:' frontiers ‘ Frontiers in Earth Science

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Michael Lehning,

Swiss Federal Institute of Technology
Lausanne, Switzerland

REVIEWED BY

Alexey Portnov,

Spanish National Research Council (CSIC),
Spain

Pavel Serov,

UiT The Arctic University of Norway, Norway

*CORRESPONDENCE
Shyam Chand,
shyam.chand@ngu.no

RECEIVED 29 November 2023
ACCEPTED 23 April 2024
PUBLISHED 14 May 2024

CITATION

Chand S, Brunstad H, Lepland A, Thorsnes T
and Pedersen JH (2024), Fluid flow at the
Loppa High results from the seabed
laboratory and test site.

Front. Earth Sci. 12:1346645.

doi: 10.3389/feart.2024.1346645

COPYRIGHT
© 2024 Chand, Brunstad, Lepland, Thorsnes
and Pedersen. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science

TYpPE Original Research
PUBLISHED 14 May 2024
pol 10.3389/feart.2024.1346645

Fluid flow at the Loppa High
results from the seabed
laboratory and test site

Shyam Chand'*, Harald Brunstad?, Aivo Lepland?,
Terje Thorsnes' and Jon Halvard Pedersen?

!Geological Survey of Norway (NGU), Trondheim, Norway, ?Expres Aker BP, Lysaker, Norway

The Loppa High is a subsurface structural high located in SW Barents Sea flanked
by regional fault complexes where many hydrocarbon discoveries have been
made along its peripheries during recent years. Since the petroleum exploration
started in the late 1970's, extensive studies have been undertaken giving a good
understanding of the subsurface stratigraphy and the presence and maturation
of hydrocarbon sources, fluid migration processes into hydrocarbon traps and
seabed seeps. Many shallow gas anomalies are observed in this region due
to fluid migration from the deeper reservoirs. Taking advantage of modern
echo sounder and sonar technology, a more precise mapping of shallow
subsurface became possible as well as detection of seafloor seeps to be
inspected and sampled by advanced ROV technology. Presence of thermogenic
hydrocarbons in seeps would indicate remobilisation from reservoirs in the
subsurface that remained after the Late Paleogene/Neogene tectonism and the
Pleistocene glacial rebound. Results of multibeam echosounder mapping of
selected areas have been used to select seep sites for detailed investigation
using ROV's, and HUGIN AUV equipped with synthetic aperture sonar (HISAS),
methane sniffers and optical cameras. This has aided the selection of optimal
sampling sites and the collection of a large amount of sample material
including seeping fluids, carbonate crusts and sediments which has been used
for geochemical characterization and geochronology. Here, we present the
evidence of the hydrocarbon migration and seepage from reservoirs mainly
of deep thermogenic origin and altered by shallow storage during and after
glaciation. The thermogenic signature of the seeping fluids indicates the long
term and large-scale supply of methane to the global methane budget also
from similar areas of potential natural leakage from the subsurface to the
water column.

KEYWORDS

fluid flow, Barents Sea, Loppa High, pockmark, multibeam, gas flare, gas hydrate,
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Introduction

Seafloor observations of fluid flow features have become more of interest recently since
they have provided many clues not only about what has happened in the past but a peep in
to the present subsurface hydrocarbon potential and its relation to the geological formations
(Capozzi et al., 2017; Crémiére et al., 2018). The seafloor anomalies also give an insight into
the relation between fluid seepage and habitats for different life-forms, and geo hazards that
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might be relevant to future drilling (Sen etal., 2016; Sen etal.,
2018). Fluid seepage at the seafloor is often associated with circular
seabed depressions called pockmarks which are generated when
the strength of fluid flow is sufficient to remove surface sediments
and/or prevent sedimentation (King and MacLean, 1970; Judd
and Hovland, 2007). It has been suggested that pockmarks are
not necessary criteria for tracking fluid seepage since they are
only formed where there is a recording medium present in the
form of soft sediments (Rise et al., 2015). Hence, even though the
seepage can be marked by the presence of acoustic gas flares in
the water column (Leifer and MacDonald, 2003; Romer et al., 2014;
Dupré et al., 2015), many flares do not associate with pockmarks
(Chand et al., 2012). The fluid seepage along passive margins is
linked to many factors depending on the structural, geological and
palaeo geographic evolution history of the region. These include
the proximity to active plate boundaries, active zones of sediment
loading, faulting and the effects of glaciations in the form of ice
loading and unloading (Einsele, 2013; Khader and Novakowski,
2014; Fjeldskaar and Amantov, 2018).

At high latitudes, waxing and waning of glaciers have the
most important direct and indirect effect on seepage. Most of
the studies from the Norwegian offshore regions link fluid flow
anomalies to glacial loading and unloading cycles (Chand et al.,
2008; Chand et al., 2012; Crémicére et al., 2016a; Portnov et al., 2016;
Winsborrow et al., 2016; Andreassen et al., 2017; Serov et al., 2023)
or to sudden sediment loading resulting from glacial retreat melt
water inflows and associated sediment discharges during glacial
retreat (Hustoft et al., 2009; Karstens et al., 2018). Moreover, the
glacial cycles create or expand a hydrate stable zone in sediments
during loading, holding a reservoir of gas and hydrates. Gases
from such reservoirs are released during and after the glacial
unloading due to the removal of the load which is needed to
keep the hydrates in stable form (Sloan and Koh, 2007). Glacial
loading can also affect the fluid flow in the fault systems and
result in the sealing of normal faults causing a quiescent period
of no movements followed by enhanced activity during and after
unloading (Hampel and Hetzel, 2006). Analysis using fault stress
modelling from North Sea area indicates that the reactivation
of faults might have happened during Pleistocene deglaciations
and therefore potential hydrocarbon seepage might have occurred
(Grollimund and Zoback, 2000). The large-scale erosion and uplift
that has happened during the past glaciations resulted in overturned
formations and near seafloor subcropping of source and reservoir
rocks (Henriksen et al., 2011) influencing the fluid flow.

Seafloor and water column data collected during number
of surveys have yielded important observations about the
seabed features such as pockmarks, iceberg ploughmarks, glacial
prodmarks, carbonate crusts, bacterial mats and ongoing/past gas
seepage of SW Barents Sea (Chand et al.,, 2009; Chand et al., 2012;
Chand et al., 2014; Crémiére et al., 2016a; Crémiére et al., 2016b;
Crémiere et al., 2018). The prodmarks are formed when detached
icebergs plunges making a rounded depression on seafloor and
when these icebergs plough away creating a ploughmark in seafloor
sediments can be many tens of meters deep affecting the subsurface
stratigraphy also. The subsurface has also been investigated
many years through the acquisition of 2D and 3D seismic
data and resulted in many important hydrocarbon discoveries
(Vadakkepuliyambatta et al., 2013; NPD, 2016). Geochemical
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analysis of seeping free gas, methane derived authigenic carbonate
crusts and biomarkers indicated a deep seated origin of fluids that
is leaking/leaked through the Barents Sea seafloor (Nickel et al.,
2013; Crémiére et al., 2016b; Thiagarajan et al., 2022) showing the
importance in using these proxies for hydrocarbon exploration.

This study focuses on the Loppa High, a fault bounded structural
high in the SW Barents Sea and the surrounding basins and
fault structures (Figure 1). Based on the geological and geophysical
information from many surveys, this site was chosen as a laboratory
site to investigate various factors related to fluid flow. Properties of
the gases released at the seafloor and associated carbonate crusts
can be linked to the sources of the gases and thereby analyse the
possibility that the hydrocarbons were leaking during and after the
glaciations. Comparison of results from seep to the reservoir gases
can give a direct information of source to seep relationships and
gas modifications along the migration pathways. Here, we have the
unique opportunity to compare results from reservoir level to the
seafloor thereby envisage the entire route for the gases. The influence
of faults and properties of near seafloor sediments are analysed to
study their impact on the formation of the present focussed fluid
flow locations. Results from the nearby area are also presented to
compare the regional development of the fluid flow.

Geological setting

The Barents Sea is a shallow epicontinental sea surrounded
by a Tertiary rifted margin to the west and the Norway, Russia
and Svalbard landmasses lying on the south, east and north
respectively (Eldholm etal., 1984). The SW Barents shelf formed
in late Devonian and is underlain by metamorphic basement
formed during Caledonian orogeny (Smelror et al., 2009) (Figure 2).
Extensional tectonic movements dominated the late Palaeozoic
and Mesozoic tectonic history of the region (Johansen etal,
1993), locally influenced by wrench tectonics (Brunstad and
Ronnevik, 2022). The late Devonian to early Carboniferous crustal
extension resulted in the formation of Hammerfest Basin followed
by extension faulting affecting the Loppa High area during
late Carboniferous to early Permian period (Faleide etal., 1993;
Cavanagh et al., 2006). The main depocenters were located in intra-
cratonic basins in the Mesozoic and early Cenozoic, shifting to
the continental margin following the early Eocene opening of the
Norwegian Sea (Spencer et al., 1984). The late Jurassic Hekkingen
Formation is the major source rock along the Loppa High and
Hammerfest Basin area (Doré, 1995), even though, Lower to
Middle Triassic shales (mainly Klapmyss and Kobbe formations)
also have hydrocarbon potential (Bjoroy et al., 2010) (Figure 2). In
the flanking Hammerfest, Tromse and Bjerneya basins and the
Fingerdjupet, higher levels of TOC are present in the Hauterivian-
Cenomanian intervals of Cretaceous (Hagset et al., 2022) and are
considered as gas and locally oil sources. Moreover, there are
indications that source rocks of Eocene and possibly Miocene age
(Daszinnies et al., 2021) are present west of Svalbard margin, and
could potentially be present also along the western Barents Sea
margin further south. The Selis Ridge of the crestal parts of the
Loppa high acts as the major divide separating the pre-Triassic
sediments on either sides and therefore the likelihood of potential
traps prior to this age along the flanks of the Loppa High (Figure 2A).
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FIGURE 1

Regional bathymetry of the SW Barents Sea showing the boundaries of structural blocks (black lines). Also shown are the locations of gas flares (red
stars) (Thorsnes et al.,, 2023), sites (black dots with white labels) where gas samples for geochemical studies were collected (G1-Well 7316/5-1,
G2-Harstad Basin, G3-Habrann, G4-Loppa High, G5-Svanefjell), seismo-geological section A-A’ (red line, Figure 2), exploration wells along the line (red
dots), hydrocarbon discoveries (white polygons) and 3D seismic cube LN12MO1 (yellow polygon, Figure 5). The high-resolution bathymetry indicates
the new locations where multibeam water column data were interpreted. BFC- Bjgrnoyrenna Fault Complex, AFC-Asteria Fault Complex, TFFC-
Tromso Finnmark Fault Complex, RLFC- Ringvassay Loppa Fault Complex, PP—Polheim Platform, GKT-Gohta.

21°E

73° N

71° N

Seafloor geomorphology of the SW Barents Sea has been shaped
by several glacial-interglacial cycles since the Pliocene. Glaciers
have reached the shelf edge many times with the most extensive
coverage occurring during the last glacial maximum (Vorren et al.,
1991; Laberg et al., 2010; Laberg et al., 2012). Numerous erosional
channels were carved in to the lithified sedimentary rocks with the
main channel being the Bjorneyrenna resulting in deposition of
more than 3000 m sediments at the Bear Island Fan (Eidvin and Riis,
1989; Vorren et al., 1991; Riis and Fjeldskaar, 1992; Faleide et al.,
1996; Labergetal,, 2012). The glacial and erosional unloading
resulted in 900-1,400 m of late Cenozoic uplift (Riis and Fjeldskaar,
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1992) and the formation of a prominent erosional surface known
as the upper regional unconformity (URU) which represents the
base of the glacial sediments (Solheim and Kristoffersen, 1984;
Vorren et al.,, 1986). On the westward transect from the Tromse
and Bjerneya basins to the shelf margin, there is a transition from
areas of net erosional uplift to that of net deposition. The area west
of this transition to net deposition consists of a thick wedge of
Pleistocene sediments. This change from net erosional uplift to net
burial has implications on the hydrocarbon generation history. In
general, the areas of net erosional uplift are believed to have reached
maximum burial in the Eocene/Oligocene ending petroleum
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FIGURE 2
(A) Geological section across the study area showing the major structural features and the seepage routes. The sites of two surface gas samples are
also indicated. (B) Section showing the hydrocarbon generation and seepage history across the study area. Petroleum generation and escape history
was modelled by Lundin Petroleum AS using information from the exploration wells and sedimentation history of various formations established from
palaeo-geographic modelling (Thiagarajan et al., 2022).

generation. The areas of net burial have their petroleum source  interpretations and glacial modelling indicate that grounded glaciers
rocks at maximum burial today and are believed to have ongoing  may have reached the shelf break of the southern Barents Sea
petroleum generation (Henriksen et al., 2011). Seismo-stratigraphic ~ 5-10 times during the Pleistocene (Solheim and Kristoffersen, 1984;
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Vorren et al.,, 1988; Settem etal., 1991; Siegert and Dowdeswell,
2004; Patton et al.,, 2015a; 2015b), with ice thickness estimated
at 800-2000 m during the last glacial maximum (Siegert et al.,
2001; Svendsen et al., 2004; Patton et al., 2015a; 2015b; Auriac et al.,
2016). Dating of carbonate crusts and sediments cores from various
locations of the SW Barents Sea indicate that the deglaciation started
~17.5 kyr ago (Winsborrow et al., 2010; Crémiere et al., 2016a). This
was followed/coincident with pockmark formation in the Loppa
High area around 15kyr ago (Pauetal, 2014), by which time
the entire Barents Sea was ice-free. Sedimentation decreased from
40-70 cm/kyr during deglaciation to ~6 cm/kyr during the last 9 kyr
(Aagaard-Serensen et al., 2010).

Material and methods

Multibeam echosounder (MBE) data collected using EM710
MBE by the Norwegian Defence Research Establishment (FFI) ship
RV H.U. Sverdrup II have been used to generate terrain models
and identify water column acoustic gas flares (hereafter referred
as flares) (Figure 1). Fledermaus (FM) Midwater package was used
to detect and analyse water column gas anomalies. Details about
water column analysis can be found in Thorsnes et al. (2023). The
autonomous underwater vehicle (AUV) HUGIN, equipped with
a high-resolution interferometric synthetic aperture sonar (HISAS
1030) and MBE EM2040 was used to map the seabed in detail in
selected areas with detected gas flares (Figures 3, 4). The HISAS
system gives a range-independent resolution of approximately
3x3 cm and swath of 400 m at a speed of 2 m/s. The data were
merged into high-resolution mosaics using Reflection software
from Kongsberg Maritime. Methane sniffer (Franatech) installed on
HUGIN was used to detect methane seepage in the water column
at identified flare locations using EM710 data. Still photos were also
collected using the TFish Black & White camera onboard HUGIN
at selected locations. High resolution Topas and sub bottom profiler
(SBP) seismic data were also collected from selected locations using
Ship’s Topas PS18 system and EdgeTech 2200 full spectrum chirp
SBP system on HUGIN respectively. Details about sampling and
analyses of seep and reservoir gases from the study area can be found
in Crémiere et al. (2018) and Thiagarajan et al. (2022), respectively.

The gas samples from the flare sites were collected using a
gas sampler connected to the manipulator arm of the ROV and
the reservoir gas sample using MDT (modular formation tester)
and DST (drill stem tester) fluid sampling tools. The stable isotope
ratios and molecular proportions hydrocarbons were analyzed at the
Applied Petroleum Technology labs in Oslo, Norway. As described
by Thiagarajan et al. (2022), aliquots of gas sample were transferred
to exetainers and 0.1-1.0 mL of each sample was as extracted using
a Gerstel MPS2 autosampler and injected into an Agilent 7890 RGA
GC equipped with Mol sieve 5A, 4-8 mesh and Poraplot Q columns,
a flame ionisation detector (FID) and 2 thermal conductivity
detectors. Hydrocarbon concentrations were measured by FID. The
carbon isotope compositions of hydrocarbons were determined
using a GC-CIRMS system. Repeated analyses of standards indicate
that the reproducibility of §13C values is better than 1%o (2 RSD).

Regional stratigraphic and structural boundaries were mapped
using available 2D and 3D seismic data and presented in Chand et al.
(2012). Spatial subsurface coverage was obtained for most of the
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Loppa High area with data interpretation based on 2D and 3D
seismic data using Petrel software. The 2D and 3D seismic data were
provided by Lundin Petroleum AS and consists of mega merged
3D cube LN12MO1 covering many surveys from the study area
and 2D lines available in DISKOS database. The 3D seismic is with
4 ms sampling interval and 25 m horizontal resolution. Resolution
was sufficiently high to identify the position and vertical extent of
deep local fault structures. Petroleum generation and escape history
was modelled by Lundin Petroleum AS using information from the
exploration wells and sedimentation history of various formations
established from palaeogeographic modelling (details given in
Thiagarajan et al., 2022). Different phases of petroleum generation
and expulsion have been suggested based on the modelling
(Figure 2B). The sources of gases from different generation scenarios
and probable locations of their escape are indicated on a composite
seismic section along the geological section given in Figure 2A
(Figure 2B).

Results
Seafloor and water column inspection

Multibeam echosounder and HISAS data were used to inspect
the water column and seafloor for fluid flow features. The study area
consists of locations covering different structural, stratigraphic and
glacial features which can control fluid flow. The seafloor consists
of iceberg ploughmarks and glacial features such as eskers and
end morains (Figure 3). Partially covered retreat moraine (RM)
ridges can be observed indicating the region was influenced by
multiple glacial advances during the last glaciation (Figure 3A). The
eskers observed are also partially covered by the retreat moraines
indicating that they belong to an early stage (Figure 3A). The
pockmarks are concentrated along iceberg ploughmarks either due
to the presence of soft sediments as recording medium in these
depressions or that the ploughmarks acts as easier pathways for fluid
escape being an incision into the relatively less permeable glacial
deposits (Figure 3B). Glacio-tectonic depressions (GDR) are also
observed in the study area indicating the influence from grounded
ice (Figure 3C). The pockmarks vary in sizes and depths occurring
close to each other indicating difference mechanisms or intensity in
fluid flow creating them (Figures 3D, E). As observed elsewhere, the
pockmarks consist of relatively coarser/harder sediments indicated
by high backscatter (Figure 3E). Flares are observed to be associated
with some of the large pockmarks but not always as noted earlier
(Figure 3E). Close inspection of the large pockmark using high
resolution HISAS data indicate the presence of carbonate crusts
and very small pockmarks inside them (Figure 4). The detailed
morphology of the pockmark indicates that the fluids are deflected
to the rims of the pockmarks creating the small pockmarks probably
due to blockage of conduits by authigenic carbonate precipitation
cementing fine grain sediments (Figure 4). The carbonate crusts
occur as massive pavements covering hundreds of square meters
indicating long term release and focussed flow of fluids through
the seafloor. In many areas the carbonate crusts fields are seen to
be associated with pockmarks. However, there are also numerous
pockmarks without any indication of carbonate crusts or current
fluid flow.
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FIGURE 3

Multibeam bathymetry from four areas (A—D) showing the locations of pockmarks, flares (pink lightning symbol) in coexistence with various glacial
seafloor features such as eskers, retreat moraine ridges (RM), glacio-tectonic depressions (GDR, hill-hole pairs). (A) Notice that the eskers cross the
retreat moraines indicating that they formed after RM. (B) The pockmarks occur as chains in ploughmarks due to the availability of more soft
sediments. (C) The GDRs appear to be depression formed after blocks of sediments moved from east to west. (D) bathymetry and (E) backscatter map
showing the properties associated with small and mega pockmarks and the flare locations.

We have interpreted ~3800 km? of water column data and
observed 28 flares of varying sizes and magnitudes from the study
area. The northernmost flare location of the study area is part of the
Bjerneyrenna fault complex where one flare is observed (Figure 1).
The flare occurs close to the Filicudi (well 7219/12-1) hydrocarbon
discovery (Figure 1). Three flares are identified in the region along
the eastern boundary of the Polhem Platform with Loppa High
(Figure 1). Two flares occur close to the boundary whereas one is

Frontiers in Earth Science

found ~10 km west of the boundary (Figure 1). Further south, eight
flares occur bounding the Ringvassey Loppa fault complex (RLFC)
along the southwestern part of the Polhem Platform, (Figure 1).
Along the southern part of the RLFC bounding the Gohta-Komse
Terrace and Hammerfest Basin, eleven flares are observed mostly
concentrated along the fault locations (Figures 1, 5). Further east,
five flares are observed along the Bjornegyrenna glacial advance
grounding zone wedge deposits (Figure 1).
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FIGURE 4

carbonates.

HISAS image from Hammerfest basin flare area showing (A) carbonate crust with micro pockmarks (~1 m), (B) normal pockmarks (~15 m) and micro
pockmarks, (C) normal pockmarks closer to the HUGIN AUV nadir showing high resolution image from the inside of pockmarks with stones and

Fluid flow and the subsurface

The subsurface structure and geology are investigated using
2D and 3D seismic data. The subsurface along northern part of
Bjorneyrenna fault complex indicates the presence of N-S oriented
faults in line with the direction of the fault complex (Figure 5). Faults
of several other structural trends and directions can also be seen in
the variance slice taken at 800 ms TWT from sea level indicating
the heavily faulted nature of the subsurface (Figure 5). The flare here
is situated above the faults corresponding to the Bjerneyrenna fault
complex (Figure 6A) where the high amplitude anomalies associated
with presence of gas can be seen at different stratigraphic levels of
the subsurface (Figure 6A). The flare seems to be located ~5 km
away from the traceable deep-seated fault location. The URU surface
appears to be blotted with gas leaking from the faults which is
probably moving upslope along it to the flare location (Figure 6A).
The post URU sediments show a chaotic pattern below the flare
compared to either side indicating that the sediments are probably
of different character allowing fluid flow through them (Figure 6A).

Further south along the eastern boundary of Polhem Platform,
the seismic data indicate a dome structure (the Selis Ridge)
associated with numerous faults (Figure 6B). Some very strong
amplitude anomalies are observed at the URU surface at the
shallowest part of the dome where the glacial sediments are thick
(~100 ms TWT) and non-tectonized (Figure 6B). The sub-URU
stratigraphy is sloping towards west in the west side of the dome
whereas it shallows from east to west in the eastern side of the dome.
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One of the two flares in this area occurs above the fault with a marked
high amplitude anomaly close to the URU surface. Many high
amplitude anomalies can be seen fringing to the eastern side of the
fault below the URU surface as well (Figure 6B). The URU surface
is blotted with high amplitude anomaly towards the west of the flare
and close to the western end of the seismic line where a second flare
is observed (Figure 1). The variance slice (Figure 5) indicates heavy
faulting with fault orientations shifting from N-S in the south to NE-
SW orientation in the north with the faults becoming more and more
bifurcated covering larger areas (Figure 5).

Along the central eastern boundary between the Polhem
Platform and Loppa High, the subsurface is faulted with N-S
oriented faults (Figures 5, 6C). This location is peculiar with a
mixed type of stratigraphic and structural control since the sub-URU
sedimentary wedge from the west at the Polhem Platform is pinching
out close to this area. The faulted Triassic deposits of Loppa High
reach the URU surface here (Figure 6C). The flare observed in this
area is located above one of the faults which has a high amplitude
anomaly in the subsurface, but dipping strata also pinch out directly
below this flare. The presence of deep-seated faults, and the high
amplitude anomaly deeper than URU close to the fault, suggests
a fault related fluid supply to this flare and the shallow dipping
permeable beds serving as fluid conduits (Figure 6C).

The western flare on the Polhem Platform also suggests
a similar fluid flow mechanism with direct link to faults but
intermediate permeable beds facilitating the fluid flow to the URU
level (Figure 6D). Here, many flares occur above the large high
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FIGURE 5
Variance cube slice at 800 ms TWT from sea surface of LN12M01 3D seismic data showing the location of flares (red stars), boundary of Bjerneyrenna
glacial advance grounding zone (blue dashed line), seismic sections in Figure 6 (purple lines), gas sample locations (black dots) and regional faults
(black lines). Notice the good correlation of flares with faults locations. Figure location is given in Figure 1.

amplitude anomaly close to the URU surface. The gas sample
G4 is collected from the seep in this area. The flares along the
eastern boundary of RLFC are located above the base Cretaceous
pinchout boundary with faults linking the subsurface to seafloor
(Figures 6D-G). The subsurface high amplitude anomalies, even
though located along a westward dipping stratigraphic boundary,
indicate a clear connection to faults below it. The Gohta and
Komse Terraces also show the association with flares (Figures I,
6E). The fluids seem to be accumulating at the top boundary
of the faults creating the high amplitude anomaly which is then
moving upwards to the URU level through sloping layers of the
fault complex (Figure 6E). The triple junction between RLFC and
Asterias fault complex along the southern part of the Gohta-Komse
terrace appears to be chaotic with many high amplitude anomaly
pockets occurring at different level with no apparent connection
shown by faults (Figure 6F). The presence of faults as the major
mechanism for gas transport can be inferred at the southernmost
location along the RLFC where all the flares occur away from the
pinch out zones but on top of faults (Figure 6G). The URU surface

Frontiers in Earth Science

08

and sediments above it may be acting as a partially compromised
cap rock regulating the fluid transfer from the URU to the
seafloor (Figure 6G).

A series of high amplitude anomalies occur along the top
of Triassic close to the pinch out zone. But there is no real
connectivity between these anomalies and each of these anomalies
can be directly linked to faults in the subsurface (Figures 6H-]).
As noticeable in seismic data, the fluid flow is controlled by the
glacial sediments which in this case are pinching out towards
south. Further south, on top of E-W oriented faults, four flares
have been identified (Figures 6H-J). The flares appear to be
directly connected to the faults with little quaternary sediments
overlying these faults (Figures 6H-]). The gas sample G5 is collected
from this flare along the line given in Figure 61. High amplitude
anomalies due to the presence of gas can be seen at different
levels of stratigraphy along the flanks of the faults (Figures 6H-J).
The anomalies are concentrated on one side of the fault and
on foot wall part of the permeable layer which is acting as
the reservoir.
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FIGURE 6

Seismic sections (A—J) showing examples of high amplitude anomalies related to acoustic gas flares (arrows) observed in the study area (Location in
Figure 5). Blue line indicates URU surface, and green line for seafloor. The major faults are marked by black lines. The location of two gas samples, G4

and G5, coincides with flare locations shown on 6d and 6i.

The two easternmost flares located above Svanefjell discovery
have a similar model of fluid flow where the faults are bringing
fluids to the URU surface and the URU surface act as horizontal cap
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rock layer with large gas accumulation at the URU level (Figure 6]).
The seismic data indicates that the chances of finding a gas flare is
very high along the southern part of the seismic data since the gas
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Gas composition and isotope data from samples collected from the study area and nearby locations plotted as (A) Bernard diagram and (B) gas genesis
diagram based on methane carbon and hydrogen isotope composition. Locations shown as G1-Well 7316/5-1, G2-Harstad Basin, G3-Habrann,
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accumulation is having a clear route to the surface from the high
amplitude anomaly located at the URU level (Figure 6]).

Geochemical results

Gas composition and isotope data of samples collected from
the study area indicate variably mixed thermogenic and bacterial
origins of gases (Figure 7). The relationships of methane dD vs.
d13C (Figure 7B) are consistent with predominantly thermogenic
origin of gases in locations G3, G4 and G5 (8"*C-CH,: 45.2%o
to —50.2%o0, dD-CH,: 185%o0 to —208%o) whereas microbial source
dominates in Gl and G2 (§'*C-CH,: 49.4%o to —67.8%o, dD-
CH,: 175%0 to —215%o). All seep samples plot in or near the
bacterial field on the Bernard diagram (Figure 7A) due to very
low abundance of higher molecular-weight components (ethane,
propane, butane). The reservoir sample from G1 stands out and
plots between the thermogenic and bacterial fields in the Bernard
diagram showing that there is some mixing happening at the
reservoir level too (Figure 7A) which is clear in the methane isotopic
ratios indicating a biogenic origin (Figure 7B). Despite indications of
bacterial origin of seep gases based on the Bernard plot relationships,
the predominantly thermogenic origin as indicated by methane
data (Figure 7B) appears fully feasible given that methane migrates
more readily from reservoirs compared to higher-molecular weight
components that tend to be retained in the rock (Prinzhofer and
Huc, 1995; Martini et al., 1996). Such compositional fractionation
along the migration pathway from the reservoir to the seep may
result in high C1/(C2-C4) and placement outside the thermogenic
field in the Bernard plot (Figure 7B) of G3, G4 and G5 gases that have
predominantly thermogenic origin. Still, isotope data of methane
suggest that there is a minor bacterial component present in G3, G4
and G5, and a bacterial component is dominant in G1 and G2 as
suggested earlier (Crémiere et al., 2018).
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Discussion

The fluid flow processes in the Loppa High and surrounding
region are of special interest to investigate given the forcing of
the glacial loading and unloading after deglaciation on the faulted
shallow source rocks of Jurassic and Triassic age. The Loppa
High is bounded by regional fault complexes of various ages
(the Asterias, the Ringvassey-Loppa, the Bjorneyrenna and the
Hoop fault complexes) on all sides and the sedimentary rocks
encompassing the high are also heavily faulted making the region
prone for fluid flow from deep source levels. The fault orientations
might have changed in directions and dips due to the combined
effects of sedimentary loading and various glaciations including
erosion and glacio-isostatic uplift resulting in frequent opening and
closing of various pathways. The glaciers were ~1,500-2000 m thick
during the last glaciation (Siegert et al., 2001; Auriac et al., 2016)
reached the maximum extent 25 Ka and started retreating 17 ka
ago (Peltier, 2004; Siegert and Dowdeswell, 2004; Svendsen et al.,
2004). The loading effect during last glacial maximum spanned over
a period of about 8000 years resulting in a thick hydrate stability
zone (Chand et al., 2008) and consequent fluids expulsion from the
subsurface reservoirs due to the load. Whether the thick and deep
gas hydrate stability zone acted as a seal or not is unclear since
there are many factors affecting the situation, such as, 1) the rate of
grounded ice sheet growth (pressure buildup) vs. intensity of fluid
seepage towards the surface, 2) the pore saturation and morphology
of the hydrate formed controlling the fluid flow, 3) the temperature
of the fluids vs. hydrate stability parameters, 4) proximity of the
location to glacial front. In simple terms we can assume that the
hydrate layer acted as a barrier, and with the deglaciation, the
layer was removed resulting in intense fluid flow to the seafloor
immediately followed by long term fluid flow as observed now
as flares.
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The results from the analysis of seep gas samples from the
flare areas indicate that they, except G2, have a deep thermogenic
origin, but the reservoir gas in G1 indicates a significant microbial
contribution. This can be attributed to microbial degradation
of thermogenic gas altering the isotopic composition of the
methane gas (Milkov, 2011) most probably resulting from water
percolation through open faults. The water percolation can be
due to the existence of hydraulic under pressures either due to
glacial unloading after hydraulic equilibration during grounded
ice loading or due to an inherent under pressure generated due to
large scale erosion during various ice ages which got equilibrated
with opening of faults (Vinard et al., 2001). Both scenarios exhibit
an open system at least for a short duration, consistent with
the seepage from the reservoirs. All other samples except those
from the Harstad Basin indicates an oil associated existence also
implying the possibility of seepage from oil reservoirs. The four
study areas are close to hydrocarbon discoveries and therefore such
a signature indicates the possibility of past and present seepage from
these reservoirs. Results from previous studies (Crémiere et al.,
2016a) suggest an enhanced seepage scenario after glacier
retreat.

Since the fluids are leaking from the shallow sources, the
originally deep sourced fluids probably have changed in properties
by microbial degradation and hence the original source properties
are partly hidden. The acoustic gas flares observed in the study
can be related to the location of deep-seated faults in seismic
data (Figure 5) and different levels of accumulation can be
observed (Figure 6). The glacial deposits cover a major part of
the study area, but flares occur wherever a subsurface fault is
bringing fluids to the base of these deposits. The Cretaceous
and older Mesozoic sediments are shallowing towards the area
with the presence of fluid flow anomalies with fluid transfer
happening along faults and unconformities. But no apparent single
fluid focussing routes can be pointed out indicating a general
seepage through heavy faulted sediments bringing the fluids to
the URU. On the other hand, the glacial deposits act as a major
control in redirecting the upward movement of fluids to the
seafloor.

Conclusion

2. Fluid flow in the SW Barents Sea is occurring through faults
mediated by glacial sediments.

3. The fluid leaking locations with soft sediments are associated

with larger pockmarks (>30 m) than the usual ones and

occurrence of carbonate crusts.

Geochemical results from the samples indicate that the fluids

are mainly deep thermogenic origin and altered by shallow

storage during and after glaciation.

5. The thermogenic signature of the seeping fluids indicates
the long term and large-scale supply of methane to
the global methane budgetalso from similar areas of
potential natural leakage from the subsurface to the water
column.
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