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Abstract

The Nyegga area is located at the north-eastemrmsent of the large Storegga Slide on
the south of the Vgring plateau. The region hag logen a natural laboratory for shallow fluid flow
investigations, mainly due to the large numberlaffflow expressions found on the bathymetric
and seismic data, and the possibility to investighe relationship between fluid flow, gas hydrate
formation and slope stability. The seafloor at Nyeegs marked by hundreds of small depressions
and mounds. These are in turn the upper terminaifosemi-circular zones of low amplitude,
upbended or downbended reflections called acoaktioneys or pipes. These chimneys terminate
also at different stratigraphic horizons below #®afloor and have been interpreted as episodic
fluid flow expulsion features. Underlying Eocendgdtene polygonal fault systems are suspected
of being a long term source of fluids to the shalkubsurface sediments, while Tertiary domes are
suspected to be possible leakage areas for themoofieids. The area is characterized by the
presence of free gas trapped beneath a seal dfiyglates as indicated by a bottom simulating
reflector (BSR).

In this study 287 pockmarks, 23 mounds and 441simochimneys were investigated using
high resolution swath bathymetry and 3D seismicadatThe data allowed mapping and
guantification of several parameters of seabedsaihdeabed expressions of fluid flow. The results
showed that the pockmarks and mounds at Nyeggadrdirectly related to the polygonal fault
system, but instead are product of blowout evemiginating from two locally overpressured
shallow reservoirs overlying the polygonal faulst®m. Indications of fluid migration starting from
the base of the polygonal faults system were fobntthese fluids are most likely being distributed
by the shallow reservoirs. The blowout eventstiaeeresult of hydraulic fracturing starting mainly
from structural crests or updip pinchouts withiegfigas-accumulation zones beneath the base of the
gas hydrate stability zone or from traps beneagicigénic debris flow deposits. Quantification of
the pockmarks, mounds and acoustic chimneys shtivatdhe largest pockmarks and mounds are
found overlying structural closures and traps vptbsumably highest overpressure within the free
gas zones, indicating a relationship between #iee and the degree of overpressure. Pockmarks,
mounds and acoustic chimneys are mainly elongaatlifes and in some areas their orientation
was found to be parallel to the free gas trappingcsires in the subsurface. This is an indication
that the orientation of pockmarks and mounds isdhereas is inherited from the acoustic chimneys

and hence from the axis of hydraulic fracturing.
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1. Geological Fluid Flow

1.1 Introduction

Fluid flow expressions onshore such as mud volcamoe well known features, and have
been studied for more than 150 years (Dimitrov,200pf, 2002, and references therein; Planke
et al., 2003). But offshore, these features weteremognized until about 40 years ago (King and
MacLean, 1970). This time lag can be explainedhgylack of technology. There was simply no
way to image the sea floors at a high enough dpasalution. Even with the development of single
beam echo sounders in the early 1930s, scientstisl only acquire a coarse grid of lines of the
seafloor, this way missing the smaller targetseafflsor expressions related to focused fluid flow.

Development of areal mapping in the 1960s camevolutionize the way morphological
studies of the seafloor were carried out, and tethé discovery of a wide range of previously
unknown morphologies at the seafloor. King and Muol€1970) described one such feature, which
they calledpockmark and defined a%A concave crater-like depression of the type tbeturs in
profusion on mud bottoms across the Scotian Sh&fthough they had no convincing proof as to
what process had shaped these negative reliefrésatthey interpreted them as being formed by
upward-migrating gas bubbles lifting the sedimeantsl putting them into suspension, or in their
own words “gas-turbation”. Similar features wer@rsgecognized in the North Sea and in many
other areas around the world, not only in mud, &b in sandy seabeds (e.g. Hovland, 1981,
Hovland and Judd, 1988; Gay et al., 2006b) (figyrel'hey were soon confirmed to be expressions
of former or present fluid migration and seepageuph the seabed connected to chimneys in the
subseabed (Hovland et al., 1985). Contemporaryesuaf pockmarks show that they are generally
found on the continental margins overlying deep/@ndhallow hydrocarbon reservoirs. And that
they normally span in diameter from less than bmmore than 250 m, and range in depth from less
than 1m to more than 40 m (Judd and Hovland, 208¢rounts of single pockmarks with
diameters of up to 1500 m and depths of up to 16@ue been also reported (Pilcher and Argent,
2007).

Other less common features were found, sometimasciased with pockmarks, these are
positive relief features often calledud volcanoes mud mounds and carbonate mounds Mud
volcanoes are known from onshore areas where fiuglrating from subsurface entrains fine
grained patrticles leading to the extrusion of mevé. Mud Volcanoes are also largely associated
with petroleum migration (Hjelstuen et al., 1997midrov, 2002; Kopf, 2002; Planke et al., 2003;
Hansen et al., 2005).



Isolated mud and carbonate mounds were previouddgawn and have been the subject of
intense studies. Many theories have been used ptaiextheir formation, including structural
deformation due to density inversion, subsurfacthiganic carbonate precipitation derived from
methane oxidation (Naeth et al., 2005; Hovland 8mdnsen, 2006; He et al., 2007; Paull et al.,
2008a), and cold water coral growth (e.gpheliasp) stimulated by high current speeds and food
supply (Wheeler et al., 2007). Review of mound=diture revealed that they vary in size and shape
from small, ovoid low relief features a few metéai and with tens of meters across to giant
mounds hundreds of meters tall and a few kilometgde (Dimitrov, 2002; Kopf, 2002; Wheeler et

al., 2007, and references therein).

pockimark

Figure 1 — Examples of geologic fluid flow expressins; (a) Pockmarks and mounds are seen as high backatter
patches in sidescan sonar data from Nyegga (Bouriadt al., 2000); (b) Swath bathymetry shaded religmage of
pockmarked mud seabed of Norwegian North Sea (Howa, 2003); (c) Dip map of seabed reflection in 3D
seimsic survey taken over mega pockmarks in turbidic sands offshore Gabon, West Africa (Pilcher andrgent,
2007); (d) Swath bathymetry shaded relief map showg pockmarks formed at the base of a sand wave in
southern North Sea (Hovland, 2003); (e) High resotion seismic data showing an acoustic chimney undging a
mound in Nyegga (Westbrook et al., 2008); (f) Multhannel seismic data showing an acoustic pipe undging a
giant pockmark in Lower Congo Basin (Gay, 2006).

In addition to areal mapping, 2D seismic has alsenba major geophysical tool used by
scientists studying fluid flow expressions (Juddl &tovland, 2007). Seismic profiles provide an
image of the subsurface which can be used to utaghetshe development of fluid flow, including
the possibility of visualizing the source and mtgma pathways of the fluids which are seeping
through the seafloor. But scientists using seistaita were facing two big problems. One problem
was related to the spatial sampling capability Bf eismic acquisition which only allowed the



imaging of a reduced number of targets. Anotheblgm was that seismic sections crossing fluid
venting systems usually showed localized amplitattenuation and disrupted reflections, the so
called seismic blanking zones acoustic chimneys or blow-out pipes(figure 1le-f). These
“acoustically turbid” zones were suspected to bekdd to the migration of fluids through
sediments, but several possible theories may apptamples of these theories include signal
starvation due to high reflective material at oose to the seabed (e.g. gas hydrates, carbonate
concretions), amplitude blanking due to reducedusito impedance contrast within gas hydrated
sediment (Lee and Dillon, 2001); destruction ofiseht layering by minor folding and fracturing
associated with flowing of fluids out of overpressareas (e.g. Hustoft et al., 2007); over pressure
pore water reducing the shear modulus of the sedsrand their ability to reflect acoustic energy;
and acoustic scattering by the presence of gasdments (Wood et al., 2002). Many studies have
confirmed the presence of gas in the sedimentamitie blanking zones, and the lateral change in
acoustic impedance due to gas can then be usedptaire the diffractions and the acoustic
attenuation observed (e.g. Jones et al., 1986; ¥uah, 1992). The acoustic image of the seismic
chimneys dramatically differs between seismic litteg are shot with different seismic sources and
also between single- and multi-channel seismicicatthg that the blanking effect may also be
frequency and offset dependent (e.g. Vanneste,e2G01; Riedel et al., 2002; Schmitz and Jokat,
2007).

The introduction of 3D seismic surveying in the @9allowed for high resolution images in
depth and lateral space, but the high costs resdrits application only to the most prospective
petroleum provinces. This has changed, now 3D seisarveying has become a common tool in
hydrocarbon exploration, and this technology iseasingly being transferred to academia for their
research. Together with swath bathymetry it haoimeca popular geophysical tool for fluid flow
studies (e.g. Heggland, 1997; Heggland, 1998; Béinal., 2005; Cartwright and Huuse, 2005;
Davies and Posamentier, 2005; Hansen et al., 2008toft et al., 2007; Westbrook et al., 2008),
and has also been increasingly used for seismipmotrgy studies (e.g. Andreassen et al., 2008;
Rafaelsen et al., 2008). It allows mapping migrapathways of fluids and gases and the fluid flow
expressions both on the subsurface and througbetiieed with unprecedented detail (figure 2). But
as with all remote sensing tools, ground truthiegds to be added to confirm the results.

Fluid flow in continental margins shows diverserses at different depths ranging from the
crust and petroleum reservoirs to the upper sedim@nmn. There is a general acceptance that,
where thermo-baric conditions favor hydrate stahililuid flow is responsible for localized gas
hydrate accumulations in the close subsurface (@igsburg and Soloviev, 1997; Booth et al.,

1998; Ivanov et al.,, 2007) (figure 3). And at trea dloor the fluid flow seeps are frequently



characterized by the presence of chemosyntheticrzonties (e.g. Hovland et al., 2005; Hovland
and Svensen, 2006) and methane-derived authigariomate deposits (e.g. Hovland et al., 1985;
Hovland et al., 2005; Mazzini et al., 2005) (figute The worldwide distribution of fluid flow
expressions has led the scientific community t@gecze their relevance for marine geo- hazards,
marine ecology and global climate (e.g. MacDonalal.e 2002; Judd and Hovland, 2007).

Figure 2 — The spatial geometry and extent of acotis chimneys caused by gas escape from a buried ezgoir
through sealing mudstones was first clearly imagedy this high-quality 3D seismic data from the SouthNiger
Delta (from Laseth et al., 2001).



Figure 3 - Photos of gas hydrate. (a) A very thin kind of ‘statification’ exhibited by hydrate cementation. (b)A

burning piece of core with hydrate in it (from Ivanov et al., 2007).

Figure 4 - Underwater colour images grabbed from te ROV-acquired video footage from a pockmark in
Nyegga. a) Up to 24 rhlarge carbonate slabs occur inside the pockmark. dlice that most of these macrofaunal
organisms are perched on the lower side of the caobate rock. b) Five stalked crinoids perched on topf an
adjacent slab to that shown in a). Note the fish & pout?) resting next to one of the crinoids (indgedetail). c)
Layered and friable (crisp and fragile) exposed sathent structure is suspected to represent carbonateemented
sediments. The organisms include basket stars, coids, and unidentified macro-fauna. d) Five exposethin
wafer-like carbonate rocks found in the deepest pdion of the pockmark. e) A sea spider (pycnogoniduspected
to be a Collossendeis sp.) located on one of thega slabs near that shown in a). f) A pycnogonid, easuring

about 15 cm across (between tips of legs) (from Hiawd et al., 2005).



1.1.1. Study area

The study area for the present Master Thesis idNgegga area. This area comprises the
northern escarpment of the large Storegga Slidéhersouth of the Varing Plateau, between the
hydrocarbon prone Vgring and Mgre basins (figure B)e region has long been a natural
laboratory for shallow fluid flow investigations, amly due to the large number of fluid flow

expressions found on the bathymetric and seismta dad the possibility to investigate the

relationship between fluid flow and slope stabiljeyg. Bugge et al., 1987; Mienert et al., 1998b;
Bouriak et al., 2000; Berndt et al., 2003; Buenalet2003; Gravdal et al., 2003; Hovland et al.,
2005; Hovland and Svensen, 2006; Mazzini et alQ62(Hustoft et al., 2007; Westbrook et al.,
2008).

65.0°

64.5°

Mbsl

) Outline of Storegga Slide © Pipes/pockmarks (Buenz et al., 2003)
l4000 -3000 -2000 -1000 O

Tertiary anticlines [//@// Western extent of Elsterian ~ m Clay diapirs (Bouriak et al., 2000)
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: BSR area @ Swath bathymetry survey A Geotechnical borehole -*—Convenlional well

Figure 5— Location map of the study area relatived (A) Mid-Norwegian margin (Wessel and Smith, 1991Smith
and Sandwell, 1997) and (B) the Storegga Slide (mifidd from Hustoft et al., 2007).

The fluid flow expressions in the Nyegga area win& documented from 2D seismic
records by Bugge et al., (1987). They were recaghis local topographic anomalies associated
with a bottom simulating reflector (BSR). At fitstese anomalies were interpreted as possible mud
diapirs. And later, based on side scan sonar ajtgresolution seismic records, Mienert et al.,

(1998) and Bouriak et al., (2000) identified thesnpmckmarks, mud diapirs, and mud volcanoes.



Mud volcanism was soon dismissed by Gravdal e{2003), which used Tobi Side-scan sonar and
higher resolution seismic to show that there wagewvidence of mobilized mud in these features.
Meanwhile Berndt et al. (2003), found evidence thatkmarks and other fluid flow features at
Nyegga are at least partly associated to vertiogtation of fluids through focused fluid flow pipes
The presence of widespread polygonal faulted oazdsepth was speculated as a possible long term
source for the fluids. In a more regional studye&u et al., (2003), using a dense grid of regional
seismic lines, mapped the extents of the BSR ihgfahe Mid-Norwegian Margin and found that
many fluid flow features were associated with itstribution, which he interpreted to be
geologically controlled.

Most of the subsequent studies carried out on Nyelggve aimed to access the stability of
the margin for the safe development of the Ormemgkdfield located to the south (e.g. Solheim et
al., 2005b). Other number of studies has focusedvestigating in detail some of the fluid flow
seeps in the seafloor. In one of these studies|addwet al., (2005) investigated a set of complex
pockmarks consisting of a mixture of craters anth@aate ridges. Using Remote operated vehicles
(ROVs) equipped with seismic, bathymetric and samgptapabilities, they were able to make
detailed mapping and collect samples of the seafiddhese vent sites. Their results showed the
presence of a distinct fauna with, for examplealdeacterial mats and small tubeworms, giving
evidence of active fluid flow. The sediment samphesl light hydrocarbon gases (C1-C5) with
carbon isotopic delta value§*tC) ranging from -54 %o to 69 %0 PDB (Vienna PedeecBuiite),
suggesting the presence of both bacterial and thgenic gases. While carbonate samplesdid
between -52 %o to -58 % PDB which suggests predipitawithin the sediments of methane
derived carbonate. During the study only micropsge was observed, that means no visual fluid
flow could be seen. But to account for the scattetistribution of carbonate slabs and debris inside
the pockmarks, the authors concluded that the foomeof the pockmarks was through one
catastrophic event, after which only micro-seepageurred. In a different study Mazzini et al.,
(2005) sampled carbonate crusts, nodules and cheemshrom different pockmarks and mounds
in Nyegga. The results obtained from the petrogmgbrand geochemical studies of the samples
showed similar results as those of Hovland et(2005) with distinct depletion 5" (-31,6 %o <
5 < -52 %9 suggesting methane as a primary source for theonate carbon. In the complex
pockmark named G11 (Hovland et al., 2005; Hovlamdl &vensen, 2006; Mazzini et al., 2006), the
existence of gas hydrates within near surface ssulsrhas been proven by sediment core sampling
(lvanov et al., 2007).

Petroleum industry acquired 3D seismic surveyshef Nyegga became available to the

University of Tromsg for their research at the D&pant of Geology. At the same time, new cost



effective 3D seismic survey methods were being ldgeel by IFREMER in France (e.g. Thomas et
al., 2004), and by a joint effort of the Universdly Tromsg, VBPR and Fugro (Oslo), and National
Oceanographic Centre (Southampton,UK). In the fiogit academia 3D seismic investigation
concentrated on Nyegga, Hustoft et al. (2007) ubedIFREMER acquired very high resolution
(6x6m bins and 80Hz dominant frequency) data tdyshydrofracturing and fluid flow processes..
They identified clusters of acoustic chimneys thiaginate at potentially over pressured sediment
layers. Another study concentrating on p- and senacoustic tomography of chimneys G11 and
CNO3 in Nyegga is presently carried out in cooperatvith IFREMER, National Oceanographic
Centre and University of Birmingham (Plaza-Faveretaal., 2008; Westbrook et al., 2008). The
data aquired uses a surface-towed seismic souttsembed recorders consisting of 4 component
ocean bottom seismometers (OBS) arrays.

The history of studies in Nyegga demonstratesttieat is a large interest in elucidating the
development of fluid flow and its expressions. Bigspite the interest and the shown scientific
advances, the complexities inherent of studyingdflilow in the marine environments are still
unsolved, and many questions about the developroerthe fluid flow in Nyegga remain
unanswered. It would be interesting to know, foareple, what is differentiating pockmarks and
mounds besides the trivial topographical differend#hat is controlling their location at the sea
floor? And are the fluids produced within the aoeare they coming from the neighboring basins?

In the present master theses | will try to answesé questions using 3D seismic and swath
bathymetry data. The methods applied are first nmgppockmarks as well as mounds from the
swath bathymetry, and second quantifying their eh&p a next step, 3D seismic will be used to
map and quantify acoustic chimneys and interpret shbsurface structure and stratigraphy.
Finally, the data are used for carrying out a ghathd statistical analysis, from which the origin

and migration pathways for fluids are inferred.

1. 2. Nature and origin of fluid flow

Fluid flow is a long-term and complex geologicabgess. It is part of a system where fluid
generation, migration, accumulation and seabedaggeall may occur at different times. Therefore,
to understand fluid flow processes in the sea lvéslimportant to determine and to understand the

coupling of the various parts in the geologicaidltiow system.



1.2.1. Importance of sediment compaction and transformation for fluids

Fluids are an inherent part of sediments and roGkey are generally present in the
sediments from their deposition to their very dest¢feirial depth, though being gradually reduced
by compaction processes.

Compaction is the most important cause of fluigudgion in sediments. It is an irreversible
process which starts early after burial and comigniinrough the burial history of the sediments. The
main fluid produced by compaction is interstitiahter, but hydrocarbons can also be expelled.
Highly permeable coarse grained sediments are rlyreesily compacted, while thick fine grained
deposits like muds and oozes are particularly gigae to under-compaction (Bjarlykke, 2006). In
these cases interstitial water cannot escape mhgals burial continues, giving rise to abnormally
high porosities and internal pressures. These igbsures seem to develop very early after burial
(< 1km) (Cartwright and Dewhurst, 1998). The remuilt over-pressured shale formations are
sometimes deformed by a series of faults and falaléed polygonal fault systems (Cartwright and
Dewhurst, 1998; Cartwright et al., 2003). And imm&ocases the high pressured shales can deform
into diapirs, and also migrate vertically to produnud volcanoes at the surface. The latter process
has been documented in the Vagring basin (Hanseh,e2005). A late stage compaction occurs
when temperatures are between 60 and@5at these temperatures, the sediments are ggniral
an advanced degree of compaction where the bulih@finsterstitial water has already been
mechanically expelled (~ 88% at 500m and ~ 98%580f) (Perrodon, 1983). Compaction then
continues through the temperature induced chentieaisformation of certain minerals, like
smectite, kaolinite, and silica/quartz (Bjgrkum adddeau, 1998). The two former minerals are
transformed into illite which has a fibrous pervasgrowth habit in the pores (Nadeau et al., 2005).
This implies in the division of the pore spaces esdtliction of the permeability, which in turn lends
the rock prone to overpressure and fluid expulsibrough hydraulic fracturing. While the
dissolution of silicafollowed by diffusion of the dissolved productsdaprecipitationin the pore
spaces, leads to a strong porosity reduction, lae@fore also fluid expulsion.

Fluids in sediments can also be genetically rdlate transformation of organic matter,
where sediments contain appreciable amounts Ofganic material is result of biologic production
and is deposited together with the sediments. Tganic matter is gradually transformed as the
sediments are buried, and in this process part &f released as fluids in the sediments. This
transformation is subject to biological, chemicablahermal changes, and can be simplistically
described in the following way (Perrodon, 1983;1&8gl 1998) (figure 6). The first stage of

transformation is called diagenesis and occursoim temperature (below 56C). Here where



oxygen is present, bacterial oxidation of the orgamatter is fast and effective, leading to
remineralization of the organic matter and productof CQ and HO. Eventually the oxygen
which is coming from the seawater is depleted, arganic matter is remineralized by sulphate
reducing bacteria and when sulphate is depletedhanegenesis (methane production) by
anaerobic archaea bacteria takes place. Abovehtkshold of 50°C, the remaining unoxidized
organic matter is subject to a process called eaigs, in which the organic matter is thermo-
chemically broken into smaller constituents. Thauheof this process is dependent on the nature of
the organic matter, and could be oil, wet gas (ethgropane, butane and pentane), dry gas
(methane) or coal. The continued burial of thesmlpets to depths where temperatures are over
200 °C will lead to metagenesis, which means they aesformed into methane and anthracite.
The depths at which these processes take placéiginéy variable since they depend on the

geothermal gradient of the depositional basin.
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Figure 6 — General scheme for hydrocarbon generatioversus temperature.

Fluids are also present in volcanic rocks. Thegires of gas in magma is evidenced by gas
bubbles and vesicules in cooled and solidified meaghihe most common gases in magma are in
order of abundance: GOH,O, CO, SQ, $; and HBS. Other less common are nitrogen and methane.
These gases are expelled to the surface alongniologargins and spreading ridges. And where
magma intrude in sedimentary basins, these fluigls contribute, together with the heated

sediments porewater, to hydrothermal activity lagdio fluid venting at the seafloor (Svensen et
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al., 2003). Records of such processes are desdmp&vensen et al., (2003) for the Vearing Basin
during the late Paleocene/early Eocene thermalmaxi.

Except for upper oxic and sulphate rich sedimeallspther above mentioned processes
show methane as a byproduct. It turns out that ametlgas is the most common hydrocarbon in
marine sediments. This has been proven by numexamsples of geochemical surveys and Ocean
Drilling project (ODP) results (Judd and Hovlan@02Z). Since most of the fluid flow seeps on the
seafloor are expelling mainly methane rich fluidad the fact that methane can be produced at
almost any stage makes the nature and origin dlufds difficult to trace. Discriminating between
sources is not always possible, but there are sopasurements, which can help to decipher the
methane source. The most popular tool used fordisisrimination is the stable isotope analysis
(Stahl et al., 1981). The carbon isotopic compasitf bacterial methane ranges from -55 to -85
%0. Methane in thermogenic gases has isotope vak#gdr (i.e., more positive) than -%b; oil-
associated gases have methane carbon isotopicsvalue55 to -40%., while methane in

catagenesis and metagenesis dry gas tends to alass vn the -30'%o.

1.2.2. Fluid migration pathways

The fluids that end up in the effective porositysediments and rocks are relatively free to
migrate. Two stages of migration are defined irgdetim geology. The migration of the fluids out
of the sediments where they are generated is calledary migration. The primary migration
occurs concomitantly with fluid generation and ilwas hydrofracturing and vertical migration
(Bjgrkum and Nadeau, 1998; Aydin, 2000). The seaondigration is the process by which fluids
accumulate and migrate along porous and permeadtlewpys. Both migration stages obey
essentially to the same physical dynamics. Thatinisprder to migrate fluids need a driving
mechanism. The driving mechanism is generally abioation of buoyancy and hydrodynamism
(Perrodon, 1983; Selley, 1998; Judd and Hovland)720The migration pathway is usually
classified as lateral if the fluids migrate alorng tstratigraphy and vertical if the fluids migrate
across it. The former involves the presence of inapus permeable beds overlain by low
permeability sealing sediments (Hindle, 1997). Whihe latter involves high capillary entry
pressures or some sort of seal bypass system (SB#&l), as for example, faults and fractures
(Cartwright et al., 2007).

1.2.3. Fluid Flow dynamics

Fluids in sediments can be present in liquid andaseous phases. Within the liquids we

can find both oil and water which are immiscibléyil the natural gases can be dissolved in the
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liquids or present in gaseous phase. Oil and gasrigrate relatively independent of the aquifer
due to their buoyancy, since they are less dermsewlater. The buoyancy increases with increasing
density difference between the fluids, which matesyancy stronger for natural gas in the gaseous
phase than for oil, due to the higher density asttbetween water and gas.

It is widely accepted that fluids flow from highpressure zones toward lower pressure
zones. Migration of oil and gas is thus also caoadéd by hydrodynamics, which controls the slow
movement of the aquifer. The hydrodynamic gradiéatilitates or works against seepage,
according to whether they oppose or enhance bugyatydrodynamics is more important for
fluids which have densities in the same order agernvand less important for gas migration. On the
other hand, dissolution in water is particularlypontant factor in methane migration, as the
solubility of methane rises rapidly with increasepressure. At great depths, large quantities of
gaseous hydrocarbons may accumulate in aquifenso®m, 1983). Part of this gas may be
released if the aquifer undergoes rapid pressure. dit shallow depths (< 1500 m) methane could
also migrate easily in solution in the water andldde released at the seabed (Berndt, 2005).

Buoyancy and hydrodynamics are in turn opposedamilary forces. This force, which is
the essential feature of the impermeability of fgrained rocks, is the resistance, due to the
interfacial tension, of a fluid droplet to the defation that is necessary for it to be able to pass
through the pore throats of sediments. The smtlkethroat the stronger this force is. Variatiams i
the capillary resistance along and across straia tontrol the permeability of the fluid flow

pathways.
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Figure 7 — Conceptual illustration of fluid flow dynamics, aquifer movement is controlled by the presse

potential field, while buoyancy pushes oil and gaspdip.
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1.2.4. Modes of fluid migration and accumulation

Fluids may laterally flow at the top of continuopsrmeable beds, in contact with the
impermeable seals. These carrier beds and thallaegrations they allow are important for the
concentrations of fluids, especially hydrocarbatghe top or on the flanks of high regional zones.
In stable margins, lateral migrations are abledotioue over long distances, ranging from 10 to
>100 km. Hydrocarbon migration pathways within marrbeds are determined by the three-
dimensional geometry of the top boundary of bednglwhich fluids migrate by taking the
structurally most advantageous routes (Hindle, 19¢6r buoyancy driven hydrocarbons, that
means migrating updip along directions perpendrcidahe strike of the top boundary (England et
al., 1987). Discontinuities such as sealing faattpinch-outs may create a permeability barrier, in
which case hydrocarbons might accumulate and bepeéch downdip of this seal. Otherwise
hydrocarbons will accumulate at structural cresipdt and if the sourcing of hydrocarbons
continues at a rate that surpasses any eventuleddge, fluids will eventually fill the trap.
Excessive fluids could then spill and continue migng updip by taking other paths within the
carrier bed until arriving at other traps.

Vertical migration called seepage occurs acros#tifséd sediments, including very low
permeability sealing sediments (figure 8). Givea kiigh capillary resistance of sealing sediments,
this migration mode is restricted to areas whareldl have built high capillary entry pressure,ar t
where heterogeneities on the sealing sediments rfakenore permeable pathways for fluid
migration. Typical areas of focused overpressuee ar structural crests and at updip limits of
aquifers, at these parts fluids are trapped andleagusceptible to pressure build up. Lithological
and structural heterogeneities in the sealing sexlisnare also important in the context of vertical
migration, since it is natural for fluids to be ohed through the most permeable part of the seal.

A different scenario for vertical migration is whiarge scale geological features promote
bypass of the pore network. Some of these featuags only recently been described with the
advent of 3D seismic data. Cartwright et al. (200a3ed on 3D seismic interpretation, recognizes
three main groups of seal bypass systems: (1) falaited, (2) intrusion related, (3) pipe related.

Faults are known to have an ambiguous role whearites to fluid flow, since they can be
both sealing and trap defining or focused vertitald migration pathway (Aydin, 2000). A
difficulty then appears when trying to identify whifaults are acting as a seal and which faults act
as fluid flow pathways. There is also the possipitif faults being transient fluid flow pathways,
that is, the role of fluid flow pathway is restedt to periods of active fault slip. As one major

example of fault related vertical fluid migratiggglygonal fault systems have been indirectly linked
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as the main conduits to gas leakage in many patteedviid Norwegian margin (e.g. Berndt et al.,
2003; Hustoft et al., 2007), while at the same tthreeultra low permeability sediments which host
these faults overlie many prolific reservoirs i ttame area (Stuevold et al., 2003). Another way
fluids migrate vertically is by creating their ovpermeability through hydrofracturing the sealing
sequence (Hustoft et al., 2007). Hydraulic fracgudevelop when pore pressures are sufficiently
high to cause mechanical fracture of the sealirdjnsents. This fracturing opens a permeable
pathway through the sealing sequence, allowingl fhaigration.

Intrusive structures allow fluids to flow througly breaching the integrity of the sealing
sequence. Within intrusive bypass structures we $andstone intrusions, igneous intrusions, mud
diapirs and diatremes, and salt diapirs.

Sandstone instrusions are newly recognized geabglenomena, by which high pressured
sandstones are liquefied and emplaced as sillglded in low permeability sequences (Huuse and
Mickelson, 2004). Sandstone intrusions affect flflmv through inserting several meters wide
permeable conduits through a sequence with low @abitity (Cartwright et al., 2007). Igneous
intrusions, in contrast, have generally lower peabiliiy than the seals they intrude, but in turn
cause intense fracturing associated with theirgiaiantrusion, hydrothermal linked metamorphism
and subsequent thermal contraction (Cartwright.eR@07). These fractures provide permeability
for fluid flow around the intrusion, potentiallylawing the bypass of the sealing sequence (e.g.
Svensen et al., 2003).

Mud diapirs and diatremes and associated mud voé&snare characterized by episodic
mud intrusions and extrusions and are known toscnopermeable sediments. Mud volcanoes in
the Varing basin, are found to cross 1 km of otheewntact sealing sequences (Hansen et al.,
2005). Mud diapirs or mud volcano conduits whicérpe hydrocarbon accumulations are normally
associated with leakage of hydrocarbons at theaseyfabove or surrounding the mud intrusion
(e.g. Planke et al., 2003).

Salt diapirs influence fluid flow through the despinent of fractures and faults associated
with the piercement of sealing sequences by theodpm salt movement. These faults and fractures
develop mainly at the crest of the diaper and #ienassociated with amplitude anomalies around
them and presence of fluid flow expressions onstebed above them (e.g. Egeberg, 2000; Chand
et al., 2008).

Cartwright et al., (2007) described pipes that appe seismic data as vertical or near
vertical columnar zones of disturbed reflectionsmetimes associated with stacked amplitude
anomalies (e.g. Berndt, 2005). These charactesistiake them very similar to seismic artifacts,

such as migration anomalies and lateral velocibnaadies. True pipes are known to emanate from
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crestal regions, tilted fault block crests, foldests, or crests of sand bodies with positive
topography, or any other focusing element at depttCartwright et al., 2007). The detailed
geologic structure of the pipes is poorly underdt@nd could be highly variable (Cartwright et al.,
2007). Some pipes appear to consist of stackednparids or stacked amplitude anomalies related
to gas accumulation, while other pipes appear tasisb of near circular zones of sediments
deformed by minor folding and fracturing. By analdg published descriptions of breccia pipes
discovered in outcrops or in mines, pipes seenesnsc are likely to consist of brecciated seal
facies with zones of intense fracturing and intditdg material transported along the conduit (e.g.
Gernon et al., 2007). According to Cartwright et §2007), there are four families of pipes:
Dissolution pipes, which are associated to disgmiubf salt at depth and concomitant collapse of
sediments above; Hydrothermal pipes, associatedh wgheous intrusions; Blowout pipes,
associated with overpressured reservoirs at depdhwdoich terminate in seafloor fluid expulsion;
and Seepage pipes, which are similar to blowouegiput are not associated with seafloor fluid
flow expressions. Of particular relevance to thisdg are the blowout pipes and seepage pipes,
both of which have been observed and described Beismic data in the study area by many
authors (Mienert et al., 1998b; Bouriak et al., @0Buenz et al., 2003; Berndt, 2005; Hustoft et al.
2007).
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Figure 8 - Sketch showing different fluid flow systms discussed in the text (from Berndt, 2005).
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2. Geology of the Nyegga study area

2.1. Regional geology

The Nyegga area is located at the Mid-Norwegiangmarwhich comprises the stretch
between 62°N and 68°N of the Norwegian continemtakgin. The Mid-Norwegian margin is
characterized by the NE-SW-trending Vgring and Miaasins. The flanks of the basins are the
Varing and Mgre marginal highs to the west andTihendelag Platform/Norwegian mainland to
the east (figure Ygure 19. The Jan Mayen Fracture Zone and its landwardiragation, the Jan
Mayen Lineament, separate the Vgring and Mgre msrgihe present structure of the margin
reflects the effect of a multiphase rifting evematt controlled the basin development, where also

large scale volcanism, uplift and inversion domévgnts took place.

2.1.1. Tectonic evolution

Three major rifting events occurred: the Permiaia8gic, Late Jurassic/Early Cretaceous
and Late Cretaceous/early Tertiary and the locustafg migrated westward with time (Bukovics
and Ziegler, 1985; Brekke, 2000). During the finsdjor rifting phase, horsts and grabens were
formed in the area where now lies the Trgndelagfd?ta. These major faults, which were also
active through much of the Triassic, gave riseeeesal en echelons NE-SW trending basins filled
with Triassic and Upper Paleozoic sediments, omengse of such basins is the Froan basin (Figure
9). More to the west, the Late Jurassic riftingh&racterized by the rotated blocks of the Halten
Terrace and the development of small basins oggidinormal faults, in the Mgre and Varing
basins. During the Cretaceous maximum subsidenceried in the NE-SW trending Vearing and
Mgre Basins (Brekke, 2000). Late Cretaceous arof/éhe Iceland mantle plume culminated in the
continental break-up in latest Paleocene—earliesteie time (Skogseid et al., 2000), where
volcanism accompanied continental break-up. Anagl, sub-aerial spreading axis that existed in
late Paleocene time (Skogseid et al., 2000) extr@deéensive flood basalts in the early Eocene as
break-up occurred (Eldholm et al., 1989). Thesadauilt the Varing and Mgre marginal highs,
and spilled over into the basins to the east. afig break-up, the Varing and Mgre margins

underwent rapid thermal subsidence (Bukovics aedlg&r, 1985).
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Figure 9 -Main regional features of the Mid-Norwegian continatal margin (from Eldholm et al., 1989).

N-S trending inversion domes and arches such a®theen Lange dome and the Helland
Hansen arch developed in the Mid-Norwegian marDioré and Lundin, 1996; Vagnes et al., 1998;
Lundin and Doré, 2002). Different explanations dbiteir origin exist. For example, Doré and
Lundin (2002) suggest that a change in plate matimng the Eocene-Oligocene boundary which
led to Greenland moving to the W-NW of Norway teged the doming, while Kjeldstad, et al.
(2003) show results suggesting that the formatioth® Helland Hansen arch is genetically linked
to differential sedimentary loading and thermal ssdence which occurred during the last 3 to 2
million years. These domes constitute potentialicstrral traps for hydrocarbons in proven
petroleum plays on the Mid-Norwegian margin, as édgample the Ormen Lange gas reservoir
(Doré and Lundin, 1996; Brekke, 2000; Kjeldstadlet2003).
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Figure 10 - Interpreted seismic section across th¥gring margin, showing the main geological province and structural
elements (Eldholm et al., 1989). See figure 9 fordation.

2.1.2. Stratigraphy and sedimentary processes

During the Cretaceous sedimentation was restrictékde subsiding Mgre and Vgring basin,
where approximately 9-13 km thick sequences wemosieed (Brekke, 2000; Skogseid et al.,
2000). Exploration wells in the Vgring margin shomainly clay and silt with sand sheets
(Hjelstuen et al., 1999), with sediments comingrfrine west and east (Brekke, 2000). In the Mgre
basin, the upper Cretaceous sediments consist atfirbated mudstones and sandy turbidites
(Gjelberg et al., 2001). During the Paleocene gitosion of the exposed Varing Marginal High and
Intra basinal fault blocks led to deposition oh&ck prograding fan of muddy and sandy mass flow
deposits (Hjelstuen et al., 1999). These sedinthinisout to the east and appear to be absent over
highs €igure 19. The Mgre basin shows Paleogene sediments thahmkest at its eastern flank
(Brekke, 2000; Gjelberg et al., 2001). Overlying tbretaceous and Paleocene mega sequences are
the Eocene-Oligocene mega sequences that arefpihet Brygge Formation (Dalland et al., 1988).
In the Va@ring basin these deposits are fine graisediments throughout the whole Eocene,
consisting mainly of clay. However, in the Mgre ibasandstones are present (Gjelberg et al.,
2001). The absence of Eocene sediments over donegidges indicates that these features
remained important source areas, in addition tontlaeginal highs. The Oligocene sediments are
thickest south of the Helland-Hansen Arch, and glive SW edge of the Varing Basin, but are also
thin or absent over structural highs (Hjelstuealgt1999). During earliest Oligocene, sea levi| fa
tectonic uplift and subsequent erosion, led to ftfam of deltas and shelf margin progradation

(Henriksen and Vorren, 1996; Hjelstuen et al., 19G@lberg et al., 2001). The Norwegian
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mainland and present inner continental shelf werportant source areas, as evidenced by the
deltaic pebbly sands preserved on the TrgndelatpRta(Henriksen and Vorren, 1996).
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low unit weight (14-15 kN/rf) (Bryn et al., 2005b). western slopes of the main domes (gree

The sedimentation and distribution of the Kindicating that these topgraphic highs influence
the current path. NAC, Norwegian Atlantic
Current (from Bryn et al., 2005b). N, Naglfar

Dome; V, Vema Dome; HH, Helland Hanse
contour currents (Figure 11). This resulted iéarach: M, Modgunn Arch; O, Ormen Lange.

formation is partly controlled by deepwate

hemipelagic deposition, erosion and reworking

thickness variability and in discrete depocenters,

which reflect the influence of the interaction beem the bathymetry and the oceanic currents, and
sediment availability. From the Base Kai UnconfdagmiBKU) up to the Mid-Miocene the Kai
formation developed mainly in the form of deepwateemipelagic deposition of biogenic
sediments. Increased oceanic circulation afterMdMiocene marks the onset of the contour
currents and the rework of the sedimentation. isnsie sections this change of sedimentation style
is marked by the Intra-Miocene unconformity (figur2). The first large contourite drifts formed

during this period, and were deposited preferdgtiaést of the Tertiary domes where they formed
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more than 600 m thick deposits (Evans et al., 2800 et al., 2005b; Stoker et al., 2005a; Stoker
et al., 2005b) (figure 11; figure 12). This alorays sedimentation continued throughout the late
Miocene and early Pliocene. For the aim of theithés the sediment of the Brygge and Kai
formation of special importance since they areftbst of numerous networks of polygonal faults
(Hjelstuen et al., 1997; Berndt et al., 2003). Entmilts are inferred to have been developed early
after burial, and to be associated with long tepisadic fluid expulsion and contraction of the
hemipelagic sediments (Berndt et al., 2003; Gasl.et2006a; Hustoft et al., 2007). During early
late Neogene (late early Pliocene) a regional emasi unconformity, named Base Naust
Unconformity (BNU), developed in the Mid Norwegidmargin. The BNU has been inferred to
reflect the combination of the tectonic modificatiof the bathymetry and the increased velocity of
the southward moving bottom currents due to thengthening of the Norwegian Sea Deep Water
(NSDW) formation. These events led to the redistidn of the bottom currents paths along the
margin, causing a shift in the areas of submarmsien and deposition associated with them
(Laberg et al., 2005).
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Figure 12 - Seismic profile across the Helland-Haes Arch, Mid-Norwegian margin, showing its relatiorship to
the Base Kai (BKU) (base of the Neogene) and Mid-Mcene (MMU) (intra-Miocene) unconformities, and
associated Miocene sedimentary units (from Stokerteal., 2005a). BNU, Base Naust (intra-early Plioce)

unconformity.
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After the depositional break marked by the BNU, 1tiergin started building out in the form
of westward advancing prograding wedges. This chamghe sedimentation style from along slope
deposition to downslope deposition is caused bynvagor events, the uplift of the margin at early
Pliocene (ca. 5.3-3.6 Ma BP) (Poole and Vorren,31%¢enriksen and Vorren, 1996; Japsen and
Chalmers, 2000) and the initiation of the Plio-Biecene Northern Atlantic glaciations at the late
Pliocene (ca. 2.5 Ma BP) (Berg et al., 2005; Brymle 2005b; Rise et al., 2005; Solheim et al.,
2005a). The Naust Formation has been divided imomaber of sequences, named Naust W, U, S,
R and O in ascending stratigraphic order (figurg(B&rg et al., 2005). The sediments are mostly of
glacial origin, intercalated with glaciomarine, hpeiagic and contouritic deposits.
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Figure 13 — Left: Seismic stratigraphy of the Mid-Norwegian margin; Top right: Seismic profile over he
Nyegga and Storegga areas; Bottom right: Interpretdion of seismic profile above (from Berg et al., 20b). CD,

contourite drift; DF, debris flow deposit.

Although the initiation of Northern Atlantic glatians dates to about 2.75 Ma, the first
glaciers did not reach the shelf in the Mid-Norvaggmargin before 1.1 Ma. Starting at 500 ka the
whole margin experienced repeated glacial advamteet shelf at a periodicity of 100 kyrs. During

these periods fast flowing ice streams would trangfick till deposits to the shelf. These till tai
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would build up at the shelf edge eventually beiglgased in the form of debris flows and turbidity
currents. The intercalaction of the downslope pgses during glacial maximums with along slope
sedimentation during interglacial and interstado@riods resulted locally in repeated slope
instabilities (Hjelstuen et al., 2004a; Hjelstug¢rak, 2004b; Hjelstuen et al., 2005; Mienert et al
2005b; Solheim et al., 2005a), as exemplified ey recent Storegga (Bugge et al., 1987; Bryn et
al., 2005a) and Traenadjupet slides (Laberg et2@D2) (Figure 11; Figure 13; Figure 14). The
Storegga slide is the last of a series of slidas dffected the Nyegga region during the last 500 k
years. It is considered the largest exposed submatide in the world, having affected an area of
95000 knf and displaced 2400-3200 Rrof sediments (Haflidason et al., 2004; Haflidasoral.,
2005) (Figure 5).

The thickest accumulations of the Naust formatiothie Mid-Norwegian margin are close
to the margin in the Varing Plateau and in the N&ea Fan, where it reaches thicknesses inferred
by seismic in excess of 1600ms TWTT (Figure 14)e Tihcknesses decrease to the west of the
Varing Plateau and are thinnest over the Varingdihal High. This is verified by several wells.
In well 6607/5-1, close to the shelf-margin depdenthe thickness is 1654m, and westward,
towards the base of the slope, the distal parh@fwedge shows a thickness > 253m in ODP Site
644 (base of unit not reached at this site), desmmgao 65-71m at ODP Sites 642 and 643 on the
Varing Plateau (Eldholm et al., 1989). In the NdBba Fan region, a thickness range from 718m in
well 34/8-3A to 1089m in well 34/2-4 (Eidvin and Riberg, 2001).

The sedimentation history of Nyegga during Oligm&tne has been markedly influenced
by the interaction of the bottom currents with tharing Plateau, and after the Oligocene doming,
with the Helland Hansen arch. During the Plio-Réasne, two geologically contrasting provinces
formed. In northeast of the area, over and northwethe Helland Hansen dome, it was sparsely
affected by Plio—Pleistocene downslope sedimemtaintd the drift growth which initiated during
the Miocene persisted into the Plio—Pleistoceneh siat Naust Formation drifts are built upon Kai
Formation drifts. These sheeted drifts are not@ated with mass wasting processes. In contrast,
North, east and Southeast of the Helland Hanseh #re sedimentation is characterized by
intercalation of deposited glacigenic debris floepdsits and sheeted and infilling contourites,
being affected by several episodes of slumpingsidihg. The presence of glacigenic sediments
could be of special relevance to the fluid flowastigation. Buenz et al., (2003), have published
results that show that glacigenic till depositsNgegga can act as a barrier to upward fluid
migration. Contourites are also important in thessethat, due to their homogeneity, continuity and

high water content, they could act as shallow fh@isiervoirs in the area.
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Formation (yellow). URU; Upper regional unconforynjfFrom Rise et al., 2005).

24



2.2. Gas Hydrates

North of the Storegga slide area the sea floorery gmooth having a mean slope close to
1°. The average water depth of about 750m togethtr battom water temperatures of less than
0°C (Mienert et al., 2005b) puts the uppermost fewdned meters of sediments in the area within
the Gas Hydrate Stability Zone (Kvenholden, 1998)is zone is a thermo dynamic equilibrium
zone within which natural gases are expected tdrbeen” in cages formed by molecules of water.
These cages are generally named clathrates oeispécific case of water, hydrates, and for this
reason the resultant crystals are called gas regl(&oan, 1998). This has important implications
for the characteristics of the sediments with respe their ability to allow shallow migration of
hydrocarbon rich fluids. Once formed, gas hydratese a crystalline non-flowing nature, such that
their presence in the pore spaces of sedimentea®es the permeability of the last ones to gases
and liquids (Kvenholden, 1998). Furthermore, thihsiels that eventually penetrate the gas hydrate
stability zone are themselves susceptible of freito gas hydrates.

Gas hydrates have been, until recently, inferreexist within the area mainly through the
widespread presence of Bottom Simulating Reflesti®SR), which are related to the acoustic
impedance contrast between hydrated and non hgdesdiments. The BSR is also sometimes
accompanied by enhanced reflections shown to leciassd to the trapping of free gas below the
impermeable GHSZ (e.g. Biinz et al., 2003; Berndil.e2004; Biinz and Mienert, 2004; Mienert et
al., 2005a). It renders its name from the obserswatiat it often mimics the seafloor reflectionis'h
is due to the fact that the GHSZ is primarily temagppare controlled, with its lower limit depth being
determined by the geothermal gradient which is galyeconstant over small to medium areas.

Large efforts have been made to study the distohudf the BSR in the area (Mienert et al.,
1998a; Bouriak et al., 2000; Buenz et al., 2003nBé&nd Mienert, 2004). Bouriak et al., (2000)
observed the presence of the BSR within the sl deposits, indicating that the GHSZ is in
equilibrium with the present seafloor. Bunz ef @003) mapped the extent of the BSR in part of
the Mid-Norwegian margin, the regional distributiohwhich is shown in figure 15. These authors
observed that the BSR is distally bounded by itergection with sediments of the Kai formation
which they conclude to be devoid of hydrates. Te torth it is bounded by the presence of
glaciogenic till deposits which inhibit fluid flowo the GHSZ, while to the east, temperatures along
the shelf are too high for hydrates to be stablerdvrecently shallow gas hydrate samples were
recovered in cores retrieved within the study gheanov et al., 2007), giving the necessary ground

truth that was lacking from the BSR inference of ggdrates.
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Figure 15 — (a) Distribution of the BSR on the midNorwegian margin and (b) time thickness map of the
glacigenic debris flow deposits.

2.3. Regional Oceanography

Prior to the Cenozoic, the Norwegian margin wag péran epicontinental sea between
Eurasia and Greenland (Myhre et al., 1992). Theniogeof the Norwegian-Greenland Sea created
a potential gateway for the exchange of surfacedmeg waters between the Arctic and NE Atlantic
oceans. In the earliest Eocene, surface-wateraiction in the Norwegian-Greenland Sea was
restricted to small basins due to widespread ewinuef lavas and syn-rift uplift. Mid- to late
Eocene subsidence transformed the region into pedescean basin. During this time regional
surface-water interaction may have existed, bupdeater exchange was minimal (Eldholm and
Thomas, 1993). It was probably not until the midsbine that a pervasive, interconnected, Arctic—
North Atlantic thermohaline circulation system b@eafully established through both the Northern

(Fram Strait) and Southern (Faroe Conduit) Ocegateways (Eldholm and Thomas, 1993; Stoker
et al., 2005b).
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Presently, this surface circulation system consitgarm and saline Atlantic water moving
northwards as the Norwegian Atlantic Current (NA@hich cools to the north and sinks to form
Norwegian Sea Deep Water (NSDW). The southerlyrmeflow of NSDW is exported into the
Atlantic Ocean via deep-water passageways, sudhea®enmark Strait and the Faroe-Shetland
channel (Faroe Conduit) (Bryn et al., 2005b; Labetrgl., 2005). Adjacent to the Mid-Norwegian
margin, the NAC is made of two northward-flowingabches (Orvik and Niiler, 2002; Bryn et al.,
2005b) (figure 16a). The eastern branch passesighrthe Faroe—Shetland region and over the
upper part of the Storegga Slide area, continumghwards over the Vgring plateau. The western
branch is across the Greenland Scotland Ridge gegtwceland and the Faroe Islands, and follows
the continental slope north of the Faroe Islantis ihe Storegga area, above the lower escarpments
of the Storegga Slide, continuing northwards altregouter part of the Varing Plateau. The NAC
dominates the upper water column down to the sttbagnocline which fluctuates between a water
depth of 500-700 m, where the water temperaturgsditmom 5-6 to less than°C (Mienert et al.,
2005b). The thermocline represents the transibdhé water mass known as Norwegian Sea Arctic
Intermediate Water (NSAIW). The NAC is subject ign#ficant variability due to atmospheric
forcing. This is reflected in a wider range incluglia higher maximum value (above 1 m/s) of the
current speed as well as less directional staliligyn the underlying NSAIW. The flow direction of
the NSAIW is aligned with the large-scale bottorpdgraphy and the average current speed is
measured to 0.5-0.6 m/s (Figure 16b). The seahmubtaphy strongly affects the local current
pattern as current speed intensifies with an irserea steepness of the slope as well as where the
seabed topography is rough. This may lead to Isttahg bottom currents, capable of entraining
sand sized particles (Viana et al., 2007). Buttioemal’ is of slope and basin settings with low- t
medium-intensity currents, capable of transporfing-grained sediment population (Laberg et al.,
2005; Stoker et al., 2005b).

Temperature variations in the NAC related to tHkow of warmer water during interglacial
and interstadial periods and colder water duriragigl periods have implications for the stabilify o
gas hydrates Nyegga, and may have affected floid ih the area (Mienert et al., 2005b). These
authors use modeling of the GHSZ to show that duinflow of warmer waters (up to% warmer
at the end of Younger Dryas — ~11.5 ka) theredasrecomitant shoaling of the base of GHSZ in the
upper 1000m of sediments in the Storegga areao€lason of hydrates produces water and gas,
and this sudden increase in fluids could lead talleed overpressure and fluid migration (Mienert
et al., 2005b).
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Figure 16 — a) The Norwegian Atlantic current (redcolour) along the margin. WTR, Wyllie Thomson Ridg;
FSC, Faroe—Shetland Channel; S, Treenadjupet SlidéyB, Norwegian Basin; LB, Lofofoten Basin (from Brynet
al., 2005b). The two large Holocene submarine slideoffshore Norway, the Storegga Slide (8.2 ka) antthe
Treenadjupet Slide (4 ka) are shown in yellow; b) Reults from a numerical ocean model showing increas@
current velocities around the shelf break (from Bryn et al., 2005b). The colour bar shows current vetity in m/s.
NAC, Norwegian Atlantic Current; NSAIW, Norwegian Sea Arctic Intermediate Water.
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3. Material and Methods

3.1. Data description

3.1.1. Multibeam survey at Nyegga (July 2006)

Approximately 1650 krhof swath bathymetry data were acquired in the Ngegegion in
water depths from 300 to 1300 m as part of a NFRSatoil funded PETROMAKS “Fluid Flow”
project. Multibeam data were collected using a Kongsbergr&imEM300 Multibeam sonar
system, hull-mounted aboard the R/V Jan Mayen opeay University of Tromsg (Mienert et al.,
2006).

During this survey, the swath bathymetry data wemdrded using WGS-84 datum. Prior to the
start of the survey, we ensured optimal positioniagolution of the system. This required a
calibration using a sound velocity profile measuaedCTD station 279 (table 1). Two additional

(CTD station 280 and 281) sound velocity profilergveneasured for this survey (table 1). The
angular sector was chosen to be 126 degrees witidisant beam spacing. The maximum swath
width was set to 10000 m, but was never reachedugdin the Multibeam (MB) system was kept

online for most part of the cruise collecting oegping data, the oceanographic conditions of the
area are such, that exact positioning resolutidimiséed and most of the data encounter ray bending
problems. Ray bending occurs due to refractionhan water column in response to water mass
boundaries and spatial sound velocity variationhe Tnost abundant and consistent errors
encountered were those resulting from inappropreti@ction corrections due to inaccurate water

column velocity models (figure 17; figure 18).

Table 1 - CTD station list and water depth.

Station type UTC-time Identification  Latitude Longitude Depth (m)
14.7 CTD Start 07:56 279 64 40.560' N 05 00.712' E 823
14.7  CTD Stop 08:23 279 64 40.774' N 05 00.889' E 812
15.7 CTD Start 19:47 280 64 36.441' N 05 48.916' E 372
15.7 CTD Stop 20:06 280 64 42.310' N 05 48.916' E 370
15.7 CTD Start 22:.01 281 64 42.953' N 05 26.460' E 624
15.7 CTD Stop 22:24 281 64 44.643' N 05 25.719' E 620

Post processing of the data took place at the Dmpat of Geology of the University of

Tromsg. We used the Neptune software from Kongsivartime that allowed a post-processing of
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bathymetric data collected from single beams of tmati-beam. The processing consists in
cleaning and filtering of positioning data, anadysind correction of depth data, tidal height
adjustments, automated data cleaning based ostsftirules or manual editing, controlled data
thinning, and export of final soundings for furtltata processing. All the above steps were applied
to the main survey lines and the result was a »ta det using a 30 meter grid cell size. Figure 1
shows the positioning of the survey lines as welaaridded (100m x 100m grid cell size) version

of the swath bathymetry.
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Figure 17 — This figure shows a windows from Neptum The orange line is the ship track indicating thesurvey

lines, the illuminated gray shaded image is the baymetry, illumination if from the SW.
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Figure 18 — The figure shows overlapping soundingfom adjacent swaths. The fact that the outer beam
soundings of the orange swath are below the greendicates inaccurate refraction correction to theseouter
beams (Mosher et al., 2006).

Spatial and horizontal resolution of multibeameaomethod is governed by several separate
but dependent parameters. Sonar or acoustic resolist a function of the area of ensonification
which is dependent on (Clarke et al., 1998; Moshei., 2006):

1. the beam width along the two axes of the acougjitas
2. the method of bottom detection within the beam gaat (amplitude or phase bottom
detection)
3. spatial sampling density (samples per area)
4. positioning resolution, which is function of preois and accuracy of locating the sounding
of on the seafloor
The latter factor is dependent on the vessel'sgain system and the ability to measure and
integrate all components of vessel motion, watdurna structure, and sounding information,
including correct bottom detection.
The beam width along the two axes will determine dginea of ensonification. The area of

ensonification of an acoustic beam is the areanoélapse (7xr, xr,). For the vertical beam, its

area is a function of the water depth (z) and tigdeawidth of the beams in the along-tragk &nd
cross-track ) directions (figure 19). For the beams off vertithe area is additionally a function
of the beam emission angle, (from vertical) and the seabed grazing an@lefifom the seabed

surface).
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Beam pattern
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Figure 19 — Schematic of multibeam sonar beam angé®nsiderations for calculations of area of ensorndation
(modified from Mosher et al., 2006).

From figure 19 we can see that the area of ensatibin grows as depth increases and also
as the beam becomes more oblique, resulting iptmeer spatial resolution. Although the obliquity
of the beam angle increases the ensonification ateacertain critical angle, the system transform
from amplitude bottom detection to a phase detecsigorithm. This later greatly enhances the
precision of the depth sounding but is still repreaative of the larger elliptic area. Field results
have proved that with phase detection it is posstbl image features smaller than the beam
footprint, while the same is not true for amplitudietection (Clarke et al., 1998). This implies that
reducing the beam spacing will increase the sogndensity, but the resolution of features smaller
than the area of ensonification will still depend the bottom detection algorithm. Values for the
area of ensonification for different water depthd different beam angles are shown on table 2.

Table 2 — Theoretical area of ensonification of mtibeam data (2/1° beam angular width in along/cross-track):

Water Area of Area of Area of Area of Area of

depth(m) ensonification ensonification ensonification ensonification ensonification

(m?) (m?) (m?) (m?) (m?)

(0° incidence) (15°beam) (30°beam) (45°beam) (63°beam)
300 43 46 57 86 209
500 120 128 160 239 580
[|[700 234 251 313 469 1138
900 388 415 517 775 1881
1100 579 621 772 1158 2809
1300 809 867 1078 1618 3924
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Factors affecting the density of soundings of tha&flsor can be divided in the two axes. In
the along ship direction the density is a funcdiping rate and vessel motion. While across, & is
function of beam spacing, orientation (speed, hepiteh, roll and yaw) and the amount of overlap
between swaths on successive lines. The beam gpiacirsually less than®1it varies depending
on the angular sector employed and whether beagnscanidistant or equiangular). Water depth and
obliquity of the beam determine the ping rate,hattthe ping period must be greater than the time
taken for the sound to travel to and from the ntbistant target, so wider angular sectors imply

smaller ping frequencies. Vessel speed determimegphysical distance between two successive

pings.

3.1.2. 3D Seismic cube ST0408 from StatoilHydro

The 3D seismic survey used in this thesis is th®488 seismic cube provided by
StatoilHydro (Stavanger) This seismic volume covarsurface area of 350 knand has an
available recording length of 3.1 s. It has a lpacing of 25m and therefore a relatively good
spatial resolution. The highest frequency preseniheé data is 40 Hz. The survey is processed to a
zerophase waveform and is recorded with SEG (SoaktExploration Geophysicists) standard
reverse polarity. That means positive reflectioagresenting increase in acoustic impedance are
recorded by a negative number. In this thesisctherscale is set to display the positive reflatsio
(negative numbers) as peeks.

The spatial resolution limit of the 3D seismicalat often quoted as equal to the bin spacing
(range typically 12.5-37.5m) of the 3D data set,iboan be more than that. For a fixed acquisition
geometry, the spatial resolution of migrated 33t data is directly proportional to the distance
between the source and the reflection point (pegdtterer), and inversely proportional to the
dominant frequency of the seismic wavelet (GMT; Klad Schuster, 1999). This way we can
expect to have a decrease in resolution with dejmice we both experience an increase in distance
from the source and a decrease in the frequeneyeasove down to deeper stratigraphic levels.
This causes the resolution to range from the batisyg up to 200m, depending on the target depth.

The potential vertical or temporal frequency is elggent on the highest frequency content
of the seismic signal and the velocity of the medidt can be approximated by the Rayleigh
criterion, which dictates one-quarter of the wangth (/4) of the seismic wavelet. As shown in

the following equation:

v Where:
af cos(l) ¥= velocity;
max = maximum frequency;
i = angle of incidence;

AR, =
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For normal incidence paths, coséi)l. The likely limits for the temporal resolutiah the
ST0408 data used in this study are in the rangsedset 11-20m, considering p-wave velocities in
the range of ~ 1800 to ~ 3000 m/s.

3.2. Data interpretation methods

3.2.1. Swath bathymetry interpretation

Interpretation and visualization of the bathymewgs done using maps produced by
Generic Mapping Tools (GMT; Wessel and Smith, 1988) interactively in Saga GIS.

Trend surface analysis (Davis, 1986; Rock, 19883 w@metimes used to separate local
anomalies from regional trends. This method, witichstitutes a segment of the statistical field of
regression analysis, consists of fitting a planend) to a surface, such that the squared devgtion
of the surface from the plane are minimized. Trsailtant plane is the regional trend. The regional
component expresses the large scale effects ad trdluencing the entire map area (i.e. mean
slope). The residual component is the differencsvéen the observed and regional values and
expresses local effects or anomalies which infleemaly parts of the map. What is regional and
what are anomalies is highly arbitrary and depemthe scale of the surface to be analyzed. As one
example, pockmarks and mounds which are 300 maimelier lying on top of a 10 km wide debris
flow lobe are anomalies within a 2x2 kilometer aredile the debris flow lobes may become the

anomalies when considering a surface of 30x30 lekens.

3.2.2. 3D seismic interpretation

For visualization and interpretation of the 3D s®is data | used Charisma seismic
interpretation software from Schlumberger. The Audtic Seismic Area Picker (ASAP) is the
software’s tool for tracking horizons. It uses theerpretation done within one or more inlines or
crosslines as a “seed” and tracks across the sudaave “paint brush” it. Parameters have to be
chosen for the ASAP in accordance with part ofshismic wavelet to be tracked along the horizon,
that is to follow maximum or minimum amplitude, @pper or lower zero crossing (figure 20). The
quality of the interpretation is very important @gas you interpret quickly through large areast so
is imperative to specify correct parameters fordgbality control of the ASAP, this is done in a set
of tabs on the ASAP tool including dip/trace, traekhnique and quality, correlation, and snhap
range. Choosing too strict quality control will teéo many areas being left uninterpreted, while

choosing too loose parameters will lead to a Idhass-picks”.
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Figure 20 -Seismic wiggle traces and the ASAP picks.

In case a surface changes seismic polarity from regeon to the other, ASAP will be

incapable of continuing picking through the samdase. In this case if | wanted to map the surface

it had to be through creating another horizon asidgua different parameter for ASAP to pick the

rest of the area and then merge the two horizdosoime surface.

Seismic interpretation included analysis of seisatitibute maps. Seismic attributes are

measurements derived from seismic data. Theseeayeuseful in making geologic interpretation

and analysis from seismic data. Countless seisttributes exist. The most popular attributes and

their potential geologic significance are presemeicble 3.

Table 3 — List of popular seismic attributes and tkir potential geologic interpretation:

Geologic significance of Seismic Attributes

Amplitude

Instantaneous Frequency

Reflection strength

Lithological contrasts
Bedding continuity
Bed spacing

Gross porosity

Fluid content

Bed thickness
Lithological contrasts
Fluid content

Lithological contrasts
Bedding continuity
Bed spacing

35



Gross porosity
Instantaneous phase Bedding continuity

Polarity Seismic polarity

Lithological contrasts

In charisma, seismic attributes can be extractedgainterpreted surfaces or over volumes,
which can be defined between interpreted surfacasm® windows. The extracted attributes are
then displayed as attribute maps. It is also ptssibdisplay the seismic attributes along profiles

For analysis of lateral fluid flow pathways alongtgntial interpreted free gas zones |
created directional gradient maps. The gradiente walculated from 30x30 m gridded versions of
exported interpreted time surfaces. The grdmathab&MT was used to extract the directional
derivatives in X and Y direction. These were fid@rby a median filter using a 270 meter radius
circle around each grid cell. The results are thesented as a map where the filtered directions
were plotted as vectors in equal spaced points58d0meters apart. Major fluid flow pathways are
then interpreted with the help of Saga GIS’s hyalgaal modeling of catchment area module. This
is justified by the fact that the processes of sdaoy migration of hydrocarbons in subsurface
strata are similar to the surface water flow int theth of them are fluid flow processes controlled
by gradient of the surface or the boundary alongclwHlow processes occurred. The main
differences of secondary hydrocarbon migration fiwater flow lie in the mechanisms and flow
directions: water flow on earth surface is drivendvavity force, while secondary hydrocarbon
migration is mainly driven by the differences ofolgancy and capillary pressure (Liu et al., 2008).
In addition, water flows downwards, while oil andsgmigrates upwards, meaning that the digital
elevation model needs to be inverted (multiplied by

Assumptions have to be made regarding the diresitigradients of time surfaces as to
roughly reflect the major directions of buoyanefrgas?) fluid flow pathways. This is due to the
fact that surfaces used in the seismic interpatatepresent the time domain in two way travel
time, and distortions may exists due to lateradre@ velocity changes in the overburden. Changes
in velocity may be found due to lateral changedithology, as for example from contourite to
glacigenic debris flow depsosits. Also permeabititay vary along sediment formations due to
lateral changes in the capillary resistance, toctvliiuids naturally respond by taking the paths of

least resistance. But in the absence of depth cteu/eurfaces and fluid potential data, directional
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gradients of the time surfaces are the best apmation to the directions of buoyant fluid flow
(Hindle, 1997; Liu et al., 2008).

3.3. Mapping and quantification of fluid flow expressions

3.3.1. Pockmarks and mounds

A total of 9 parameters were collected for the poaikks and mounds at the seafloor. The
parameters collected include size parameters (qe@neter, long axis length, and short axis
length), depth or elevation parameters (mean andnee), slope parameters (mean and variance)
and orientation of the long axis. These parametesummarized in Table 4.

In the first attempts to collect information frolmetpockmarks and mounds, | noticed that it
was sometimes very difficult to measure them pedgiby using only eye judgments. For example,
it was sometimes very time costly and imprecisedtermine which was the long axis and short
axis of the features. Also the depth and elevatasnywell as slope varied very much within the
objects. It would be interesting to get a measurehs variation instead of only collecting a
maximum value. Also, in order to distinguish theckmarks and mounds by statistical methods it
was important that the error of the measuremendsndit surpass the differences between the
observations. For the above stated reasons, amiegoeal method for collecting the parameters
was developed. The purpose of it was then to mmirgithe measurement errors and get the most
possible information of the pockmarks and mounds.

The method consisted in a series of steps. Theviias to block the data. That means |
divided the data into several 2 by 2 km blocksuffeg21), leaving out the slide scar, where the
blocks of debris make it too difficult to detectyaftuid flow feature. The bathymetric data came
from two sources, a file with the accepted depfter processing the Multibeam bathymetry with
Neptune, and where the 3D Seismic data was avajl#ig picked seafloor horizon was converted
to depth using a sound velocity of 1480 m/s ana asparated using the same blocks. The
advantage of having two independent data sets ensime area is to isolate acquisition or
processing artifacts from both surveys (figure BRaThe data blocks were then transformed in a
grid using 10/10 meters grid cells with a near hbay algorithm. The resultant grid blocks had a
very high resolution bathymetry, but in order tatragt information from the pockmarks and
mounds additional steps were needed (figure 22).
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Figure 21 — Slope map derived from the swath bathyeiry data of the study area, showing the 2x2 blockssed to
map and acquire the input parameters from the pockrarks and mounds. It also shows the location of the

ST0408 3D seismic survey indicating for which blockthis data was available.

The gridded blocks were further processed with@MT tool "trend2d, which is asurface
trend analysidool. The results are deviations of the depthmftbe least squares best fitting plane
over the data block. In the case the seaflooraranl, the residuals give the depth of the pockmarks
or in the case of mound their height. But sometinmesseafloor is not planar, as in the case of
places where there are debris flow fans and alsa@the "smile” and "frown” artifacts caused by
the inappropriate refraction corrections of theeolieams of the multibeam swaths. For this reason,
| applied a method called residual analysis (Da¥B86). This method consists in filtering the
surface by a running average filter, such thapatikmarks and mounds are averaged out, and then
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subtracting the filtered surface from the non féte surface. The resultargsidualsare then giving
the pockmarks and mounds depths and elevationg€f@3c).

Accepted depths Converted depths from
from Neptune exported seafloor interpretation
of St0408 3D seismic survey

1l Gl

4
| Surface trend analysis

&
b 4

| Residual analysis |
. 8

Contour || Best fitting ellipse \ ':J
&

Collect mean residual, variance
of residual, perimeter, area,
mean slope and variance of slope.|

Collect length of long axis, length of
short axis and orientation of long axis.

Figure 22 — Pockmark’s and mound’s parameter acquition workflow.

With the results of the residual analysis | codldrt contour the pockmarks and mounds, and
get the statistics from the grid inside the contotite mean residual (depth or elevation) and
variance of the residual were calculated from thd gell values falling inside the contour. The
mean slope angles and variance of slope angles wadcalated from the grid along the contour.
Also the contour was used to get perimeter and &gantation, short axis and long axis length are
collected through fitting an ellipse to the cont@htulchrone and Choudhury, 2004) (figure 23c).
One important point is that the fluid flow express are contoured using a base level of 2 residual.
This is because the Multibeam bathymetry is notigahtly smooth. The many small variations
due to the inaccuracy of the multibeam method doutte to make the contours open. Also the 2
contour runs through the slope of the feature giwiMiormation of the slope angle much better than
the actual rim would give. Sometimes the residsalat large enough to get the 2 contour, then in
these cases the 1 contour is taken. But the risstiie depths, lengths, area and perimeters are not
comparable. In some areas there was large differbatween the 3D seismic seabed horizon and
the multibeam data. For example, fluid flow exprass identifiable in the 3D seismic data were
sometimes affected by artifacts or in some casépmsent at all in the Multibeam data. In these

exceptional cases, | used the seismic data a®titeesfor the parameters.
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Figure 23 — Figure illustrating the acquisition ofparameters from the pockmarks and mounds in block 40. In
(a) we see the depths from the swath bathymetry wleiin (b) we see the depths from the depth conveosi of the
3D seismic pick of the seafloor horizon; In (c) weee the results from the residual analysis, the ctour used for
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figure (a) we can also see some artifacts along tlskips track which are resultant of poor correctionof ships
heave.
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Table 4 - Parameters collected from the fluid flonexpressions in the bathymetric data.

Parameters Description

Perimeter

Calculated from the contour

Area

Calculated from the contour

Mean residual

Average of all samples inside theaar

Variance of residual

Variance about the mean residu

Mean Slope

Average of all samples along the contour

Variance of Slope

Variance about the mean slope

Long axis

Long axis of the best fitting ellipse

Short axis

Short axis of the best fitting ellipse

Orientation (degrees azimuth)

Orientation of thend.oaxis of the best fitting

ellipse

3.3.2. Acoustic chimneys

The acoustic chimneys were quantified in the Petsmic interpretation software from

Schlumberger. The parameters collected and a dbscription are shown in the Table 5. The

collected parameters are also shown in figure 24.

Table 5 — Parameters collected from the fluid flovexpressions in the 3D seismic data.

Parameters Description
Height (ms) Bottom (ms) — Top (ms)
Top horizon Horizon at top termination

Bottom horizon

Horizon at bottom termination

Maximum pull up (ms)

Maximum up bending of the eetion

Maximum push down (ms)

Maximum down bending of tbiéection

Swap level of Pull up to Push down

case both occur.

Horizon of Maximum pull up

Horizon at which the bpnding is maximum.

Horizon of Maximum push down

Horizon at which tteath bending is maximum.

Length of short axis (m)

A

Length of long axis (m)

B

Orientation of Long axis (degrees azimuth)

Area of the ellipse defined by the two axi

(m?)

SArea =t X AX B

Horizon at whHiehl up turns to Push down, in the

41



559800 600000 500400 BO0B00 E01200 601600

Horizon 8 Top (horizon, TWT)

8 -1140

i -1144 == Pyl up (horizon, TWT)

i 1148

é -1152 Swap level (horizon)

7 Push down (horizon, TWT)
g -1156

g -1160 Bottom (horizon, TWT)

E 1164

=

400 800

-1168
-1172

T
a 200

o
i} 200 400 60D 800 1000 1200 1400 1600 1800 3000 2200 2400 32600 3800

Easting

Figure 24 — Collected parameters for the acoustichamneys in: (A) Map view; (B) Cropped seismic profie.

3.4. Statistical analysis methods

The collected parameters were analyzed by sefigeaphical and numerical methods. The
graphical methods included frequency histogramplots and scatter plots. The numerical
methods included Multidimensional scaling (Davi€8&; Rock, 1988) and K-means cluster
analysis (Davis, 1986; Rock, 1988).

Multidimensional scaling is an ordination technigizavis, 1986). It essentially aims to
reduce the dimensionality of data, that is, tovallelationships between multivariate objects to be
displayed as accurately as possible in as few diraes as possible (ideally in 2D). Relationships
and possible groupings can then be sought usingetharkable natural abilities of the human eye.
The method uses a matrix of dissimilarities (egcliEean distances), and generates coordinates for
a set of points in 2D or 3D space. The solution (inal configuration), consists of an arrangement
of points in the chosen number of dimensions, kEgtaguch that the distance between the points
matches the dissimilarities between the objectdasely as possible. This way the method offers a
good alternative to the classical scatter plote Weasure of the quality of fit between the scaled
solution and the input matrix is done via a faaalled stress. In a mathematical standpoint, non-
zero values of stress are the result of insuffictemensionality. That is, reducing the dimensidn o
the input data produces some degree of distor8tmess can be informally interpreted according to
the following guidelines (Johnson and Wichern, 20@&ble 6):
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Table 6 — Stress interpretation guidelines

Stress  Goodness of fit

20% Poor
10% Fair
5% Good

2.5% Excellent
0% Perfect

The multidimensional scaling was carried out in MAB® using themdscalefunction.
The values of (1 — spearman’s rank correlation)ewesed as input dissimilarities for the R-mode
(based on the correlation matrix) solutions, ared Eiclidean distances for the Q-mode (based on
the matrix containing the distance between each gfabbservations) solutions. | used Kruskal’s

formula 1 (3.1) for calculating the stress.

Stress= ngxz";f” i (3.1)

Cluster analysis is the name given to a set ofrigcies designed to perform classification

by assigning observations to groups so each graupslatively homogeneous and distinct from
other groups (Davis, 1986). The great advantageseste methods is that they provide a relatively
simple and direct way to classify objects, and ribgults are presented in a manner that is both
familiar and easy to understand. In K-Means clustealysis (Davis, 1986), a predetermined
number of clusters (K) are chosen, into which th&adset is to be divided. The technique usually
starts by taking the first K points in the data-agtthe initial estimates of the future cluster nsea
The remaining objects are then assigned to theeseaf these clusters. For example, if K=2, the
first two objects initially represent the 2 clusteand the 8 object is assigned to cluster 1 if it's
mean is the nearer. The mean of cluster one idctdated as the mean of objects 1 and 3, and
object 4 is then assigned to the (recalculatedjtetul or to cluster 2, whichever mean is nearer.
Once all objects have been assigned to the cofiiinen@olving clusters, the process is repeated
iteratively with the entire data-set, each objeginl reassigned as necessary, wherever this will
increase the ratio of within clusters dispersiolN(@VA is used as a criteria). Many passes through
the data-set may be necessary for the resultaldize.

Cluster analysis was carried out in MATLABhrough the functiorkmeans The input to
the function is a matrix of dissimilarities and thember of clusters (K) in which the algorithm is
going to classify the observations. The datasets West standardized to zero mean and variance of
1, and then the dissimilarities were calculatedg$ihe Euclidean distance.

43



44



4. Results

The results chapter is divided into two major pathe first part shows the results of the
mapping and quantification of the pockmarks and masuwbserved in the seafloor. This was done
mainly using the swath bathymetry supported bydéneth converted ST0408 seafloor horizon map.
Since the area covered by the swath bathymetrgrget than that of the ST0408 seismic survey,
part of it lacks seismic data which hinder us framalysing the subsea bed influencing the
distribution of fluid flow features. However, thec®nd part shows results of the interpretation of
the ST0408 seismic data concerning subseabed cysnmo@nected to the pockmarks and mounds
at the seabed. Some parameters within the verdicalistic chimneys are quantified (table in
appendix). A comparison between the parameterseothimneys and the overlying pockmarks or
mounds is shown at the end of this chapter whessiple relationships are investigated and

discussed.

4.1. Interpretation of the high resolution swath bathymetry

Before presenting the mapping results of fluid flewpressions at the sea floor, it is
necessary to give an overall description of theorea) seabed morphology. Therefore, the most
prominent elements of the sea floor are descritzsd on the high resolution multibeam survey
(figure 25).

In the south, the Storegga slide escarpment igrtbst remarkable feature, showing the
steepest slope (>20 degrees). Inside the slide swary small blocks of debris and an apparently
undisturbed sediment block exist. The eastern giatthe bathymetric map shows iceberg plough
marks, and moraine ridges on the shelf (figure Zspm the shelf westwards to the upper
continental slope large debris flows can be fouagresenting sediment transfer in front of glaciers
that reached the shelf during the last glaciatibthe Weichselian age (Rise et al., 2005). Some of
these glacigenic debris flow (GDF) lobes termiretéhe slide scar to the south, indicating thay the
were probably swept away by the Storegga slide tege8.2 ka (Haflidason et al., 2004). The
western part of the bathymetric map shows a veryosmseafloor, and the most prominent feature
is an elongated crest running roughly east-westfaBel trend analysis of the bathymetry clearly
reveals this slight positive feature (figure 26hisl crest represents an important element with

respect to the fluid flow expressions as will bewsh in subchapter 4.1.1.
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4.1.1. Mapping of seabed expressions of fluid flow

A total of 310 seabed expressions that indicateided fluid flow have been mapped, of
which 287 (92.5%) have a predominant concave redimf are classified as pockmarks (see
examples in figure 27). The other 23 (7.5%) fluiowf expressions were classified as mounds
because they had either a predominant convex m@lifiey show a positive relief structure inside
the pockmarks that were large enough to be distshgd and mapped. Examples of these both
types of mounds are shown in figure 28. Fluid fi@atures were found between water depths of
600 and 900 m of water depth. Conservative estenbtesed on the lateral resolution of the
multibeam method for these depths fall betweendrt2800 rf for the shallowest depths (600 m)
and between 388 and 188F for the deeper sites (900 m). Although all mapfestures cover
targets larger than 172°msmaller features were also sometimes identifieticating that the
number of fluid flow expressions on the seabed mndatinctly increase depending on the
improvements in the lateral resolution.

475 5.00 5.25 5.50 5.75
I | | |
7200000 -1000 -800 800 ~mnm Vol i B 64'89
Bathymetry
O Pockmark
A Mound
7190000 -
- 64.80
7180000
- 64.71
7170000
- 64.62

T T T T T
590000 600000 610000 620000 630000
Figure 25 — Interpreted swath bathymetry map of stdy area showing the distribution of pockmarks and
mounds on the seabed.

46



The spatial distribution of the mapped fluid flowpeessions is shown in figure 25 and
figure 26. The distribution of pockmarks and mounuticates that they are not randomly located
but may show a relationship to the previously descr bathymetric elements. In the western part
most of the fluid flow expressions are spread alang across the crest (labelled number 1 in figure
26). There is also a group of mainly mounded fest{number 2 in figure 26) which are slightly
offset to the south from this crest. In the eastdistribution of fluid flow features is more corapl
with features lining up in different directions ¢(nbers 3 through 5 in figure 26). Some of the
features are located on GDF lobes, indicating tiafprocesses forming were active during or after
the Last Glacial Maximum (LGM) (Rise et al., 2005).
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Figure 26 — Surface trend analysis of the high refistion swath bathymetry, with mapped fluid flow features.
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Figure 27 — a) and b) are examples of a rounded pkrmark (obj 71) in the swath bathymetry and seafloompick of
3D seismic data respectively, the top row shows th@an view and the bottom the perspective view (Véical
exaggeration is 20x); c¢) and d) are examples of alongated pockmark (obj 151). Green contour aroundhe
pockmarks in the swath bathymetry are the 2 residulcontours from which area and perimeter are colleted,;
The mean residual and variance about the mean residl are computed from the grid cells inside this aatour;
The mean slope angle and variance of slope angleeatomputed from the values along the contour; Theed line
around the pockmarks represents the best fitting éipse to the contour from which length of long axisand short

axis, as well as orientation of long axis are comped (see also section 3.3.1 for explanation on tharameters).

Figure 28 — Examples of how mounds appear in the Haymetry data. Figures (a) and (b) are shaded relfe
images of a mound (obj 31) inside a pockmark (obj @, derived from swath bathymetry and 3D seismic
respectively the top row shows the plan view and éhbottom the perspective view (Vertical exaggeratiois 20x).
Figures (c) and (d) show a shade relief image oftgpical isolated mound (obj 114). Green contour arond the
pockmarks and mounds in the swath bathymetry are th 2 residual contours from which area and perimeteare
collected; The mean residual and variance about thmean residual are computed from the grid cells inde this
contour; The mean slope angle and variance of sloangle are computed from the values along the conig The
red line around the pockmarks represents the besitfing ellipse to the contour from which length oflong axis
and short axis, as well as orientation of long axiare computed (see also section 3.3.1 for explarati on the
parameters).
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Figure 29 — Parameters mean residual, variance oesidual, long axis length, short axis length, perigter, area,
mean slope angle and variance of slope angle areosin in form of: Frequency histograms (left); and Baplots
(right); In the box plots, the central red line repgresents the median of the dataset, the outer edgefthe boxes are
the 25 th and 75 th percentile (lower and upper qudiles), the ends of the error bars represent the @ th and 90
th percentile and the individual crosses are outlis beyond these limits. The orientations of the laj axis of the

pockmarks and mounds are shown in figure 32.

The collected parameters for each target feat@eaanged in a table in the appendix. The
objects chosen for the statistical analysis weoseéhcontoured using the 2 residual. That is, there
are 192 objects in total, of which 178 are pockmakd 14 are mounds. The statistical distributions
of the acquired parameters, in the form of freqydmstograms and boxplots, are shown in figure
29.

The mean residual (depth or elevation) varies betvwapproximately -5 and 4.6 m (figure
29), the negative values represent the depthsegbdlckmarks and the positive the elevation of the
mounds. The mean depth inside pockmarks varieddsgtwb and -2 m (figure 29), and the mean
height of the mounds varies between 2 and 4.5 me. vidtiance of residual (depth or elevation)
represents a measure of the variability of theltephd heights within the pockmarks and mounds,
this way it gives valuable information which is exped to help in the classification of these
features through multivariate statistical analy3ise values are mostly below Z mith a mean of
~0.58 nf and a median of ~0.334mbut some outliers reach values above Z(figure 29). The
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spatial distribution of the residuals of the pockksaand mounds show that apparently the deeper
pockmarks and tallest mounds predominate at therateparts of the groups of pockmarks

(numbered 1-5 in figure 26), decreasing in magmiticivard the peripheral (figure 30).

Easting
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Figure 30 — Bullet map of mean residual minus 1 stelard deviation (square root of the variance of reslual) for
pockmarks (yellow circles) and mean residual plus $tandard deviation for mounds (red triangles) overesidual

(trend surface analysis) bathymetry map.

The measured long axis length of the pockmarksraadnds ranged from about 30 m to
more than 500m (figure 29), while the short axiggtas ranged between 18 m and 345 m (figure
29). The mean length of the long axis and shos asere respectively 138 and 84 m, indicating that
most of the features are elongated. Examples otilair and elongated pockmarks are shown in
figure 27. The scatter plot of the measured loxig kengths versus the short axis lengths further
shows that larger features tend to be more eloddht:n smaller features (figure 31). The long axis
orientation distribution is shown in figure 32, form of a histogram and a rose diagram. It shows
that the orientation is highly variable. There islght preferred orientation between 0 and 100
degrees azimuth, although there are peaks in 1§@ee and 160 degrees. The mean orientation is

about 73 degrees that is shown by the red arraveirose diagram of figure 32. Figure 33 shows
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the spatial distribution of the orientation. Thapgpears to be a preferred orientation of someef th
pockmarks and mounds in accordance to the strikiheflineated trains of fluid flow features

(numbers 3, 4, and 5 in figure 26). While for features across the crest (number 1 in figure 26)
orientations seem to be much more variable, but wikarge share of the features oriented roughly

perpendicular to the strike of the crest.
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Figure 31- Scatter plot of long axis
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Figure 32 — Orientation of long axis (acquired fromthe best fitting ellipses) shown in a frequency ktogram (left)

and a rose diagram (right).
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Figure 33 — Map of the orientation of the 178 pockiarks and 14 mounds chosen for the statistical anadis.

Measured perimeter values ranged from about 70 te apout 1820 m, and the area values

are between 300 Tp to about 130000 Nfigure 29). Figure 34 is a bullet map of the avahies
of the pockmarks and mounds. The largest featusepakmarks located in the western part of the

study area close to the crest axis, and in thehseastern part. Two relatively large mounds can be

clearly distinguished, the smaller one is locatedrdhe crest axis and the larger is located along

the features labelled number 4 in figure 26.
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Figure 34 — Bullet map of area of the pockmarks andhounds over the residual bathymetry.

Mean slope angle values of pockmarks and mountlsdaleen 0.4 and 4.5 degrees (figure
29), with a mean of 1.85 degrees and a median7@f degrees. The variance of the slope angle is a
measure of the deviation from the mean of the skpeg the rim of the pockmarks and mounds.
The physical meaning of it is that it reflects ttearacteristic that some pockmarks and mounds
happen to be sometimes steep in one side and hemtke glopes in the other. This information
hopefully will be useful during the classificatiari these features by the multivariate statistical
methods. Values are mostly between 0 and 2, wittean of ~0.62 degreeand a median of ~0.43

degree§ but with some outliers with more than 5 degfees

4.1.2. Multivariate statistical analysis of pockmarks and mounds

4.1.2.1 Multidimensional scaling

The solutions of the multidimensional scaling gireen in figure 35. The stress factor for the
scaled 2 dimension solution was 0.05, which is gébable 6). The solution shows that, as

expected, the variables describing the size ofifilow features (area, perimeter, short and long
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axis lengths) are closely related. The parametearvee of residual is also relatively closely retht

to the size, this may be partly due to the fact va@iance was calculated from the grid cells iasid
the contour of the pockmarks and mounds, which iesphat larger features have more grid cells
and potentially more variance. The Mean slope aagtévariance of slope angle also plot together
indicating that they are positively correlated,ttlsalarger mean slopes are generally accompanied
by larger variance of the slopes. The mean residodlvariance of residual plot distant from each
other in figure 35 mainly due to the fact that thean residual is split between positive (height of
mounds) and negative values (depth of pockmarkBijlewhe variance is a squared factor which
means it is always positive. Had | used absolutaegafor the mean residuals, they would have
plotted close meaning they are positively correla€@rientation is not positively correlated witleth

other parameters.
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Figure 35 — R-mode multidimensional scaling solutizs for the pockmarks and mounds data displayed in 2
dimensions. The R-mode multidimensional scaling sation produces 2D coordinates for the variables sicthat
the distance between the variables is approximatelyqual to [1 - their Spearman’s rank correlation vadue]. This

means that variables that are closer to each otherre more positively correlated than those more disint.

4.1.2.2. Cluster analysis

The results of the K-Means cluster analysis altbwiassifying the pockmarks and mounds
into 4 clusters comprising between 4.1 and 49.4f @lmbservations (table 7). Most mounds were

classified in one separate cluster, though one chewas classified within one of the other clusters.
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The three clusters which comprise mainly pockmar&s be most easily distinguished by the
relative size of the objects that range from snmaéidium to large pockmarks (figure 36d-Q).

The small pockmarks cluster is the group with Bugest number of observations (94
pockmarks). The elements of this cluster are absghin the westernmost mapped pockmarks and
most densely distributed at the easternmost paheochrea (figure 37). The small pockmarks are the
ones with the shallowest depths, having a mediaanmdepth of -2.7 m (figure 36b) and the median
variance of the depth is close to 0.2(rfigure 36¢). The small pockmarks show the gehtpes
of all classified features with a median mean slopel.4 degrees (figure 36h) and a median
variance of slope of 0.25 degré¢Bgure 36i). The median orientation of this grosp72 degrees
azimuth (figure 36j).

The medium pockmarks cluster is the second largestup of pockmarks with 72
observations. They are densely distributed withimm @ast, where they are intermingled with small
pockmarks, while in the westernmost part they aot s0 densely distributed but are the
predominant group (figure 37). The median mean hdéept-3.3 m (figure 36b) and the median
variance is 0.75 M(figure 36¢). The medium pockmarks have the sttegiepes with a median of
mean slope of 2.35 degrees (figure 36h) and anceiaf 0.8 degreégfigure 36i). The median
orientation is 74 degrees azimuth (figure 36j).

The large pockmarks are the rarest of the claskiglusters with only 8 occurrences. They
are predominantly found in the westernmost partctvicioncentrates 50% of the occurrences (figure
37). This cluster has the deepest pockmarks witiedian mean depth of about -3.7 m (figure 36b)
and a median variance of depth of 1.4 (figure 36c). The median mean slope is 2.1 degrees
(figure 36h) and a median variance about the mkegre ©f 0.75 degreégfigure 36i). The Median
orientation is of 42 degrees azimuth (figure 36j).

The mounds cluster consists only of mounds, athane mound was classified within the
medium pockmarks (figure 36b). The mounds are foasmane isolated patch in the middle of the
map and in some other areas mixed mainly with siaral medium pockmarks (figure 37). The
median mean height is around 2.5 m and the medidance around the height is of about 0.05 m
The median mean slope within the mounds is ab&utldgrees (figure 36h) and the variance about
the mean slope is of around 0.5 degfdfigure 36i). The orientation is of 58 degrees azim
(figure 36)).
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Table 7 — Results of the cluster analysis for the92 pockmarks and mounds chosen for the statisticanalysis,
including cluster name, share of objects in eachluster and relative size, slope and orientation witin each

cluster, as interpreted from the cluster properties(figure 36).

Cluster Share of Relative Residuals Relative Relative Slope Orientation

name Objects (%) Size

Large Large negative mean, high| Largest Steep slopes with Median of 42
pockmarks variance. size high variance degrees
Medium 375 Medium negative mean, Medium Steepest slopes, medium | Median of 74
pockmarks medium variance size variance degrees
Small 49 Small negative mean, smal| Small size | Small angles, Median of 72
pockmarks variance small variance degrees
Mounds 6.7 Positive mean residual, vefySmall size | Medium slopes, small to | Median of 58
small variance medium variance degrees
Frequency histogram Mean residual
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Figure 36 — Distribution of the parameters (x-axis)of 178 pockmarks and 14 mounds (y-axis) among tHeur
clusters determined in the k-means cluster analysi§he central red line in the box plots representthe median
value and the outer edges of the boxes are the 2band 75 th percentile. The max. error bars repres# the 10 th

and 90 th percentile and the individual crosses areutliers beyond these limits.
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Figure 37 — Spatial distribution of the 4 clustersclassified by the kmeans algorithm from the pockmaks and
mounds data indicating that based on the classifitian of pockmarks and mounds there is a predominare of
medium and large pockmarks in the western part of he map, while in the east there is a predominancef o

mounds, small and medium pockmarks.

4.2. 3D Seismic Interpretation and subsurface distribution of acoustic
chimneys

The seismic interpretations are based on theitrgcknd analysis of a series of prominent
reflections (figure 38) and the analysis of atttdbmaps derived from them. This resulted in the
identification of shallow features relevant to tthevelopment of fluid flow pathways in the area.
The most important prominent reflections are theRB&d high amplitude reflections. The
geometry of the seal on top of the high amplitudlections was also interpreted. Moreover,
contourites, glacigenic debris flow deposits, majaults and acoustic chimneys could be
distinguished on the basis of their particular mésfacies (Blnz et al., 2003; Berndt et al., 2004;
Berndt, 2005; Bryn et al., 2005b; Cartwright et aD07). The stratigraphy used is that of Berg et
al., (2005).
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4.2.1. Description of stratigraphy within the area

The strong negative reflection at 2.8 s TWT (NHigfire 38A) is representing the base of
the Brygge formation. This formation is thickesusteast of the Helland Hansen arch (figure 38;
figure 39h). The Kai formation overlying the Brygf@mation, is not only much thinner but also
absent towards the crest of the Helland Hansenatrttte north-western part. Here, the Base Naust
Unconformity (BNU) cuts into the Kai and Brygge rimation (figure 38; figure 39g). The area
beneath the BNU is affected by polygonal faultst tbancentrate in the Kai formation and
uppermost 0.3 s TWT of the Brygge formation abdweeHelland Hansen Arch (figure 38).

Above the BNU, Naust W and U are characterizedhiipk prograding wedges (figure 38;
figure 39f). These wedges completely cover the athell Hansen arch with sediments filling the
discrete basins between the domes positive topbgrafhere is a large slide scar within these
sequences, and also some high amplitude reflectnamsly in the eastern part of the survey (figure
38).

Above reflection Top Naust U (TNU), the whole sence of Naust S is characterized by
contouritic deposits and high amplitude reflectiori®eflection TNU marks the base of a series of
high amplitude reflections that represent the lomest part of the Naust S sequence. The top of
these high amplitude reflections that have beenedahvorizon “A” (figure 38) shows a strong
reflection with negative polarity. The negative grity has been attributed to a reduction in seismic
velocity which is in turn interpreted by many authto be caused by presence of free gas within the
pore space of the sediments. (e.g. Bouriak e2@03; Mienert et al., 2005a; Hustoft et al., 2007).
Intra Naust S2 (INS2) is the closest reflectionatonajor slide scar, named S2 (Solheim et al.,
2005a), which cuts into sediments of Naust S3+#hénsouthern part of the survey (figure 38; figure
39e). Above INS2, Naust S1-2 is laterally dividetoitwo different seismic facies, in the south
infilling contourite sediments partly buried the SRle scar and caused an associated moat striking
SE-NW. The northwest area shows a thick packagen@finded sediment drifts without any
associated moat (figure 38; figure 39d). S1-2 isoagbartly characterized by high amplitude
reflections. Some of these terminate abruptly irawil interpreted to be the base of the GHSZ.
Also some attenuation of both amplitudes and fraqigs of the seismic signal, as well as a large
scale push down is affecting the reflections belogvhigh amplitude areas within Naust S1-2.

The Top Naust S (TNS) marks the abrupt change fommtouritic deposition to the
deposition of relatively thick tongues of glacigeiebris flow deposits which comprise the Naust
R3 unit. This contact is in many areas erosivetiqdarly within the domain of the infilling

contourite deposits where debris flow channelsiraytin the Naust S1-2 are found. The major
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depocenters of this unit is in the eastern parthef survey, over the moat of the S1-2 infilling
contourites (figure 38; figure 39c). Contouriticpdsition resumes after Intra-Naust R2 (INR2).
Throughout the upper part of Naust R and Naustfl@ateons show patterns that may indicate the
geometry of elongated mounded contourites. At thetezn area (figure 38B) the upper part of
Naust O shows GDFs of Weichselian age, and indghéhghe northern escarpment of the Storegga
Slide (figure 38A).

Particularly important for the fluid flow developmign the area are the polygonal faults, the
geometry of the sediment drifts that may act aemal shallow fluid reservoirs and the seal
formed by the base of the gas hydrate stabilityezdinese were object of more detailed analysis

during this master thesis.
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4.2.2. The Polygonal faults

The polygonal faults that developed within partieg Brygge formation and Kai formation
have their planar geometry best visualized at tbp Brygge (TBrygge, figure 38A) reflection
(figure 40A). At this horizon polygonal faults sedm be more densely developed in the south-
western part of the ST0408 survey area where &lsdargest fault offsets exist (>64 ms TWT)
(>64 ms TWT) (figure 40B). The extracted RMS amyaiés from a 10 ms volume around the
TBrygge (figure 38A) surface show the largest valaéso in the south-western part of the area
(figure 41A). And a profile showing the reflectigtrength across a peak of RMS amplitude (figure
41B) shows a wide column of high amplitude refl@et giving strong indications of fluid
accumulation and migration starting from below tBase Brygge (BBrygge, figure 38A )
reflection. If we look closer into the RMS amplitudhap (figure 41A), we also notice a series of
circular low amplitude anomalies, which could irate focused fluid flow features. If this is the
case, then fluid migration through the polygonailtied Brygge formation might have occurred not
exclusively along the faults but also by other igaitmigration means.

Fault oﬁ'setsl

[ms]

£
55
48
40
32
24
16

Figure 40 — (A) Time surface map of the Top Bryggeeflection showing the geometry of the polygonal fats in
plane view; (B) Map with the maximum offset of thefaults. Both maps are shaded with the calculated gpe of
the Top Brygge time surface. Seismic blanking hasffacted the interpretation in the southeast part ofthe map,

below the high amplitude zone of Naust S1-2.
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4.2.3. Geometry of shallow reservoirs

There are distinct high amplitude reflections wmgative polarity (“bright spots”) in the
surveyed area, particularly within the Naust S seqge, but evidence for vertical fluid migration
exists throughout the Brygge and also Kai formaffagure 41). The high amplitude reflections are
occurring within contouritic sediments. The lowesh®f these is the layer between TNU and
reflection “A” (figure 41). This layer that is nashd_.ower High Amplitude Zone (LHAZ), has
already been suggested by several authors (Miehatt, 1998a; Bouriak et al., 2003; Berndt et al.,
2004) to be a zone of free gas accumulation. IrSth@408 data, indicators exists that this level is
acting as a shallow fluid accumulation zone. A dimnal gradient map of the time surface of
horizon A was created (figure 42). Assuming tharéhare no large differences in the capillary
resistance within the sediments along this surfand, that the time surface closely resembles the
depth surface, the directional gradients give adgapproximation to which directions buoyant
fluids would laterally migrate along the surfacantie, 1997). By connecting areas of convergent
directional gradients, we can estimate the locadfomajor transport pathways of buoyant fluids. In
the comparison of the directions with the distnbatof the RMS amplitudes extracted from a 10
ms volume window below horizon “A” we observe gammrelation, which are high amplitudes in
areas of convergence of the directional gradiefiggiré 42). Towards the southwest, it is also
possible to identify a set of normal faults whiale aelimiting distinct changes in the amplitudes
along the map (figure 42a-b). Such changes in @angdigive indications that these faults are acting
as seals to lateral migration and at the same gineefurther evidence that the RMS amplitudes are
indeed reflecting the distribution of fluids withtihis high amplitude zone (figure 42).

Above the LHAZ, within the sediments of Naust Sth2re are two major high amplitude
zones, which are separated by a band of low andel#tyfigure 44). We called the north-western
high amplitude zone upper high amplitude zone 1 AUH) and the south-eatern bright spots
UHAZ2. The seal of these potential fluid accumwatzones is more complex than in the case of
LHAZ, because it is partially made by both the bakthe R3 glacigenic debris flows and the base
of the GHSZ (BGHSZ) (figure 45). The gas hydratatesl BSR in the ST0408 seismic survey is
usually not characterized by a continuous crosgingutreflection, but instead it is mostly
characterized, where present, by the abrupt tetromaf high amplitude reflections (figure 43).
This result is similar to previous descriptiongld BSR in the area (e.g. Bouriak et al., 2003;A0n
et al., 2003; Berndt et al., 2004; Hustoft et2007).
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Figure 42 — (A) RMS amplitude extracted from a 10mswvindow below horizon A shaded with the northerly
illuminated relief of horizon A; the small black arrows are the median directional gradient taken over circular
area of 540 m in diameter around the gridcells of drizon A; the white arrows are potential flow paths of
buoyant fluids interpreted by connecting zones of anvergent directional gradients; Normal faults marking
sharp discontinuities in the amplitude map are marled by white symbols; (B) Cropped seismic section ging

the extent of the large scale faults presumably aog as a seal to lateral fluid migration.
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Within Naust S1-2 the BSR is visible as a boundaetween two different seismic facies
(figure 38; figure 43; figure 45). Below the BGHS¥aust S1-2 is characterized by strata with high
amplitude reflections while above the BGHSZ acaubtanking exists (Lee and Dillon, 2001). In
the southeast, the BSR cross cuts the sedimeaust S1-2 at the upper part of the slide scar and
at the most distal parts where the recent Stor&ijga event forced a readjustment of the BGHSZ
due to a removal of parts of the overburden (figt8B; figure 45). The boundary (BGHSZ) lies in
average 315 ms below the seafloor reflection, and parallel to the seafloor. A smoothed version
of the seafloor reflection was used as an appraimao the geometry of the seal for potential
fluid accumulations in the UHAZ1 and an approxiroatof the seal for UHAZ2 using either the
geometry of the seafloor or the base of the glawoyelebris flows of R3 unit was applied,
depending on which was the deeper. The resultariacgu shows that the two Upper High
Amplitude Zones are laterally separated by updigipiouts against the BGHSZ seal. The planar
geometry of this pinch out follows the abrupt teration of the high RMS amplitudes (figure 44;
figure 45).

- . ; ::: P
=~ v ’,..f:::;‘.‘_':;ﬁ e ';4-:_.'

Figure 43 — Cropped seismic sections across: (A) pPer reservoir 1; (B) Upper reservoir 2; BGHSZ is tte

seafloor approximation to the base of gas hydrateability zone.

The resultant seal or “trap” to fluid accumulationghe UHAZ1 and UHAZ2 was used to

calculate the directional gradient, in a similarrmer as in the case of the LHAZ, and estimate
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potential lateral fluid flow pathways assuming tHaids are free to migrate laterally. The resultan

flow paths, once again showed an appreciable fit Wie distributions of the RMS amplitudes of
the Naust S1-2 unit (figure 44).
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Figure 44 — RMS amplitude extraction map of Naust $-2 shaded by the northerly illuminated top seal,rowing
the amplitude distribution of the two upper shallow reservoir units; short black arrows are the median
directional gradient of the top seal taken over aiccular area of 540 meters in diameter; long whitearrows are
potential flow paths interpreted by connecting zong of convergent directional gradients; white stippd line
along UHAZL1 is the crest axis; broad semi-transpanat black line marks the intersection between the sdloor
approximation to the BGHSZ and the INS2 reflectionat the upper part of the S2 slide scar. Note theometimes
dendritic pattern of the RMS amplitude distribution at UHAZ1 and close to the updip pinchout of the UI$Z2,
and how this pattern fits well with the directional gradients.
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4.2.4. Mapping and quantification of acoustic chimneys

A total of 441 acoustic chimneys were identifiedhm the ST0408 3D seismic cube. The
terminology used here is that of Cartwright et @Q07), that is acoustic chimneys which terminate
at the seafloor are called blowout pipes, whilesthterminating at deeper stratigraphic horizons are
named seepage pipes. The quantified parameteshawen in a table in appendix, and examples of
mapped pipes are shown in figure 47. The numbaegirige horizons relative to the seismic data is
according to table 8. The spatial distribution loé tmapped features is shown in figure 46. The
statistical distribution of the quantified parametén form of frequency histograms, box plots,

length relationships, and rose diagrams are shovigure 48, figure 49, figure 50 and figure 52.
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Table 8 — Correspondence between horizon numberirgnd seismic reflections within ST0408 survey (seésa
figure 38 and figure 47).

Horizon number| Reflection

Seafloor

One reflection below Seafloor

Two reflections below seafloor

One reflection above TNR

Top Naust R (TNR)

Uppermost strong reflection above INR2
Lowermost strong reflection above INR2
Intra Naust R2 (INR2)

Top Naust S (TNS)

Intra Naust S2 (INS2)

Strong reflection below INS2
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Strong reflection above horizon “A”
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Horizon “A”
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i

One reflection above TNU
Top Naust U (TNU)
Uppermost reflection below TNU

[
o
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parameters shawifrequency histograms. Correspondence

between horizon numbers and seismic interpretasigiiven in table 8. Orientations of longest axis

are shown in figure 52.
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Figure 49 — Box plots of the parameters with continous values. The central red line represents the mdi&an of the

dataset, the outer edges of the boxes are the 25ahd 75 th percentile, the ends of the error barsapresent the 10

th and 90 th percentile and the individual crosseare outliers beyond these limits.
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Most of the pipes (~62%) terminate at the seaf(igure 46 and figure 48a), where one or
more pockmarks, mounds or both are usually preégnte 46). Others are terminating at different
stratigraphic levels with predominance of 4 (Oneva&bTNR, table 8) and 5 (TNR, table 8) which
together account for ~20 % of the upper terminatibpipes. In fact most of the pipes drastically
reduce in size above TNR. Thus it is possible #whe of these pipes which are apparently
terminating at these levels are actually fallingplaethe seismic resolution.

The bottom (base) termination of the pipes is difi to identify due to the fact that the
seismic signal attenuation increases below sontbesfe features (figure 47). This is particularly
true for those pipes which present push down d¢cabns below some specific horizons. This way
| have chosen to show two possible bottom integpigts, one considering extent with the push
down and the other considering only the extent vl up. In the first case (figure 48b), 246
(~55%) pipes appear to originate from horizons R Ttable 8) and 10 (INS2, table 8), and other
147 (~33%) pipes originate from horizons below. Whn the second case (figure 48c), 297
(~67%) pipes originate from horizons 9 (TNS, ta®jeand 10 (INS2, table 8), and only 81 (~18%)
originate from horizons below 10 (INS2, table 8).

The height of the pipes (ms TWT) was computed usiregwhole range of identifiable
features, including the area affected by push ddiwianged between ~80 and ~881 ms TWT, with
a mean of 340 ms and a median of 323 ms (figure #i@dre 49a). The mean and median height is
reflecting the average depth to the base of thengdrate stability zone, where most of the pipes
seem to originate from (figure 48b-c).

Pull up of reflections, is not necessarily causgd/dlocity distortions or seismic migration
artifacts, because it could also be caused bysteattural deformation. The push down effect is
most likely a velocity distortion caused by localizconcentration of free gas causing a decrease in
seismic velocity. Note that 27 (~6%) of the pipesl keither no associated up bending (pull up) or
the effect was too small to be measured. Withirepithat showed pull up, the values varied
between 0.5 and 45 ms, with a mean of 7.8 ms ambdian of 6 ms (figure 48e; figure 49b).
Maximum pull up was found to be dominantly withiorizons 4 (One above TNR, table 8) to 7
(Lowermost strong reflection above INR2, table 8hws47 pipes (~ 81%) showing maximum
values at this levels (figure 48f), above the leMemaximum pull up there is usually a very drastic
reduction in the pull up effect (figure 47). OnR6 (~17%) pipes showed a push down of
reflections, and the values measured were between 24 ms with a mean of 8.1 ms and a median
of 7.5 ms (figure 48g; figure 49c). Maximum pushwiias approximately distributed evenly within
horizons 11 (One reflection below INS2, table 8)1® (horizon A, table 8), which together

concentrate 68 (89%) of the maximum push down ebsens (figure 48h). While the minority of
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pipes (17) showed only push down effect, the mgj@howed push down but also pull up. The
dominant level where this change from pull up tglpdown of reflections occurred at was horizon
10 (INS2, table 8) with 81% of those pipes showiragh pull up and push down, followed by
horizon 13 (horizon A, table 8) with 8% of thospgs.

Long axis length of the pipes varied between 5@ @6 m with a mean of ~238 m and a
median of 192 m (figure 48g; figure 49c), and shert axis lengths ranged from 35 to 415 m with
a mean of ~111 m and a median of 93 m (figure fifgre 49c). The mean values of 238 and 111
m indicate that the pipes are, similar to seabezkiparks and mounds, mostly elongated features
(figure 50).

Area values ranged between ~ 200band ~ 290000 fa with a mean of 25491 frand a
median of 13854 f The area values show a good correlation withptile up values, giving an
indication that the larger the feature the lardper associated pull up. This becomes obvious in the
bullet map showing area and coloured pull up valfigare 51). There is also a tendency of pipes
with larger area and pull up to have origin (botfamdeeper horizons (figure 51). At the same time
large pipes seem to occur mainly close to areasenere is a convergence of major fluid flow
pathways along the top of the high amplitude zoHAZ, but some occur also at convergent zones
of the UHAZ seal (figure 51). The association betwehe major fluid flow pathways and the
location of the acoustic chimneys is sometimesomtrast with the quantified bottom (figure 51), a

situation which creates an ambiguity regarding tifue extent (and thus origin) of the acoustic

pipes.
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The Orientation of the acoustic chimneys is showform of a frequency histogram and a
rose diagram (figure 52) and as a map (figure B8 orientation distribution as seen from the
frequency histogram and rose diagram seems to lyerardom, there are a large number of pipes
oriented within 0 and 20 degrees azimuth, but tkamis ~ 73 degrees. In the map the orientations
seem to be, similarly to the pockmarks and moualilgning with the orientation of lineated trains
of pipes. Factors controlling the orientation oé theepage pipes and blowout pipes must be the

same since close features show similar orientations
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4.2.5. Multivariate statistical analysis of the acoustic chimneys

4.2.5.1 Multidimensional scaling

Seven variables were used for the Multivariategteal analysis, these were area, long axis
length, short axis length, height, Orientation,l Rpland Push down. The Multidimensional scaling
R-mode solutions to two dimensions of the 7 vagaldonverged at a stress of 0.08, which is fairly
good (Table 6). The coordinates of the 7 varialaliess displayed in figure 54. The most highly
correlated are the size variables. The pull upahe®se relationship to the size of the pipes, avhil
the push down is highly independent from it. Thalpdown is showing some correlation to the
height. It reflects that within some pipes the éargush downs increases their height by extending
their bottom. Orientation appears, in a similar m&anto the orientation of the pockmarks and

mounds, far from all other variables indicatingttihias independent of any other parameter.
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Figure 54 — The R-mode multidimensional scaling sotion produces 2D coordinates for the variables sicthat
the distance between the variables is approximatelyqual to [1 - their Spearman’s rank correlation vdue]. This

means that variables that are closer to each otherre more positively correlated than those more disint.

The three dimensional scaling Q-mode solutionshef acoustic chimneys are shown in
figure 55. The solution for 2 dimensional showest values above 0.15 (poor, Table 6), more

than double of that of the 3D solution (0.06) analswherefore not used. The solution shows a
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considerable overlap between the observations epagge pipes and the different blowout pipes,

which indicates that the collected parameters at@nough to satisfy a separation of these groups.
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Figure 55 — Multidimensional scaling solution for he acoustic chimneys observations (Q-mode). The stibn
shows that except for some outliers, there is a gaeoverlap between chimneys underlying different flid flow

features on the sea bed.

4.1.2.2. Cluster analysis

The K-means cluster solution classified the piped clusters comprising between 6.1 and
60.7 percent of the observations (figure 56a). fipe clusters were named after their median area
as small, medium, large and very large pipes (tapfeyure 56d).

The small pipes are the most common type and atelyvdistributed over the survey area
(figure 57). They have a median height less thahr88, making them the cluster with the smallest
heights (figure 56e). They present usually a very pull up (between 0 and 10 ms), and in the
pipes with a push down, the push down is very sffedk than 5 ms). The orientation is distributed
between 0 and 180, but the median is around 7@dsgzimuth (figure 56h).

The medium pipes are much less common than thd pmpak and slightly less numerous
than the large pipes. They are mostly distributeek the UHAZ1 area and in the north eastern to
mid eastern part of the survey (figure 57). Thayehthe largest median height of all clusters (584

ms, figure 56e). This implies that most of thesgepiare tall enough to be originating from the
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LHAZ or below. The pull up values are varying froefatively small to medium (2 to 19 ms range),
with a median of 7 ms (figure 56f). The push dasvrelatively large as we would expect from the
height (figure 569), falling in the range betweear2 17 ms with a median of 8 ms. The orientation
is 110 degrees from north, but all orientationsysé® present (figure 56h).

The large pipes are the second most representgitoug after the small pipes with 88
members. The large pipes cluster is distributectlyidver the survey area, but they seem to be less
common in areas where there is a larger densitgeafium pipes (figure 57). They have a median
height of 326 ms (figure 56€), which is close te #verage depth of the BGHSZ in the area. The
pulls up values vary between the same range asid¢laeum pipes (2 to 20 ms), but with a median
of 12 ms (figure 56f). The push-down values arels(fess than 5 ms) and equivalent to the small
pipes group (figure 56g). The median orientationdglegrees.

The very large pipes cluster is composed mostlgutliers. Despite their reduced number
(27 pipes), they are distributed widely (figure 5The heights are highly variable, but with a
median height of 474 ms most of these pipes muginate at horizons deeper than the BGHSZ
(figure 56e). Pull up values are mostly relativiglsge to very large (10 to 45 ms), with a median of
27 ms. The push down values are also relativelyeldalling in the range 12 and 24 ms, with a
median of 14 ms (figure 56f; figure 56g). The med@ientation of these pipes is around 50

degrees from north (figure 56h).
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Figure 56 - Distribution of acoustic pipes paramedrs among the four clusters determined in the k-maw® cluster

analysis.
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Table 9 — Results of the cluster analysis for the44 acoustic pipes, including cluster name, shard objects in
each cluster and relative size, height, pull up, mh down and orientation within each cluster, as irdrpreted from

the cluster properties (figure 56).

Cluster SHECEN Relative Size = Relative Relative Pull up Relative Push = Orientation

name Objects (%) Height down

Small pipes Smallest Short to Small Small push Median of 70
medium down degrees
Medium 13 Small to Medium to Small to Medium push Median of 110
pipes Medium very tall medium down degrees
Large pipes 20 Medium to Short to Small to Small push Median of 70
large medium medium down degrees
Very large 6.1 Large to very | Shortto very Medium to very | Large push Median of 50
pipes large tall large down degrees
@ Small pipes

@ Medium pipes
! @ Large pipes
: . : : i : : Ll @ Very large pipes
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Figure 57 — Spatial distribution of the 4 clustersclassified by the k-means cluster algorithm from tle acoustic

pipes data.
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Similar to the multidimensional scaling analysise tcluster analysis that is based on the
guantified parameters from acoustic chimneys faitedlistinguish between those blowout pipes
that terminate in pockmarks, those that terminatanounds and those that terminate in both
mounds and pockmarks. Figure 58 shows the Q-modédimensional scaling solution of the
acoustic chimneys that is in colour according t® thassification done by the Kmeans clustering
algorithm (figure 57). We can see that the clusteseems to be reasonable, but it does group
within same clusters the different blowout pipes] @eepage pipes almost uniformly. This result
shows for the second time that pipes underlyingkpmeks, mounds or both show similar
characteristics based on the parameters usedsisttidy. It also shows that there is no partictylari
in the size of the pipes that underlie differentdiflow expressions on the sea bed.
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Blowout pipes undetlying mounds

Blowout pipes underlying both pockmarks and mounds
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Figure 58 — Q-mode multidimensional scaling solutio, with the different pipes colored according to tle clusters
classified by the kmeans cluster algorithm (figures7). Again we see that pipes underlying mounds (&hgles),
pockmarks (circles) or both (stars) don't form clugers of their own.

4.2.7. Comparison of statistics of acoustic chimneywith the statistics of the

respective overlying pockmarks and mounds

The comparison of the statistics of the mappedcarashtified pockmarks and mounds at the
seabed with those of the acoustic chimneys in thiesgabed (ST0408 3D seismic cube) is
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presented out using R-mode multidimensional scaliiige solution presented in figure 59 shows
that there is a relative large distance (poor p@sitorrelation) between the size parameters of the
seabed fluid features and the size parameterseofitiderlying acoustic chimneys. There is also a
large distance within the orientation of both greup

The large difference in size comes from the fhat thany large pipes are overlain by small
pockmarks and mounds and vice versa. This was wa$eluring the quantification of the acoustic
chimneys and may be related to the observationthigasize of some pipes diminishes drastically
above horizons 4 (One above TNR, table 8) and SR(Tfdble 8), while others don’t show such
drastic change.

The absolute differences in orientation present edian of 22 degrees, which is
significantly large (figure 60A). Despite the ovmdifference in orientation between the acoustic
chimneys and the overlying seabed fluid flow feasura map comparing the orientation of these
groups illustrates that some areas show a very ggogement in orientation (figure 60B). Most of
the features above the UHAZ2 show a very similgrdation, while the others show quite a large

difference.
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5. Discussion

This discussion is divided in three sections. kfihst section we discuss the distribution of
fluids (free gas?) as inferred from the resultshef interpretation of the 3D seismic data. We also
discuss the distribution of acoustic chimneys, paaiks and mounds and the results of the
guantification of the parameters collected fromsthéeatures. In the second section, we discuss the
possible origins of the fluids that are seepingtigh the pockmarks and mounds in respect to our
results. In the final section we suggest timing dandation for the present fluid escape features in

Nyegga.

5.1. Spatial distribution of geophysically inferred free gas and fluid flow
expressions

The results indicate that there is a coincidendevéen acoustic chimneys, pockmarks and
mound occurrences and the distribution of two majgh amplitude zones within Naust S. The
high amplitude zones are distributed at two magptd levels, at the base of Naust S3-4 (LHAZ)
and at Naust S1-2 (UHAZs) where they are sometitegninated by the BGHSZ (Figure 43;
Figure 45). The high amplitudes within Naust S1r2 farther laterally divided by the pinch out of
the sediments of Naust S1-2 below the BGHSZ ag#iw$s? (Figure 43; Figure 44; Figure 45). The
distinct lateral distribution of high amplitudesdinates that they are reflecting the fluid content
(free gas?) along them (Figure 42; Figure 44). Ftbis presumption, it may be inferred that the
sediments have a relatively higher porosity witthiese two levels in comparison to the adjacent
sediments within Naust S.

A conservative estimate of mean interval velocifytlee sediments above the LHAZ
indicates a compressional wave velocity of 2200 (ilenert et al.,, 2005a). Temperatures at the
level of Naust S are between 10 and@0 based on a geothermal gradient ofG&m (Bouriak et

al., 2000). In such they are above the catagemesis and can be called shallow reservoirs.

5.1.1. Distribution and migration of fluids in the subsurface

Previous studies of the distribution of fluid flaxpressions in form of acoustic chimneys,
pockmarks and mounds in the Mid-Norwegian margimehahown that the shallow fluid flow
system in Nyegga is part of a larger system astatiaith the distribution free gas trapped beneath
the BGHSZ within contouritic sediments of the Nafmimation (Blunz et al.,, 2003; Binz and
Mienert, 2004). The coincidence between the higisity of fluid flow features and the crest in the

bathymetry of Nyegga has already been pointed p@imz et al., (2003). This crest is likely to be
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a feature created by the interaction of the contaurents with the bathymetric high between the
Mgre and Vering basins (Binz et al., 2003). Timiekitess maps of the ST0408 seismic cube
indicates that the high developed first duringdikeosition of Naust S (Figure 39). Since the asea i
within the gas hydrate stability zone (water deptBO0 m and > 0C) and the BGHSZ tends to
mimic the seafloor, this structural element at$babed is likely to affect also the geometry of the
BGHSZ in the subsurface. Moreover the concentradioseabed fluid flow expressions along this
structural feature is an indication that lateragjration and accumulation of fluids beneath the seal
formed by the BGHSZ plays an important role (Fig2e Figure 26).

From the presented results (Figure 42) it is alsdent that free gas within the LHAZ
reservoir is migrating laterally mainly from theuslo and southwest of the study area, though there
appears to be some northern component in the rastilod the survey area. The LHAZ extends
beyond the ST0408 seismic survey and may be apartarger fluid migration system, such that it
could be receiving fluids from areas as far asatigcent Ormen Lange dome (e.g. Blinz et al.,
2005) which is about 100 km to the south. But disgribution of amplitudes in the subsurface
(Figure 42) agree very well with a model in whialolgant fluid sources in the south and southwest,
such as the high amplitude areas within the Tom&eyreflection, are redistributed by the LHAZ
reservoir (Figure 46).

The combined effect of the influence of the Helladdnsen dome topography and the
polygonal faulted system of Brygge and Kai formasiocontributed to create in the subsurface
series of north- south oriented ridges within tbatourites of Naust S. Within free gas zones, such
as the LHAZ shallow reservoir, these ridges areomajeas of convergence which convey buoyant
fluids toward broader structural highs where thegoainter a closure. The distribution of the free
gas along the top of the LHAZ reservoir (reflectidnis coinciding very well with the directional
gradient along the surface and points towards t@gntonvergent zones representing broad areas
of potential trapping of fluids. One lies benealte tJHAZ1 reservoir and the other is located
beneath the easternmost part of UHAZ2 reservogu(féi 42; Figure 46).

The UHAZ reservoirs seem to be charged by freettyasigh the migration of fluids out of
the LHAZ reservoir. This migration would be occuagithrough vertical migration at the areas of
convergence of the lateral buoyant fluid flow padly® on top of the LHAZ reservoir (Figure 46),
but could also be occurring through the S2 slider sechere a dense set of extensional faults is
sometimes observed (Figure 38a). The distributiohigh amplitudes and inferred free gas along
the top of UHAZ1 reservoir shows a very discontimsi@and sometimes dendritic pattern (Figure
44). It is possibly influenced by the thinning bketsediment layers beneath the BGHSZ, by lateral

permeability variations and by the acoustic chinsnesich cause attenuation of the amplitudes.
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The dendritic amplitude distribution tends to falldhe directional gradient (Figure 44), while
major fluid pathways are roughly parallel and areaed from southwest to northeast indicating
that this would be the principal direction of redltzution of free gas within this level. Although
these directions do not point toward any true stmat closure, the change from a 1 degree slope to
a flat surface may create a trap, as evidencethdjotal distribution of the fluids at this leveidch

of the pockmarks and mounds at the sea bed (FigurEigure 46).

At the UHAZ2 reservoir free gas seems to conceatrattwo major areas within the
infilling contourites. One area extents along tt®sBde scar up to the pinch out of the BGHSZ
against INS2 (Figure 44) concentrating mainly a tipper part of the S2 slide scar. At the
easternmost part of this scar the distribution ightamplitudes appears to be dendritic until their
abrupt northern termination at the pinch out zdrigure 44). At this area the slide scar is broader
and less steep than other parts of the study aweah& rough topography of the slide scar and the
high variability in thickness of the free gas zosgueezed between INS2 and the base of the
BGHSZ may be contributing to create series of sdigred traps which step up along the scar
(Figure 44; Figure 46; Figure 47). The second lagiplitude concentration occurs at the thickest
accumulation of the infilling contourites that ocsuoughly as a SE-NW ridge slightly tilted updip
towards NW (Figure 44). In the east, the two highpbtude zones are separated by a wedge of
GDFs deposited over the moat of the infilling camites (Figure 44Figure 47). The interpreted
fluid flow pathways indicate a principal spill poiaut of this ridge towards the updip pinchout in
the north (Figure 44Figure 46). But spilling of free gas beneath th@domost parts of the wedge
of GDFs deposited at the moat is also a possibdeligaly migration pathway, but implies large
fluxes of free gas to this trapping area in ordefilt it to these deeper spill points (Figure 44;
Figure 45).

5.1.2. Origin and distribution of acoustic chimneys, pockmarks and mounds

Two major models have been previously proposedkpdae the origin and distribution of
pockmarks and mounds in Nyegga (Bouriak et al.,02@®rndt et al., 2003; Blunz et al., 2003;
Hustoft et al., 2007). The first model, pockmarksl aounds are linked to leakage systems in form
of vertical pipes from over pressured shallow resies (e.g. Bouriak et al., 2000; Blinz et al., 2003
Hustoft et al., 2007). The second model suggesit shabed fluid flow expressions have been
produced by vertical migration of fluids throughpgs connected directly to polygonal faults at
depth (e.g. Berndt et al., 2003; Berndt, 2005)bdth models fluids are breaching the seal that is
represented by the gas hydrated sediment layer.
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It is evident from the results of the seismic iptetation that more than one stratigraphic
level is acting as a fluid reservoir. This situatimay cause fluids to be stored in different levels
before they are finally expelled to the seaflooiodlof the acoustic chimneys are located along
small or large scale crests within the shallow mesies and/or at their updip pinch-outs (Figure,46)
which are the typical areas for building up focusedrpressure (Cartwright et al., 2007; Hustoft et
al., 2007). Although evidence exists for fluiddwpartially originating from beneath the polygonal
faulted system (Figure 40; Figure 41) in the soetstern part of the area, no clear evidence was
found that acoustic chimneys can be directly coteteto these faults. Additionally, no pockmark
or mound was observed over these areas (Figure 46).
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The distribution of the fluid flow features at teeabed in the study area is thus interpreted
to be a complicated combination of lateral andigartmigration originating from locally over-
pressured shallow reservoirs (figure 61). Latergjration of fluids conveys the fluids through
geological settings that allow a focused flow todgastructural traps or stratigraphic pinch outs.
“Given sufficiently focused fluid flow and high ge®, the fluid may support the creation of
permeable pathways by hydraulic fracturing, whigguires that fluid pressure exceeds the least
principal stress (Zuhlsdorff and Spiel3, 2004). The formation oé thertical seepage and blowout
pipes represented by the acoustic chimneys are itttegreted to be resultant from hydraulic
fracturing of the “impermeable” overburden (AydRQ00; Zuhlsdorff and Spiel3, 2004; Cartwright
et al., 2007; Hustoft et al., 2007). Acoustic cheys are found both along the major fluid flow
paths (figure 62jfigure 63) and at the structural traps (figure @&8ure 64; figure 65) and
stratigraphic pinch outs (figure 6dgure 65). Overpressure then seems to developmigtin areas
of fluid entrapment but also along areas of latduadl migration.

The swath bathymetry data to the west of the 3Bnsiei area (figure 61) show pockmarks
distributed mainly along and across the crest. Ty suggest that they are related to blowout
events associated with lateral migration and acdaton of fluids at the BGHSZ. Another
evidence comes from the area of the ST0408 3D seisube where pockmarks and mounds may
indicate similar blowout events originating fronetdHAZ1 (figure 62figure 63). However, areas
between the UHAZs (band of low amplitudes) showkpaarks and mounds which are genetically
related to the LHAZ (figure 62figure 63; figure 64), which let us conclude thatpressure
develops also at this level. This way pockmarks @rodinds found over the UHAZs can also be
product of fluid expulsion from the level of the BH, in which case pipes coming from this level
must be capable of continuing to the seabed afegcipg the UHAZ (figure 62figure 63). The
distinction between the sources of the acousticnobys, when possible, can be made mainly
through the interpretation of the directional geadi maps and through the quantification of the
bottom termination of the acoustic chimneys (Figotg Over the UHAZ2 pockmarks and mounds
are striking in two major directions parallelingetluipdip pinchout and the crest of the infilling
contourites (figure 61; figure 64igure 65), indicating that they are originating imga from the
level of the UHAZ2. Although less numerous, acaustiimneys originating from the LHAZ are
also found at this area (figure Gyure 65).

A new approach based on statistical analysis edablestudy fluid migration and seafloor
seepages. It allowed a quantification of severaampaters within 178 pockmarks, 14 mounds and
441 acoustic chimneys with a primarily exploratobjective. Rudimentary and mainly exploratory

multivariate statistical analysis methods were usedn attempt to capture the basic relationships
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within the parameters defining fluid escape featpamd the similarities and dissimilarities between
the studied targets of fluid flow expressions.

The quantification of the pockmarks and moundshin $tudy area showed that the largest
and deepest pockmarks (classified as large andumegockmarks) are distributed mainly close to
the crest axis, paralleling the updip pinchout anthe crest axis of the infilling contourites aare
surrounded by smaller pockmarks (classified as Ispmalkmarks) (Figure 30; Figure 34; Figure
37).

The size and depth of active seeping pockmarksbess attributed to several factors
including degree of overpressure, grain size ofstebhed sediments (Hovland and Judd, 1988), and
duration of fluid flow seepage (Bge et al., 199@y@t al., 2006a).

Changes in grain size are unlikely to cause diffees in the area and depth of pockmarks
which are close to each other, unless mud extrusianvolved. But mud extrusion is mainly
associated with mud mounds and mud volcanoes, @gdarely forms pockmarks (Kopf, 2002).

Timing and duration of fluid flow in Nyegga can bpeculated from large scale geological
events such as the Neogene glacial and interglepcés (Binz et al., 2003; Hustoft et al., 2007),
but the timing and duration of seepage within imdinal fluid flow targets is contrained largely
through sampling and dating methods, such datatiswailable. However, duration of flow within
individual pockmarks could be an important factontrolling pockmarks size and depth at Nyegga
(Boe et al., 1997).

Pockmarks to which fluid migration have ceased sarsceptible to burial. The size and
depth of these features will then be determineddbgest attained size, the time since ceased
activity and the sedimentation rate. It is intugtito assume that sedimentation rates are largest at
the crest, since this positive topography is suigget be a sedimentary and not a tectonic feature.
Thus it is contradictory to find the largest an@plest pockmarks over the areas where we consider
the largest sedimentation rates, suggesting thatreihese features are active or burial of unactiv
pockmarks is not a major controlling factor for theesent size and depth distribution of the
pockmarks.

The degree of overpressure can be an importantatantthe size and depth developments
of pockmarks at the seabed, since relatively seppgessures imply in a relatively more powerful
flow capable of sediment suspension and erosidre ld@vel of overpressure within buoyant trapped
fluids is highest at the top of the trap or where jas column is higher. Our observations suggest
that the largest pockmarks and mounds could démre such overpressure areas, since the largest
seabed fluid flow features are either distributetha top of the bathymetric crest or over the two

major traps within the UHAZ2 (top of the infillingpntourites and updip pinchout against BGHSZ).
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Figure 62 — Arbitrary seismic section from the ST0@8 3D seismic survey showing: (A) Stratigraphy; (B)
Interpreted fluid flow features, including the GHSZ and the UHAZ1 and LHAZ and sealing intervals. Bla&
arrows indicate lateral migration pathways in the pgane of the section, while green circles with crosw dot inside
represent major lateral migration pathways perpendcular to the plane of the section, where the crogepresents
flow into the section, while the dot represents migtion out of the section.
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Figure 63 — Arbitrary seismic section from the ST088 3D seismic survey along an interpreted major fid flow
pathway within the LHAZ showing: (A) Stratigraphy; (B) Interpreted fluid flow features, including the GHSZ
and the UHAZ1 and LHAZ and sealing intervals. Blackarrows indicate lateral migration pathways in theplane
of the section, while green circles with cross ora inside represent major lateral migration pathways

perpendicular to the plane of the section, where # cross represents flow into the section, while thdot
represents migration out of the section.
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The origin of mounds in Nyegga have been ascrileedhttd volcanism (Mienert et al.,
1998a), mud diapirism (Mienert et al., 1998a; Bakiet al., 2000) and carbonate build up (Hovland
et al., 2005; Mazzini et al., 2005).

Bouriak et al., (2000) took sediment cores from ofhéhe mounds in the studied area and
found fossils of Eocene age within a matrix of idisly consolidated mud, suggesting that mud
mobilization through the fluid conduits representbgdthe acoustic chimneys could be contributing
to the formation of some of the mounds. While Gedwt al., (2003) investigated the area using
Tobi Side-scan sonar and high resolution seismieirTresults did not support large scale mud
volcanism, since there was no evidence of mobilined in the fluid flow features at the seabed.

There are two major theories for the formation afonate mounds, although one does not
rule out the other. In one theory mounds grow biigenic precipitation of carbonates related to
long term (tens of thousands of years) continuethame seepage (e.g. Hovland and Judd, 1988;
Naeth et al., 2005). In another theory, it is sstg@ that mounds grow by the vertical building
capability of cold water corals, in particulanphelia sp, in the presence of strong bottom currents
which can provide a large supply of nutrient ricaters (Wheeler et al., 2007). But cold water
corals cannot colonize mud sea beds because tleelyanbard ground where they can fixate and
grow. So it can be assumed that cold water corédnaation must postdate the carbonate
formation, especially where no other potential fic@ ground exists. Moreover, Hovland et al.,
(2005) investigated methane derived authigenicarates within pockmarks in the study area and
found no evidence of the presence.ophelia sp Thus we rule out the contribution of cold water
coral growth to the development of the size of t@unds observed in the study area that are at
water depths between 600 and 900m.

Although the mounds in the study area are not asenous as the pockmarks, the largest
and tallest mapped features are occurring cloghdcsame areas where we find the largest and
deepest pockmarks and also line up with the sanjerrmaps within the UHAZ. This supports the
idea that they may be fluid flow related and alsat tthe areas and heights of these features are,
similarly to the areas and depths of pockmarkssipbscontrolled by the degree of overpressure,
and duration of fluid flow.

One of the objectives with the quantification oé thockmarks and mounds was to try to
identify possible dissimilarities within the acagstchimneys underlying different seabed
expressions of fluid flow such as mounds and pocksalhe results from the multidimensional
scaling and the cluster analyses show that thetdjednparameters within the acoustic chimneys
do not help much in this distinction. But the graafpsolated mounds to the south of the crest is an

interesting source for a hypothesis. Although thangified parameters within the mainly small
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acoustic chimneys underlying those features dosigtificantly differ from those of other small
acoustic chimneys elsewhere, there is clearly domgtparticular to that area which makes it
susceptible for the development of isolated moundk no associated pockmarks. The isolated
mounds lie down slope from the crest in an arearavhieere is clear evidence of fluid flow
chimneys connected to the deeper LHAZ shallow weser(figure 61; figure 62;figure 63).
Particularly interesting is the fact that the admushimneys are not crossing the UHAZ, due to the
fact that the UHAZ pinches out to the north (figd®). These features are some of the closest
features to the high amplitude zone observed withenTop Brygge formation (Figure 4figure

61). Major lateral migration pathways exist, whiate originating directly from above these high
amplitudes. Once hydraulic fractures are developedhe overpressured free gas zones, the
resultant “permeable pathways” could also be cdsdor fluids such as formation water and mud
(e.g. Dimitrov, 2002; Kopf, 2002). This could beesdsto explain why Bouriak and his co-authors
found anomalous consolidated mud with fossils ofdf@ age in a shallow sample (1.3 m) taken
from a mound in this area. Based on these factsamnespeculate that the composition of the fluids
within these pipes and which is seeping at theestabuld be largely derived from the de-watering
of the Oligocene-Eocene polygonal faults systemeet al., 2003), possibly also including gases
of thermogenic origin. This could then be a cofitrgl factor in the formation of these particular
mounds. The fact that there are no associated parélsnsuggests that the rate of seepage must be

very low (microseepage?), or that mud extrusiarcurring (mud mounds?).
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Figure 64 — Arbitrary seismic section from the ST0@8 3D seismic survey showing: (A) Stratigraphy; (B)
Interpreted fluid flow features, including the GHSZ and the UHAZs and LHAZ and sealing intervals. Blak
arrows indicate lateral migration pathways in the pgane of the section, while green circles with crosw dot inside
represent major lateral migration pathways perpendcular to the plane of the section, where the crogepresents
flow into the section, while the dot represents migtion out of the section.
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Most pockmarks described in the literature areutancfeatures (Hovland and Judd, 1988;
Hovland et al., 2002; Judd et al., 2002). Elongggeckmarks are normally attributed to posterior
modification, as it is thought that gas escapeeamdion from a point source normally will produce
circular depressions (Hovland and Judd, 1988). mbdifications are in turn attributed to bottom
currents (Andresen et al., 2008), to amalgamaifgmockmarks formed along linear sources, such
as faults, or merging of individual pockmarks (Réc and Argent, 2007).

This study shows that pockmarks and mounds in thdysarea are mostly elongated
features (Figure 31) and that in some areas elmmgas oriented in the same direction as
subsurface settings from which they are interpret@doriginate (Figure 33figure 61). No
observable major faults are associated with thatioe of the pockmarks and mounds, but the
features are instead connected to acoustic chimfdyes acoustic chimneys show also elongated
shapes (Figure 50) and most importantly show simoiteentation as the pockmarks and mounds in
some areas (Figure 5Bigure 60). This suggests that the orientation elndgation of pockmarks
and mounds is inherited from the acoustic chimneys.

It can be speculated that the elongation and @itiemt of the acoustic chimneys in Nyegga
reflect the geometry of the distribution of the guressured fluids, or simply put the geometry of
the trap where fluids are susceptible to presswiéd bup and form hydraulic fractures. The
orientation of pockmarks and mounds overlying th®AlZ2 is in accordance with the orientation of
the major traps found at the UHAZ2 level, namelg tipdip pinchouts against the INS2 and the
BGHSZ at the upper part of the S2 slide scar amedritige formed by the infilling contourite
sediments (figure 61; figure 6gure 65). Therefore, the orientation of the poekks and mounds
suggests a relationship to the geometry of thefo@p which fluids are vertically migrating. This
also supports the notion that the pockmarks andnai®in this area are mainly product of vertical
migration from the level of the UHAZ2.

However, above UHAZ1 the orientation of acoustiorofeys and overlying pockmarks and
mounds significantly differ from each other (Fig@@®@). Given the speculative nature of this issue it
seems presently too early to come up with plaugkjg@anations. Nevertheless, it appears that the
orientation of pockmarks and mounds over the UHAsZAot defined by the orientation of acoustic

chimneys as for example seen over the UHAZ2.

94



Time (ms TWT)

Time (ms TWT)

NE Distance (m) NE

0 3000 6000 8000 10857

——— e — -

R, ~— ' ’-—" N82 5

NE Distance (m) NE

0 3000 6000 8000 10857

Migration artifact

Pockmarks across! data gap
(=

. updip
p-i?u:h ot

Figure 65 — Arbitrary seismic section from the ST088 3D seismic survey along the ridge formed by thafilling

contourite sediments showing: (A) Stratigraphy; (B)Interpreted fluid flow features, including the GHSZ and the
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section, while green circles represent major latetamigration pathways perpendicular to the plane ofthe section,
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There is little or none published information onawkontrols the size of acoustic chimneys,
making any discussion highly speculative. This mhginge in the next few years since detailed
studies on these fluid flow features are beingiedrout at the moment (e.g. Plaza-Faverola et al.,
2008; Westbrook et al., 2008).

Based on the presented data, there may be a possifbciation between the locations of
some of the largest acoustic chimneys with arezsedio convergence of the interpreted major fluid
flow pathways, especially within the LHAZ reservéiigure 51). This observation suggests that
the larger acoustic chimneys may be related todnigfas fluxes. This higher flux would imply a
possible stronger flow towards the seabed. Butstiaéistical results show that there is a poor
correlation of the size of the acoustic chimneythwhe size of the fluid flow features at the seabe
(Figure 59). This contradiction could be relateddifferences in fluid compositions and heat
advection through particular chimneys which mayrease or enhance flow depending whether
they enhance or hinder hydrate formation (Liu ahehrfings, 2007). The observed correlation
between acoustic chimneys size with the pull upj&then be a consequence of higher rate of gas
hydrate formation within these particular largensheys, which could then imply in less gas flow to
the seabed and hence explain why large chimneysoanetimes related to small pockmarks. This
may also partly explain the observation that sormtiqular chimneys decrease drastically in area
within the GHSZ (ex. figure 65). Also, some acotisthimneys may distinctly decrease their
activity over time. In which case the potential rgté formation and/or the precipitation of
authigenic carbonates within these abandoned waeéftiad flow pipe structures may cease, while
distortion (pull up) of reflections due to highexlecity material may still prevail.

Pull-up and Push-down are terms commonly useddismic velocity distortions, in which
lateral changes in lithology, physical propertiesloid content of sediments and rocks cause the
seismic signal to be delayed or rushed when tnagehrough them. This causes distortions in the
reflections underneath, which may appear up beuit (o) or down bent (push down) depending
whether there is a local faster medium or slowedioma respectively, even though the reflectors
from which they originate are flat. Structural d@fations due to forced deformation and upward
movement of sediment layers , or, and collapsetires due to loss of pore water and gases (Judd
and Hovland, 2007) could also show similar reswith up bending and down bending of
reflections, respectively.

Large scale structural deformation within the atmuchimneys would imply that once a
pipe is formed it would disturb the sediments inlsa way as to be visible in the seismic even after
ceased activity. But recent work in paleo-pockmat&es not support that. Andresen et al., (2008)

mapped hundreds of paleo-pockmarks in 10 diffe@dtseismic surveys spread between the
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Danish central graben and the Danish North Sea.pboikmarks were suspected to have been
formed by vertical migration from underlying reseirg. They were dated to have formed 9.5 to 5
Myrs ago and are now deeply buried beneath 50600 In of sediments. The fact that the authors
found no disturbance in the reflections beneatisdhfeatures implies that no resolvable structural
deformation occurred vertically beneath them.

In this study we observed a large variability ie thull up and push down characteristics of
the acoustic chimneys, but we can generally sep#nain into four groups: (1) Push down beneath
BGHSZ; (2) Pull up within GHSZ swapping to pushwiobelow BGHSZ; (3) Pull up within
GHSZ; (4) Pull up extending beneath BGHSZ.

The push down observed within the acoustic chiranaythe study area occurred only
beneath the BGHSZ, and was commonly observed befmiip pinch-outs and focusing elements
within the UHAZs. In these areas we would expeletrger accumulation of free gas. This supports
the idea that the push down observed within the geats of some acoustic chimneys and also
below updip pinchouts is most likely produced bloeéy distortion due to free gas causing a delay
in the seismic signal.

Pull up occurring within the gas hydrate stabiltgne can be related to an increased
concentration of gas hydrates within the acougtimoeys, since gas hydrate increases the seismic
velocity within the sediments (Andreassen et @03 Blnz and Mienert, 2004; Mienert et al.,
2005a; Westbrook et al., 2008). It could also bated to authigenic carbonate formation since it
increases the compressional wave velocity as vieit, this phenomenon is restricted to the
uppermost tens of meters (e.g. Mazzini et al., 208dd as such does not explain the extent of the
up bending observed in the study area. The sorastahange from pull up to push down occurring
beneath the BGHSZ (Figure 48i) is commonly attelduto a change from localized hydrate
concentration to localized accumulation of free gasss the hydrate stability boundary (Hovland
and Judd, 1988; Kvenholden, 1998). In the caseeti@emo significant free gas concentration
beneath the BGHSZ, the push down caused by thegdgenay not be able to fully compensate for
the pull up effect, and the distortion could themead deep beneath the GHSZ. This may explain
why we observe pull up occurring beneath the GHSZKigure 47; Figure 65).

Cluster analysis of the acoustic chimneys showed #imilar features are usually not
forming patches in the map, and instead appeae toidhly intermingled. One exception is a large
pipes patch lying in the southeast of the studg.afée acoustic chimneys that compose a patch in
the southeast are associated with large pull upshwdppear beneath the S2 slide scar. The best
examples are represented by features 398, 396,(R3g8re 47) The occurrence of pull ups

restricted to beneath the GHSZ may be related édfabt that these features are lying in an area
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where the removal of sediments by the Storeggee didiced the BGHSZ to readjust to new

equilibrium. This caused a deepening of BGHSZ #&edctosscut at the Naust S1-2 (Figure 47). As
a consequence of this readjustment, the free gsnwiaust S1-2 allowed gas hydrate to grow
producing local high velocity anomalies. This walyese particular acoustic chimneys may not
represent focused fluid flow pathways but insteadld be major velocity distortions caused by

local gas hydrate accumulations. This observatigpsrts the notion that gas hydrate accumulation
may be playing an important in the size and pull agaracteristics of the acoustic chimneys
guantified from the ST0408 seismic data.

In some areas we found a clear coincidence betwlsenocation of acoustic chimneys,
pockmarks and mounds with some focusing elememt®anpdip pinch outs within one of the two
mentioned high amplitude levels within Naust S, thket determination of the bottom (base) of these
acoustic chimneys from the seismic data sometite® ther sources. In the quantified bottom of
the acoustic chimneys, the largest features wetialyneomputed to originate from deeper levels
(Horizon A to Uppermost reflection below TNU, fig))r including those that are coinciding with
subsurface structures at a shallower level (créstfidling contourite and updip pinchout). And
most of the smaller features originate at the l®@fdhe BSR (horizon 10), including features that
are clearly associated with major migration patrsvalpng the LHAZ seal (horizon A) (Figure 51).
This contradiction is most likely explained by dfidulty in the visualization of the real bottom
(base) of the acoustic chimneys in the seismic, déatae it would be unlikely that the coincidences
of the location of acoustic chimneys with subswfatructures and migration pathways could all be
accidental. Also as stated above, velocity distadi can extend deep beneath the associated
velocity anomaly, making it difficult to quantifyh¢ true bottom termination of the fluid flow
conduits. For these reasons, the quantificatioth@factual base of the blowout and seepage pipes

could have failed to capture their true origin (®euof fluids).

5.2. Origin of fluids to the seabed pockmarks and mounds

The source of the fluids in Nyegga has been ateibuo different sources. Berndt et al.
(2003) concluded that the fluid escape featurddyiegga are attributed to de-watering through the
Eocene-Oligocene polygonal fault systems of thegBeyand Kai formation. The presence of free
gas beneath the BSR, the formation of gas hydmtese and the depth variations of the BSR
towards hydrocarbon provinces has been attribudechdthane gas mixtures of thermogenic and

biogenic origin (e.g. Posewang and Mienert, 199 2et al., 2003). Gas hydrate dissociation and
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subsequent accumulation of free gas under the B&Ralso been proposed as a source for the
overlying pockmarks and mounds (Paull et al., 1994)

The thermogenic fluids are suspected to be origigdtom deeper sources through leakage
out of structural traps such as the Tertiary doifid®é and Lundin, 1996; Blnz et al., 2003).
There is some evidence that supports thermogemiat fhigration from below the base of Brygge
Formation (Figure 41). From the amplitude distnbuf the fluid migration seems to be focused in
the southwest of the 3D seismic survey area (Figdne This area shows also the largest fault
offsets within the polygonal faults affecting th@pl Brygge surface (Figure 40b) suggesting a
relationship between fault offsets and fluid migmas. More interestingly, the pattern of circular
low RMS amplitude anomalies within the high ampl#s may indicate that fluid flow may not be
restricted to the fractures manifested by the pamtyd fault system (Figure 41). This pattern of low
amplitude anomalies is to date undocumented frdmradtudied polygonal fault systems. It could
be produced by hydraulic fracturing associated wiRrpressure, but no acoustic chimneys were
observed neither within the Kai and Brygge formatioor originating directly from it.
Alternatively, these could represent paleo-pockm&okmed during the time this surface was at the
seafloor, but no bathymetric expression was fouitkimvthe circular anomalies.

Microbial gas generation is also a possible, thdlilgily minor, source of fluids within the
Naust formation (Paull et al., 1994; Bunz et al02, Hovland et al., 2005; Mazzini et al., 2005).
Blnz et al., (2003) discusses that the bacterigidadfation of organic matter in the Naust formation
sediments is not enough to explain the distribuind amount of free gas under the BSR, since the
presence of BSR is observed at depths close thabe of Naust formation and also because of the
low total organic content (less than 1%) of the dasediments. While carbon isotopic analyses
from carbonates retrieved from inside pockmarkshi study area suggest mixed biogenic and
thermogenic gase®X3C = -52 %o to -58 %, PDB, Hovland et al., 2005).isTm turn, does not
necessarily implicate a bacterial degradatiorinositu organic material within Naust sediments.
Brekke et al., (1997) discusses that biodegradaifahermogenic gases into @@nd subsequent
methane production by methanogens can lead topisadty light methane. These authors tried to
explain why the methane rich fluids within shalleadiments overlying known leaking petroleum
reservoirs were depleted ifC.

One mechanism accounting for free gas accumulétmeath the BSR is the readjustment
of the BGHSZ, causing gas hydrate dissociationhat lhase in a process called gas hydrate
recycling. This can be caused by sediment rem@lalive to the seabed (pressure reduction), or by
pressure and temperature changes in response-tevetdall or bottom-water warming (both of

which cause the base of the GHSZ to move upwasativelto the seabed). The decrease of the
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thickness of the HSZ and the dissociation of gadrditgs at the BGHSZ may cause resultant
buoyant gas to migrate upward, to increase thekilegs of the free gas zone beneath the new
BGHSZ or to form hydrates in the GHSZ, whereases@nee gas residue remains in the pore space
of the sediments beneath the BGHSZ (Haacke €2@G07). The results of this thesis do not support
the idea of gas hydrate recycling. This conclussobased on observations of the presence of thick
free gas zones within Naust S1-2 beneath the BGld8d,also based on the discontinuity in the
UHAZs across the study area without any co-relatalicontinuity in the conditions for hydrate
recycling. The existence of a deeper level of ffag accumulation represented by the LHAZ which
are not associated to the GHSZ further supportgdgee that the free gas beneath the BGHSZ could
be coming mainly from deeper levels, and not fras lgydrate recycling.

5.3. Suggestions for the timing and duration of seafloor seepage

Three observations are considered when tryingotwstcain the timing and duration of
seepage through pockmarks and mounds at Nyegg&e@hed fluid flow features in the eastern
part of the study area pierce through Weichseliédr€ (2) Buried pockmarks and mounds (paleo-
features) are not observed in seismic data; (3hdfet derived authigenic carbonates have been
sampled in some of the Nyegga pockmarks (Hovlaral.e2005; Mazzini et al., 2005; Mazzini et
al., 2006) .

The youngest fluid flow activity in Nyegga must y@unger than the GDFs and is therefore
younger than the LGM. Datings of foraminifera amdsts sampled from pockmarks confirm an age
of < 18 ka (Paull et al., 2008b). These age caigly should be valid for features connected to
acoustic chimneys interpreted to originate fromhidbe UHAZ and the LHAZ reservoir.

Within the sediments of the Naust formation, nsisec evidence exits for buried isolated
or stacked pockmarks or mounds. Since the chimpepentrate through the Naust formation, a
younger generation of fluid flow activity than thpper Naust may be suggested.

The precipitation of authigenic carbonates is thsult of coupled anaerobic methane
oxidation (AOM) and sulphate reduction operated dyonsortium of archaea and sulphate-
reducing bacteria (Judd and Hovland, 2007), a poteat takes 10-100 kyrs to form significant
carbonate crusts (Andresen et al., 2008). Methamvedl authigenic carbonates (MDAC) have
been reported from a number of gas hydrate progiaceund the world (reference). Samples taken
from some of the Nyegga mounds mapped in the stuely clearly allowed to identify the MDAC
(Hovland et al., 2005; Mazzini et al., 2005; Mazahal., 2006), but without age datings. Mounds

are distributed in the study area without showirgystematic pattern. The near vicinity of some of
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these mounds to the pockmarks in the study areaingigate a similar timing for both types of
seabed fluid expressions.
The above consideration suggests that the flui ffeatures in Nyegga constitute a

generation of fluid expulsion that is probably aetat least from the LGM to the present.
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6. Conclusion

Swath bathymetry and 3D seismic data allowed mappin287 pockmarks, 23 mounds, 441
acoustic chimneys. Additionally several importaleneents of the geological fluid flow system
at Nyegga were identified and analyzed, includingSZ, GDFs, HAZs and the Polygonal fault
system.

Pockmarks and mounds at Nyegga are interpretec tihé result of fluid seepage from two
overpressured shallow reservoirs within Naust Snsexts. The pockmarks and mounds at the
seabed are connected to acoustic chimneys digdbmer major accumulation areas for free
gas within these reservoirs. These acoustic chisreg inferred to represent permeable
pathways created by hydraulic fracturing of sealkegiments due to pore pressure build up.
Overpressure occurs at both shallow reservoirsvaterced by the observation of acoustic
chimneys reaching the seafloor which are interprégebe originating from both levels.

New statistical approach to fluid flow studies @mt®d evidence that the size of both
pockmarks and mounds could be partially controlbgdthe degree of overpressure at the
UHAZs, as evidenced by the quantification of theyést features over the crest of structural
highs and at updip pinchouts. Also quantificatidrthee orientation of fluid flow expressions,
provided evidence that the orientation of pockmakd mounds in particular areas is inherited
from the acoustic chimneys. The orientation of dleustic chimneys over UHSZ2 are parallel
to the orientation of underlying traps from whittey are inferred to originate (the updip pinch
out of the Naust S1-2 under the BGHSZ against M®2I reflection and the structural crest
formed by infilling contourite sediments of Naust-8). This indicates that the orientation of
acoustic chimneys, pockmarks and mounds at Nyegghl aeflect the geometry of the trap
where overpressure develops and hydraulic fractores

Geophysical evidence for the contribution of flumfsthermogenic origin for the shallow fluid
flow system in Nyegga was found. Migration appearse associated with large offset (> 40 ms
TWT) polygonal faults. However, previously undocumesl circular low RMS amplitude
anomalies found within the Top Brygge surface colokd evidence for hydraulic fracturing
processes. The thermogenic fluids are probablydiyedistributed by the LHAZ, while the
thick free gas zone represented by the UHAZ is keoled to be mainly product of advection of
fluids through acoustic chimneys originating frorregpressured areas within the LHAZ.
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* The fluid flow features in Nyegga constitute a gatien of fluid expulsion that is probably

active at least from the LGM to the present.
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