Black Sea and southeastern Mediterranean Sea, because
of the lack of information, the proximity of evidence of hydrates and the
presence of seabed fluid flow structures.

3.3. Bathymetry

Marine methane hydrates are stable under high pressure (water depth)
conditions (Sloan, 2003). On the ECMs, the base of the GHSZ ranges widely
from zero in the Arctic region to 400-500 mwd at low European latitudes (Betlem
et al., 2019; Leon et al., 2009; Roy et al., 2017; Wallmann et al., 2012).

In general, the public bathymetry data collected (EMODnet Bathymetry
and IBCAO) are of quite acceptable quality and have been very useful for the
objectives of this hydrate-related pan-European study. Although the whole study
area is covered by bathymetry data (there are no gaps in bathymetry information)
at a resolution of 1/16 arc minutes (ca. 115 m grid), differences in accuracy can
be observed regionally (e.g. between the northwest European margin, Fig. 3.6,
and the southern Mediterranean Sea, Fig. 3.7).
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Fig. 3.6. Bathymetry models of the Atlantic area. A. Northern Irish margin. B. Scottish margin. C. English Channel. D.
Atlantic Ocean. Source, EMODnet Bathymetry (https:/portal.emodnet-bathymetry.eul).

The EMODnet Bathymetry dataset has a quality index for the bathymetry
datum calculated for each pixel. This quality index is calculated from the statistical
parameters of the bathymetry measures on which the final value for each pixel is
calculated: the minimum water depth in metres to the lowest astronomical tide
(LAT), the average water depth in metres to the LAT, the maximum water depth
in metres to the LAT, the standard deviation of water depth in metres, the number
of values used for interpolation over the grid cell, the interpolation flag
(identification of extrapolated cells), the average water depth smoothed by means
of a spline function in metres to the LAT, an indicator of the offsets between the
average and smoothed water depth as a percentage of the water depth, and a
reference to the prevailing source of data with metadata.
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Fig. 3.7. Bathymetry models of the southeastern Mediterranean Sea. A. North of Morocco. B. North of Algeria. C.
Northwest of Libya. D. Northeast of Libya. Source, EMODnet Bathymetry (https://portal.emodnet-bathymetry.eu/).

This information (per pixel) is not available on the web portal. Consequently,
guantifiable targets to calculate knowledge gaps are not available. Nevertheless, areas
with poor accuracy or lack of data were selected through a visual analysis (e.g. Figs.
3.6c and 3.7).

These areas were therefore classified as bathymetry knowledge gaps (black
dotted lines in Fig. 3.8). However, most of these artefacts were not considered critical
knowledge gaps in hydrate assessment, with the exception of those located north of
Libya because of the low accuracy of the information and the presence of seabed fluid
flow structures in the vicinity.
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Fig. 3.8. Bathymetry knowledge gaps in the study area. KG, knowledge gap.

3.4. Sediment thickness

Sediment thickness establishes the geological framework in which
hydrates are hosted and is therefore a constraint for hydrate thickness. Although
the environmental conditions of temperature and pressure are optimal for
reaching a particular thickness, this thickness will never be bigger than the
sediment thickness. This dataset is therefore a useful tool as a geological
constraint in many hydrate-related calculations.

In the study area, the Arctic Ocean and the Mediterranean and Black seas
show areas without data that were catalogued as sediment thickness knowledge
gaps (Fig. 3.9). In areas where hydrate evidence or BSRs have been detected,
they were defined as critical.

We consider the lack of free public pan-European information on the
porosity of the sedimentary units to be a knowledge gap. This is a critical point
for higher porosity units (e.g. sands) that are capable of hosting more hydrate
that represent an objective for CO2 storage and a geohazard submarine feature.
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Fig. 3.9. Sediment thickness knowledge gaps in the study area.

3.5. Ocean production and sediment rate

The supply of methane for marine gas hydrate is commonly attributed to
local conversion of organic material. In deep continental margin environments,
sedimentation adds organic material to the region of hydrate stability. Conversion
of the organic material to methane by bacteria promotes hydrate formation and
depletes the supply of organic carbon (Kvenvolden, 1995; Sloan and Koh, 2008).
The key parameters in this conversion are the sedimentation rate, the quantity
and quality of the organic material, and a rate constant that characterizes the
vigour of biological productivity (Davie and Buffet 2001).

Sediment rate

Free public pan-European data on the sedimentation rate were obtained
from EMODnet Geology (Fig. 10; https://www.emodnet-geology.eu/map-
viewer/?bmagic=y&baslay=baseMapEEA,baseMapGEUS&optlay=&extent=-
2179400,-
295790,7283560,5318790&layers=emodnet_sediment_accumulation_rates).
Records of sedimentation rate show a non-uniform distribution with large
knowledge gaps in the southern Mediterranean Sea, the deep Atlantic and Arctic
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oceans and the Barents Sea (Fig. 11). The wide areas without data were
classified as critical.

Sediment accumulation rate x

cm/year

o 0.0-0.1 cmiyear
© 0.2-05cmiyear
@ 0.6-1.0 cmivear
@ 1.1-1.5cmivear
. 1.6- 2.0 cmiyear

Fig. 10. Records of sedimentation rate along continental margins. Source, EMODnet Geology (https://www.emodnet-
geology.eu/).

Nevertheless, it is difficult to understand the geographical meaning of this
individual record without an information layer of sedimentary environments along
the continental margins and adjacent areas. Proximal areas may have quite
different sedimentation rates (e.g. flanks of a turbidite canyon and turbidite fans),
and extensive areas may have similar sedimentation rates (e.g. abyssal plains or
contourite drifts).
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Fig. 11. Critical knowledge gaps in sedimentation rate. Source, EMODn(;t.ééc;It;gy (https:/ivww.emodnet-
geology.eu/).

Free public pan-European information is poor, non-continuous and
incomplete. EMODnet Geology supplies valuable information, but this information
should be re-thought in order to cover all the sedimentary environments of
polygonal geographical features (Fig. 12). We suggest creating a single layer
named “sedimentary environments”.

Ocean production

Free public global digital seafloor data on ocean production are not
available. This is a general critical knowledge gap in the whole study area.
Nevertheless, several models, such as analogical hardcopies (paper in PDF
format), have been stored in the file system of the GIS related to seafloor organic
carbon, CaCO3 and MnO2 (Archer et al., 2002; Daniels et al., 2018; Sulpis et al.,
2018).
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records of sedimentation rate along continental margins. Source,
EMODnet Geology (https://www.emodnet-geology.eu/).

Owing to these critical knowledge gaps, the model of ocean primary
productivity was added as an information layer. This model stores the
photosynthetic rates (g C m= yr!) derived from satellite-based chlorophyll
concentration (Behrenfeld and Falkowski. 1997). Spatial resolution, 5' (~7.5 km)
and 10" (~15 km); temporal resolution, 8-day, monthly from 2002 to 2020; access,
http://sites.science.oregonstate.edu/ocean.productivity/standard.product.php

(cell size: 0.0833).

Fig. 13. Global estimates of annual phytoplankton primary production using the vertically generalized production
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4. AREAS OF INTEREST FOR FUTURE SCIENTIFIC PROJECTS

Hydrates are widespread in the ECMs from north to south (from the Arctic
Ocean to the southern Iberian and north African margins) and from west to east
(Greenland to the Black Sea). However, this project has revealed how hydrate-
related data (geological, geophysical and oceanographic) are non-
homogeneously covered in the whole extent of the ECMs. The study area
therefore shows areas with a lack of data that have been catalogued as
knowledge gaps. Locally, these knowledge gaps are located in areas with hydrate
evidence and seepages or at the intersection between the seafloor and the
theoretical base of the GHSZ. These areas have been catalogued as having
critical knowledge gaps.

In our opinion, a fragile equilibrium of the hydrate stability conditions is
indicated in areas located in the strip of intersection between the seafloor and the
theoretical base of the GHSZ with (i) hydrate evidence and indicators, (i)
presence of seabed fluid flow structures such as mud volcanoes, pockmarks,
collapses and gas flares in the sediment column, and (iii) authigenic carbonates.
The rise of global temperatures in the last few decades and its future effect on
the thermohaline circulation (Clark et al., 2002; Schmittner et al., 2005; Vellinga
and Wood, 2002) make these areas especially vulnerable to dissociation
processes (Sloan, 2003) and subsequently to seafloor instabilities such as
collapses or landslides (McConnell et al., 2012a; Sloan, 2003), or destruction of
the extremophile ecosystems linked to these fluid leakage areas (Cordes et al.,
2009; Foucher et al., 2009).

In order to establish the seafloor areas of interest for future projects, two
main factors were taken into account: critical knowledge gaps and hydrate
evidence and indicators (Fig. 4.1). As described in Section 2, hydrate evidence
and indicators in the study area are located in east Greenland, the Arctic Sea
(Svalbard and the western Barents Sea), the northwest Norwegian margin, the
northwest British Islands, the southern Iberian margin, the western
Mediterranean Sea and the Black and Marmara seas. However, the seafloor
shows areas with many critical knowledge gaps (e.g. seafloor temperature,
geothermal gradient, bathymetry and sediment thickness).
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Fig. 4.1. Seafloor areas with knowledge gaps.

Taking into account these two factors (hydrate evidence and indicators
and critical knowledge gaps), nine areas of interest for future scientific projects
were defined (Fig. 4.2): east Greenland and Svalbard, the west Barents and
White seas, the northwest Norwegian margin, the northwest British Islands, the
Bay of Biscay and the northwest Iberian margin, the southern Iberian and
northern Moroccan margins, the Tunisian and Libyan margins, the eastern
Mediterranean, and the Black and Marmara seas.

East Greenland and Svalbard

This is an extensive area with several cases of hydrate evidence and
indicators. It is also a remote and inaccessible place in winter and therefore
suffers several critical knowledge gaps. Future research is needed in order to
complete the geothermal gradient model in this geologically complex area and to
determine the relationship between hydrates and some geophysical indicators
such as BSR levels in east Greenland and west Svalbard.
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The west Barents and White seas

This is the largest area with hydrate evidence and indicators in the Arctic
Sea. However, further research is needed to develop detailed geothermal
gradient and seafloor temperature models, especially in the White Sea, where
several critical knowledge gaps have been evidenced in this project.
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Fig. 4.2. Areas of interest for future scientific projects.

The northwest Norwegian margin

This area is located in the vicinity of the headwall scarp of the Storegga
mega-landslide. Here, BSR levels, pockmarks and landslides are observed and
constitute a natural laboratory for future projects to investigate the past and future

role of gas hydrates in constructive and destructive geological processes on the
continental margins.
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The northwest British Islands

Although no hydrates have been detected in the northwest British Islands,
several hydrate indicators, both chemical and seismic, were extensively reported
in this project. In addition, this area is located inside the marine methane GHSZ
(Roy et al., 2018). Thus, we consider this area as a subject for future research in
order to understand the relationship between hydrates and the indicators found
and to assess their role in safe storage of CO2 and submarine geohazards.

The Bay of Biscay and the northwest Iberian margin

As in the northwest British Islands, no hydrates have been found.
Furthermore, except on the Galicia Bank (northwest Iberian margin), no hydrate
indicators have been found in the whole extent of the Bay of Biscay. However,
the continental slope and deeper areas of the Bay of Biscay and the northwest
Iberian margin are located inside the marine methane and CO2 GHSZ (Burnol,
2018). We therefore consider this area of interest for further scientific projects in
order to create a detailed geothermal gradient and seafloor temperature models,
as well as to investigate the role of hydrates (marine methane and CO3) in safe
COz2 storage and submarine geohazards.

The southern Iberian and northwest Moroccan margins

The southern Iberian and northwest Moroccan margins are the areas of
the Atlantic Ocean where the most direct evidence of hydrates (samples of
hydrates) has been reported. Furthermore, in the Gulf of Cadiz in particular,
hydrates are present in focused fluid flow structures (mud volcanoes and a warm
water mass, the Mediterranean Outflow Waters, affect the seafloor with the
subsequent effect on the thickness of the GHSZ) (Ledn et al., 2009). We therefore
consider this to be an area of interest for further scientific projects in order to
investigate (i) the migration of the gas system from the focused mud volcano
system to the sedimentary column, (ii) the role of the possible gas hydrate system
inside contourite depositional systems (Hernandez-Molina et al., 2011) and (iii)
the effect of the warm Mediterranean Outflow Waters on the gas hydrate system.

The area named the Lanzarote Passage (Vazquez et al.,, 2015) was
selected as an area of interest because of its location inside the GHSZ, the lack
of information and the presence of hydrocarbon seabed fluid flow structures and
fragile related ecosystems.
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The Tunisian and Libyan margins

We consider this an area of interest because of the critical knowledge gaps
detected and the proximity of hydrocarbon evidence both onshore and offshore.

The eastern Mediterranean Sea and the Marmara Sea

In the eastern Mediterranean Sea, direct evidence of hydrates has been reported
in focused fluid flow structures. Seismic and chemical indicators have also been
reported, in addition to pockmark fields. Multiple critical knowledge gaps were
found in this project (e.g. geothermal gradient, seafloor temperature and
sediment thickness and rate). It has therefore been proposed as an area of
interest for future scientific projects in order to understand the role of hydrates in
seabed fluid flow and sedimentary-structural systems.

The Black Sea

In the Black Sea, direct evidence and geophysical indicators of hydrates
(e.g. BSRs) have been reported. In addition, 91% of its seafloor is inside the
GHSZ (Vassilev and Dimitrov, 2002). Physical sediment parameters, heat flow
measurements, geochemical data and sediment dating are required to calibrate
the remote sensing techniques and to allow the available models to be extended
along the margin (Minshull et al., 2020). For the above reasons, the Black Sea is
an interesting target to be a natural laboratory for a European hydrate field study.
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5. POTENTIAL SAFE GEOLOGICAL STORAGE OF CO2 AS MIXED GAS
HYDRATES

The public acceptance will be key to enable the large deployment of the
carbon capture and storage (CCS) technology. Offshore storage would be easier
to be implemented with regards to public acceptance but will be more expensive
than onshore storage (Alazard-Toux et al.,, 2015). Storage costs are site
dependent and vary from 1 to 20 €/ton according to whether storage is operated
onshore (cost in the low range) or offshore (cost in the high range). A first
economic evaluation in the United States case concluded that offshore and deep
offshore (>3,000 m water depth) storage including transport and injection are
likely to be two and three times as expensive as onshore storage, respectively
(Eccles and Pratson, 2013). However, a comprehensive comparative study
should consider all the associated costs, such as the potential conflicts of use
(e.g. potential interferences with potential geothermal exploitations in the same
geological formations), the applicable regulations related to social acceptability
and the monitoring costs from the end of the injection through the entire storage
life. The deployment perspectives between 2020 and 2050 of the three different
CO: storage technologies are qualitatively estimated in Table 5.1.

2020 2030 2040 2050
Onshore geological 3 4 4 4
storage
Offshore geological 3 4 5 5
storage
Deep offshore geological 1 2 3 4-5
storage

The maturity level is the TRL, reduced to 5 levels with market deployment enclosed in the
higher TRL classes; maturity level scaling: 0 = none; 1 = fundamental research; 2 = R&D; 3 =
demonstrator; 4 = low deployment; 5 = large deployment

Table 5.1. Maturity level and perspectives of CO2 storage technologies (modified from Alazard-Toux et
al., 2015)

Deep saline aquifers are the most important onshore or offshore potential
geological reservoirs for CO2 storage under supercritical conditions (i.e. a
pressure higher than 7.4 MPa and a temperature higher than 31°C). In the period
up to and including 2021, there is more in Europe offshore storage pilots (e.g.,
Sleipner, North Sea since 1996, Snghvit, Barents Sea since 2009) than onshore
pilots (e.g. French Lacqg-Rousse pilot during the period 2006—-2013). Because the
density of supercritical COz2 is lower than that of pore brine water, the storage
efficiency depends on the sealing capacity of the overlying tight formations (the
so-called “cap rock”) with respect to a non-aqueous buoyant fluid (CO2 and
associated impurities). In the hypothetical case of a CO2 leak from the target
reservoir, some trapping mechanisms in the overburden may play a role including
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the dissolution into interstitial brine, the residual trapping and, in some specific
conditions (e.g. Snghvit, Barents Sea), the formation of CO2z-containing gas
hydrates (Burnol, 2018) (see also D2.6 GARAH report “Alternative uses and
risks”).

Another storage option (the so-called “deep offshore” option) is the
trapping of CO:2 in deep-sea sediments at lower temperature (2—15°C) and higher
pressure (40—60 MPa) than the standard conditions in the onshore and offshore
storage options. The “deep offshore” storage option and the method for inferring
the main phase (either liquid or solid as mixed gas hydrates) in which the CO2 is
stored is described in Section 5.1. The storage capacity in the French and
Spanish Exclusive Economic Zones (EEZs) in the area of the Biscay Bay and
Galicia Plateau (Burnol, 2018) is estimated in Section 5.2.

5.1. The “deep offshore” CO2 storage as mixed gas hydrates

In the “deep offshore” storage option, the COz-rich fluid (CO2 with the
associated impurities) may be liquid and denser than seawater. In that case, the
injected liquid CO2 may be gravitationally trapped in the deep-sea sediments,
either in the liquid state or in the solid state as gas hydrates. This deep offshore
option is currently much less investigated in the literature, even though it may
offer advantages in terms of capacity, safety and long-term containment of COz2
(e.g. Burnol et al., 2015; Koide et al., 1995; Rochelle et al., 2009).

The safety of a “deep offshore” CO2 will depend on the density of the
injected CO2 (included the impurities). Assuming 3.6 mol% of nitrogen in CO:2
stream (Table 5.2), the liquid density of this CO2-rich fluid is higher than seawater
below about 4,000 m water depth (Figure 5.2). The bottom water temperature
along the continental rise and the abyssal plain is almost constant (e.g. the mean
value in the French EEZ is around 2.5°C). The seawater density is calculated by
the 1980 International Equation of State (EOS-80) assuming that the salinity is
almost constant along the vertical profile (e.g. S = 34.92 in the French EEZ).

Mole fraction CO:2-100 COq-
(%) (Pure COy) 96

CO, 100 96.4
N2 0 3.6

Total volume for all non-condensable gases together (N2, Ar, Hz2, CH4, CO, O32) is recommended
to be less than 4% (volume fraction) in CO2 for CCS (de Visser et al., 2008)
Table 5.2. Pure CO, (CO2-100) and CO2-96 stream compositions
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Fig. 5.1. Variation with depth of the liquid density of pure CO2 and CO2-96 calculated by GERG-2008 (Kunz and
Wagner, 2012) and comparison with the seawater density calculated by the 1980 International Equation of State
(EOS-80) assuming a mean bottom water temperature of 2.5 °C and a mean salinity of S = 34.92 in the French EEZ

In that case, below about 4,000 m water depth, the injected CO2 may be
therefore gravitationally trapped in the deep-sea sediments, either in the liquid
state or in the solid state as gas hydrate. The ice-like hydrate phase can even
clog pore space and cement grains, therefore reducing the permeability and
forming a mechanically strong “self-sealing” cap in the overburden (House et al.,
2006; Tohidi et al., 2010). Consequently, there is no need in that storage option
of an overlying “cap rock”, but only the need of sufficient high permeable
sediments in deep-sea regions (Levine et al., 2007).

The negative buoyancy zone (NBZ) is determined by calculating the
density difference between the seawater and the CO2-rich mixture (CO2-N with N
=96,100). The GHSZ is determined by calculating the difference between the gas
hydrate equilibrium pressure (depending on the sediment temperature T)
calculated by the CSMGem code Version 1.10 (January 1, 2007) (Sloan and Koh,
2007) and the pore water pressure (depending on the depth z and the latitude)
given by the Saunders’s formula (Saunders, 1981). The code “GASCO2” has
been used to calculate the thickness of NBZ and GHSZ for each case using
GERG-2008 and CSMGem, respectively (Burnol et al., 2015). The state of the
stored COz2 (liquid or solid as mixed gas hydrates) depends mainly on three
parameters: the heat flow, the seafloor depth and the CO2 quality (Figure 5.2). If
the thickness of NBZ is larger than the thickness of the GHSZ, the injected CO2(])
is expected to percolate downwards to the bottom of the NBZ and will accumulate
on either side of the neutral buoyancy level, with the depth of CO2 above the level
matching the depth below it (Levine et al., 2007). As shown in Figure 5.2, it is
indeed always the case below 4,000 m for pure CO:2 but it will depend on the
seafloor depth for CO2 with 4% vol. of impurities (CO2-96).
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Fig. 5.2. Influence of the seafloor depth (below 3,500 m water depth) on the thickness of NBZ and GHSZ with
pure CO2 or CO2-96 assuming a bottom water temperature of 2.5°C and a local heat flow of 46.5 mW/m2. The
red arrow indicates the vertical direction of the buoyancy-driven migration after injection of a CO2-rich liquid at
about 450 m. The solid and dotted black line is the maximum depth in French and Spanish EEZ, respectively.

5.2. Potential safe CO2 deep offshore storage capacity in the French and
Spanish EEZs

In Figure 5.3, the high resolution of the EMODnet bathymetry, with a grid-
size of 1/8x1/8 minutes (circa 230 m) has been used to define a potential
interesting zone for a safe deep offshore CO: storage by considering a set of
three safety criteria (Burnol, 2018):

1) a water column depth higher than 4,000 m to ensure that the density of the
injected fluid is higher than the seawater density (Figure 5.1)

2) a seafloor dip angle lower than 4° to avoid the risk of slumps coming from
the continental slope

3) a sediment thickness of at less 800 m.
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Figure 5.3. Map of the area of the Bay of Biscay and Galicia Plateau showing locations of both CO, storage zones in the
French EEZ (in green) and in the Spanish EEZ (in pink) after applying the three safety criteria described in the text. Also
shown are some boreholes (e.g. L400) and other data (e.g. BD9) physiographic features of interest in the studied area:
(1) Trevelyan Escarpment, (2) Gascogne Knoall, (3) Jovellanos Seamount, (4) Charcot Seamounts and (5) Galicia Plateau.

The Generic Mapping Tool (GMT) (Wessel and Smith, 1998) has been
used to apply these three criteria and to calculate the storage surfaces in both
zones, i.e. 55,443 km? in the French EEZ and 107,289 km? in the Spanish EEZ
(Table 5.3). By definition, the theoretical storage volume is the total physical
porous volume that may host the COgz-rich phase (gas hydrate or liquid). It
assumes that the entire volume is accessible and utilized to its full capacity to
store in the pore space. It represents therefore a maximum upper limit to a
storage volume estimate (and therefore unrealistic to calculate the storage
capacity). GMT has been also used to calculate the theoretical storage volumes
in both zones: the theoretical storage volume is the product of the three
parameters (surface, thickness and porosity).

The French EEZ storage volume estimate of 3,422 km?3 is of the same
order of magnitude as the total storage volume in the Spanish EEZ estimate of
3,700 km?3 (Table 5.3). There is, however, a big difference resulting from the
seafloor depth: in the French case, almost all the stored volume is occupied by
gas hydrates, whereas in the Spanish case, about the half (1,728 km?3) is
occupied by CO: in hydrate phase and the other half (1,972 km3) by liquid CO2
(Table 5.3).
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(ka) (m) porosity volume (km )
French EEZ
(CO,-100) Liquid 55,443 1213 0.3 20,173
g

French EEZ
(CO,-96) Gas hydratel 55 442 115 0.53 3,422
Spanish EEZ |Gas hydrate[ 70,569 52 0.45 1,728
(CO2-96) Liquid 36,720 153 0.39 1,972

ASurface of CO2-96 storage as gas hydrates is the subdomain where NBZ is included in GHSZ, and surface of CO2-
96 storage as a liquid is the subdomain where GHSZ is included in NBZ.

B Vertical thickness of the CO2-96 storage volume, either in the liquid state or as gas hydrate: as a liquid, the
thickness is twice the depth difference between the neutral buoyancy level and the gas hydrate formation level as
gas hydrate, the thickness is the difference between the hydrate formation level and the neutral buoyancy level.

Table 5.3. CO, storage capacity in the French EEZ and in the Spanish EEZ

5.1. Conclusions and perspectives

There is still a need for a precise description of the physical and chemical
behavior of the injected fluid (liquid mixture of CO2 and different impurities like
H.S) in the high-pressure range (between 40 and 60 MPa) with respect to the
geological matrix. In particularly, the variable fraction of clay in the deep-sea
sediments on the gas hydrates formation may play an important role for the
injectivity and the effective storage capacity. Large uncertainties remain with
regard to the effective storage capacity due to the lack of knowledge of the
influence of the sediment composition on the mixed gas hydrates formation
kinetics and on the saturation level in the deep-offshore conditions. Molecular
dynamics simulation may offer insights into atomic level mechanisms in high
pressure conditions (40-60 MPa) that are not easily observable from an
experimental point of view, for instance to study the influence of different types of
clay surfaces on CO:2 hydrates formation kinetics. Thus, more experimental and
modeling works still need to be done for a better understanding of the potential
roles of gas hydrates for CO2 geological storage.
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6. HYDRATE-RELATED GEOHAZARDS

Marine gas hydrates are ice-like crystalline solids containing a mixture of
hydrocarbon gases with low molecular weight, such as methane (the most
common), ethane and propane, bound with water molecules within cage-like
lattices (Paull et al., 2015). Marine sediments can host these gas hydrate lattices
under a specific range of high pressures and relatively low temperatures and
abundant gas (Sloan, 1998; You et al., 2019). Gas hydrates are commonly found
in the shallow sediment (<~1,000 m below the seafloor) along continental margins
at water depths greater than ~350 to 600 m, and within and beneath permafrost
and glaciers where there is sufficient methane available (Boswell et al., 2014;
Kvenvolden, 1988; Sloan, 1998). Bacterial methanogenesis and thermogenesis
are the main source of CHas in continental margin sediment (Dickens, 2001).

Massive hydrate dissociations triggered in natural scenarios such as drops
in sea level and warming of bottom water can generate seafloor instabilities such
as landslides, pockmarks, collapses and seafloor explosions (Sloan, 1998).
However, gas hydrate dissociation processes can also be triggered by human
activity, including wellheads and pipelines (McConnell et al., 2012b). Thus, future
climate scenarios and global warming will place the now-stable gas hydrate
deposits in marine sediments and permafrost as a serious future geohazard
(Maslin et al., 2010).

One of the main knowledge gaps of hydrate-related information is the lack
of a pan-European assessment of the hydrate-related risk. In this section, a pan-
European assessment of hydrate-related risk was carried out in order to assess
the impacts of possible destabilization of hydrates on the seafloor and potential
links with geohazards. The risk analysis was performed to assess the
susceptibility of the seafloor to being affected by hydrate dissociation processes,
both natural and human-induced.

6.1. Susceptibility map assessment of seafloor areas affected by hydrate
dissociation

The susceptibility map assessment of seafloor areas affected by hydrate
dissociation shown in this subsection is based on the data stored in the GIS
database of the GARAH project. Several factors and variables were taken into
account in this assessment. The following is a description of each factor and
variable analysed in this work.
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Hydrate evidence. Hydrate evidence is the ground truth of where hydrate
exists. This layer establishes seafloor areas with a moderate to high likelihood of
occurrence of dissociation processes on or below the seafloor. The magnitude of
the processes will depend on the quantity of hydrate in the sedimentary column
and its type inside the sediment (massive, in layers, disseminated, etc.).

Seismic indicators. Seismic indicators show seafloor areas where hydrate
could exist. Hydrates have not been recovered but there is a moderate to high
likelihood of their occurrence. In areas where hydrates have been recovered
(hydrate evidence), seismic indicators allow the occurrence of hydrates to be
inferred.

Seabed fluid flow structures. Seafloor geological structures related to
hydrocarbon fluid migration, such as pockmarks, gas flares, mud volcanoes and
hydrocarbon-derived authigenic carbonates, are directly linked to deep
hydrocarbon reservoirs. The occurrence of these structures reveals a free fluid
leakage from the sedimentary structure to the water column or hydrate
dissociation processes. Depending on its position (inside or outside the GHSZ),
this layer of information will establish a wide spectrum of susceptibility to seafloor
hydrate dissociation. It will therefore range from low or null in areas outside the
GHSZ to high in areas inside the GHSZ.

Thickness of the GHSZ. The thickness of the GHSZ establishes the
theoretical seafloor area where the occurrence of hydrates is physically possible
under optimal gas saturation and salinity conditions. Seafloor areas inside the
GHSZ will be considered potential areas to be affected by dissociation processes.
Furthermore, the intersection between the base of the GHSZ and the seafloor is
a potential strip of high likelihood of occurrence of fluid leakage and dissociation
processes. The thickness of the GHSZ was calculated by applying the model of
Ledn et al. (2009). Three oceanographic variables were taken into account:
seafloor temperature, geothermal gradient and bathymetry.

Seafloor temperature. The thickness of the GHSZ depends greatly on
seafloor temperature changes (Dickens, 2001; Kvenvolden, 1988; Leon et al.,
2009; Sloan, 1998). A reliable digital model of the bottom seawater temperatures
was developed with the data stored in the seafloor temperature layer in the
GARAH GIS hydrate database (deliverable D3.2 of GARAH project). The digital
model of the bottom seawater temperatures was conceived as a mosaic of
seafloor areas under the influence of different European water masses (Nufiez-
Varela 2020).
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Geothermal gradient. Under suitable temperature, salinity and pressure
conditions (inside the GHSZ), methane hydrates can only crystallize from natural
gases when gas concentrations exceed the methane solubility in the sediment
porewater (Sloan, 1998; Davie and Buffett, 2001). The base of the GHSZ (Fig.
6.1) is controlled by the increase in temperature due to the geothermal gradient
(Claypool and Kaplan, 1974; Kvenvolden, 1988, 1995). A numerical surface
representative of the geothermal gradient of at least the first 200 m of the sub-
seafloor was developed (Nufiez-Varela 2020) in order to evaluate the thickness
of the GHSZ from the information on the geothermal gradient layer stored in the
GARAH GIS hydrate database (deliverable D3.2).

Bathymetry. Bathymetry controls the pore pressure conditions inside the
sediments (Ledn et al., 2009; Pifiero et al., 2013; Wallmann et al., 2012). The
bathymetry model was taken from EMODnet Bathymetry (‘EMODnet
Bathymetry,” n.d.).

Salinity. Salinity is an inhibitor of gas hydrate nucleation Gas hydrates
stability decreases with increasing salinity. In this way, salt domes prevent gas
hydrate formation (Burnol, 2018; Sloan and Koh, 2007).

Control factors and constraints

Several factors were taken into account in order to carry out the
susceptibility assessment. A group of factors was defined by the geological and
geophysical evidence and indicators related to the presence of hydrates below
the seafloor. Each piece of evidence and indicator was weighted depending on
the confidence/certainty of finding hydrates at the site. The maximum weighting
(or confidence) was given to the recovered samples of gas hydrates or hydrate
dissociation evidence such as degassing or liquation structures observed in
gravity cores. Seismic indicators of the presence of gas hydrates or hydrocarbon
seabed fluid flow such as BSRs, acoustic blanking, amplitude anomalies or the
presence of geological structures of seabed fluid flow in the vicinity of the GHSZ
were weighted with a lower value (Table 6.1).
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Evidence Description weight

and

Indicator

Gas Crystals or aggregates of gas hydrates observed in gravity cores. 1

hydrate

samples

Degassing | Bubbles and/or vacuoles (porosity) in sediment liquefactions 1

and/or observed in gravity core samples.

liquation

structures

Pore water | Chemical and isotopic pore water anomalies that are caused by 0.9

anomalies | hydrate dissociation (e.g. downward chlorinity decrease combined
with 180 increase).

BSRs Only bottom-simulating reflectors generated by the impedance 0.9
contrast between the gas-hydrated sediment above and a free gas
layer below. Opal BSRs are excluded.

High Anomalous high electrical resistivity in logs due to the presence of 0.9

resistivity massive hydrates.

Velocity Anomalous seismic propagation velocity in the sediment due to the 0.8

anomalies | presence of both gas hydrates and free gas.

Blanking Zones devoid of reflections in seismic profiles because of the 0.8

acoustic presence of free gas in the sediment.

Dim zones | Local low-amplitude seismic attribute anomalies that may indicate the 0.8
presence of hydrocarbons.

Bright Seismic amplitude or high-amplitude anomalies that may indicate the

spots presence of hydrocarbons.

Gas Areas of poor data quality or push-downs caused by subsurface 0.8

chimneys leakage of gas from a poorly sealed hydrocarbon accumulation.

Seabed Geomorphological features related to seabed fluid flow. 0.8

features

Gas Steady or episodic, slow or rapid, visible or invisible flow of gaseous 0.8

seepages: | hydrocarbons from subsurface sources to the Earth's surface.

pockmarks, | Pockmarks are craters in the seabed caused by fluids erupting and

mud streaming through the sediments. Mud volcanoes are positive cone-

volcanoes | shaped reliefs created by the extrusion of mud, water and gases,
mainly hydrocarbon fluids.

Mud diapirs | Positive, cone-shaped reliefs created by intrusion inside the sediment 0.8
column of mud, water and gases, mainly hydrocarbon fluids.

MDAC Methane-derived authigenic carbonate (MDAC) formed as a 0.8
consequence of the anaerobic oxidation of methane by consortia of
microbes.

Gas flares | Acoustic artefacts in the water column caused by gas bubbles. 0.8

Table 6.1. Weightings given to each hydrate-related evidence or indicator for the development of the density map of

evidence/indicators.

Finally, the theoretical GHSZ for a standard composition of biogenic gas
defined by Nufez-Varela (2020) was taken into account as another control factor
and constraint feature. The physical constraint is defined by the location of the
seafloor with respect to the GHSZ. Seafloor areas outside the theoretical GHSZ
were excluded as likely to be affected by hydrate dissociation processes. On the
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other hand, any location inside the GHSZ was selected as theoretically likely to
suffer dissociation processes. Nevertheless, the base of the GHSZ was classified
as a critical area for these dissociation processes (Fig. 6.1) with a weighting of 1,
whereas the rest of the GHSZ had a weighting of 0.25.
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Fig. 6.1. Seafloor areas inside the GHSZ (Modified from NUfiez-Varela, 2020) weighted for the susceptibility
assessment for the occurrence of hydrate dissociation processes.

Susceptibility assessment

The proposed methodology analyses the geological hazard by means of
the susceptibility assessment. The term “susceptibility” is employed here to
define the likelihood of occurrence of hydrate dissociation, collapses, crater-like
depressions or submarine landslides on the seafloor. Susceptibility assessment
is applied as the first step in a pan-European risk assessment, owing in particular
to (i) the regional scope of the assessment (the ECMs and adjacent areas) and
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(i) the current state of European gas hydrate-related information characterized
by areas intensively studied with a high density of high-quality data and wide
areas of critical knowledge gaps with no data.

The baseline scenario (the initial hypothesis) is that gas hydrate
occurrence is only possible in seafloor areas where pressure (bathymetry) and
seafloor temperature conditions are inside the theoretical GHSZ. Inside the
GHSZ, the occurrence of gas hydrate is directly related to the presence of
evidence (direct samples of hydrates) or indicators of it (e.g. pore water and
velocity anomalies, BSRs and gas chimneys), as well as the occurrence of
hydrocarbon fluid flow structures. Finally, the likelihood of the seafloor being
affected by gas hydrate dissociation processes will be great at the base of the
GHSZ and in the vicinity of gas hydrate evidence and indicators.

In order to prove this initial hypothesis, a susceptibility assessment was

carried out through map algebra in a GIS environment from a density map of
evidence and indicators and the pan-European map of the GHSZ on the seafloor.

Density map of evidence and indicators

The first step for the development of the density map was to create a lattice
of evidence and indicators at a resolution of the work scale (5 km x 5 km), which
will be the final resolution of the susceptibility assessment map. In this lattice,
each geographical feature of evidence and indicators was weighted according to
Table 6.1.

A hypothesis was then established that considered the database of ground
evidence for sites that have been sampled, but occurrences of gas hydrates might
not be restricted to these point locations. If a given pixel were located between a
ground evidence and an indicator, the likeliness of that pixel containing gas
hydrates would be greater than that of a pixel located far from either. Given the
discrete nature of the features described within the database and the relative
concept of this likeliness, a regionalization technique was applied following a
smoothed saturated algorithm of kernel density. Here, the weighting of the
features represents an abstract concept of the confidence of having gas hydrates.
This technique consists of a kernel density estimation, which fits a smoothly
tapered surface to each point or polyline. The search radius (default option) was
calculated on the basis of the spatial configuration and the number of input points.
This approach corrects for spatial outliers (input points that are very far from the
rest), so they will not make the search radius unreasonably large. These values
of the weighted density map were then normalized from zero to one (Fig. 6.2) to
remove the per area output of the model, providing a relative likeliness of between
0 and 1, where 0 means that there is very little (but not no) confidence of finding
significant amounts of gas hydrates at that location and 1 means that there is
certainty of finding gas hydrates at that location.
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Map of the GHSZ on the seafloor

The map of the theoretical GHSZ for gases of biogenic origin of Nufiez-Varela
(2020) was zoned into three sectors according to the pressure
(bathymetry)/temperature conditions: unstable areas, stable areas and a strip
(from 0 to 50 m in thickness) at the base of the GHSZ where hydrate stability is
extremely weak (Fig. 6.1). The base of the GHSZ in the vicinity of the low-latitude
Atlantic Ocean volcanic islands (e.g. the Azores, Madeira and the Canary Islands)
was not taken into account owing to the absence of hydrocarbon reservoirs at
these geological sites.

Finally, this map was weighted in relation to the mean value of the normalized
density map of evidence and indicators.
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Fig. 6.2. Density map of gas hydrate evidence and indicators.
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Susceptibility map

The susceptibility was assessed by map algebra, taking into account the
control maps of density of hydrate evidences and indicators and the weighted
map of the GHSZ on the seafloor. Specifically, the final map (Fig. 6.3) was
conceived as a segmentation in three levels by quantiles resulting from the
addition of the above control maps:

Sc = 6ei + GHSZW
where Sc, is the susceptibility map; de;, is the normalized weighted density map of
hydrate evidences and indicators; and GHSZw, is the weighted map of the GHSZ
on the seafloor
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Fig. 6.3. Assessment of susceptibility of the seafloor to being affected by gas hydrate dissociation processes.
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6.1. Discussion

Because of the methodology applied, the susceptibility map shows low
values in areas that have knowledge gaps or have been poorly surveyed. This
inevitably leads to two interpretations: (i) the catalogue is incomplete, these areas
have been poorly surveyed, no records have been recovered, but hydrates may
exist and subsequently a high susceptibility may be potentially latent; and (ii)
there are no data because there is no evidence or indicators of hydrates. These
knowledge gaps could be especially critical at the base of the GHSZ. Particularly
on the east Greenland shelf, the Irish margin, the western Iberian margin and the
Mediterranean Sea, no hydrates have been recovered but hydrocarbon seabed
fluid flow structures or seismic indicators (e.g. on the Irish margin) have been
observed.

The majority of gas hydrate evidence stored in the database was
recovered in focused seabed fluid flow structures such as mud volcanoes or
pockmarks. This is especially significant in the southern European margins such
as the Gulf of Cadiz and the western Mediterranean Sea. In these cases, gas
hydrates are circumscribed to the feeder systems of the hydrocarbon fluid
migration structures which, subject to certain exceptions, do not exceed 0.1 to 1
km and 4 km in diameter for pockmarks and mud volcanoes, respectively. In
these areas, there is therefore no continuous spatial variation of the presence of
hydrates. Gas hydrates appear with a located distribution (the nugget effect?)
and are focused inside the hydrocarbon fluid flow structures, where fluid migration
is mainly controlled by faults. Nevertheless, the presence of hydrocarbon fluid
flow structures shows a continuous spatial variation in fluid leakage areas. In
these areas, the density map indicates areas where hydrate-bearing fluid flow
structures are more likely, and subsequently the likelihood of the seafloor
suffering gas hydrate dissociation processes caused by natural or human
activities could also be high. Finally, although the susceptibility could be high in
mud volcano fields, for instance, the real risk of dissociation processes, or their
magnitude, will be low due to the type or internal structure of the hydrates inside
the sediment. In mud volcanoes, hydrates constitute small crystals or aggregates
(measuring millimetres or centimetres) and their real volume is low.

The future scenario of global warming projected by the scientific
community (Gillett, 2015; Schmittner et al., 2005; Vellinga and Wood, 2002)
increases the susceptibility assessed by the direct effect of the ocean
temperature increase on gas hydrate stability (Ketzer et al., 2020) and the
isostatic rebound in polar and sub-polar areas (Wallmann et al., 2018). This direct
effect (a seafloor temperature increase and an effective seafloor pressure
decrease) will have a high impact on the east Greenland shelf, the northwest
Norwegian margin, Svalbard and the Barents Sea, and the susceptibility of these
areas will thus increase greatly. Furthermore, future changes in the thermohaline
circulation (Schmittner et al., 2005; Vellinga and Wood, 2002) could have
dramatic effects on the seafloor temperature and subsequently on hydrate
stability at high latitudes.
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7. CONCLUSIONS

e In order to a fully interoperability of the hydrate related information, future
hydrate related data should be collected and stored compliant the data
model structure of the hydrate GIS-data base of GARAH project.
Particularly, the four groups of items (location, property metadata, geo-
descriptors and references) should be filled according to the standards
applied on it.

e Geological and geophysical evidence and indicators of the presence of
marine gas hydrates and the oceanographic variables controlling the
GHSZ show a heterogeneous distribution and knowledge gaps (areas with
<1 record per 100 km2) along the European continental margins. Some of
these knowledge gaps have been classified as critical: (i) for geothermal
gradient, data on the east of Greenland, Svalbard, the northern Norwegian
margin, the southern Barents Sea and the White Sea, the north of the
British Islands, the Gulf of Cadiz, the Bay of Biscay, the north-western
Iberian margin and the southwestern Mediterranean Sea; and (ii) for
seafloor temperature/salinity data on east of Greenland, the western
Barents Sea and White Sea, the northern Black Sea and the south-eastern
Mediterranean Sea.

e Taking into account the critical knowledge gaps, the theoretical thickness
of the GHSZ and the density of records of hydrate evidence and indicators,
oceanographic parameters (geothermal gradient, seafloor temperature
and salinity) and seabed fluid flow structures, nine areas of interest for
future scientific projects were defined: east Greenland and Svalbard, the
west Barents and White seas, the northwest Norwegian margin, the
northwest British Islands, the Bay of Biscay and the northwest Iberian
margin, the southern Iberian and northern Moroccan margins, the Tunisian
and Libyan margins, the eastern Mediterranean, and the Black and
Marmara seas.

e In the Bay of Biscay, an estimation for potential safe CO2 deep offshore
storage capacity has been developed. French EEZ storage volume
estimate of 3,422 km? is of the same order of magnitude as the total
storage volume in the Spanish EEZ estimate of 3,700 km3. There is,
however, a big difference resulting from the seafloor depth: in the French
case, almost all the stored volume is occupied by gas hydrates, whereas
in the Spanish case, about the half (1,728 km?) is occupied by CO:2 in
hydrate phase and the other half (1,972 km?) by liquid CO-.

e The susceptibility assessment of occurrence of hydrate dissociation
processes on the seafloor shows high values in Svalbard, the northern
Norwegian margin—Barents Sea, the continental slope of the mid-
Norwegian margin and the North Sea, the Gulf of Cadiz and the eastern
Mediterranean and the Black Sea. Moderate values are observed on the
continental shelf of western Greenland, the northwest of the British Islands
and the continental slope of the western and northern Mediterranean Sea.
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