
 Degree Project in 
Marine Geology 60 hp

Master Thesis

Stockholm 2015

Department of Geological Sciences
Stockholm University
SE-106 91 Stockholm

  Geophysical characterization of fluid flow and 
hydrocarbon migration features in the SW Loppa

High area, Norwegian Barents Sea

Christoffer Bergstrand

 Degree Project in 
Geology 45 hp

Master Thesis

Stockholm 2015

Department of Geological Sciences
Stockholm University
SE-106 91 Stockholm

Sweden

Deciphering the origin of olivine crystals 
in alkaline magmas: The Calatrava 

Volcanic field, Spain
Hedvig Öste

 Degree Project in 
Geology 45 hp

Master Thesis

Stockholm 2015

Department of Geological Sciences
Stockholm University
SE-106 91 Stockholm

Sweden

Deciphering the origin of olivine crystals 
in alkaline magmas: The Calatrava 

Volcanic field, Spain
Hedvig Öste

 Degree Project in 
Marine Geology 60 hp

Master Thesis

Stockholm 2015

Department of Geological Sciences
Stockholm University
SE-106 91 Stockholm

  Geophysical characterization of fluid flow and 
hydrocarbon migration features in the SW Loppa

High area, Norwegian Barents Sea

Christoffer Bergstrand

Geophysical characterization of 
fluid flow and hydrocarbon migration 
features in the SW Loppa High area, 

Norwegian Barents Sea

Christoffer Bergstrand



Cover picture: 3D visualization of the main stratigraphic horizons in the Loppa High area, 
generated in IHS Kingdom from the interpreted layers of the LN12M01 data set.
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Abstract
	 The objective of this master thesis is to establish a more detailed view of the geological features controlling 
fluid migration and accumulation in the Loppa High area, SW Barents Sea.
	 The Loppa High is a structural high formed through a series of tectonic activities ranging back to the Carbon-
iferous. The structural high is surrounded by three major fault complexes and a number of deep sedimentary 
basins. Late Carboniferous to Triassic sediments as well as Quaternary successions in the upper parts are de-
posited on the Loppa High. The Polheim Sub-platform is a block-faulted structure of the Loppa High, formed in 
a series of tectonic events since the Early to Middle Triassic.
	 Processed data sets of 2D and 3D seismic surveys allowed for subsurface paleo-bathymetry mapping, fol-
lowed by identification of fluid migration pathways and fluid accumulations within the southwest parts of the 
Loppa high and the adjacent Polheim Sub-platform, SW Barents Sea. Additional data from multibeam bathyme-
try and water column data gave a further understanding of the former and present sea floor activities. 
	 Hydrocarbons originating from Triassic and Jurassic sandstone must migrate through thick deposits of gla-
cial sediments before a sub-surface escape is possible. Fluid accumulations are identified in the Triassic and the 
Quaternary deposits; visible as strong amplitude reflections. Triassic deposits exhibited larger concentrations 
of fluids foremost in elevated areas, surrounded by faults. Fluid concentrations, located in the Quaternary stra-
ta, did not necessarily correspond to elevated areas. Thin stratum allowed for upward migration and focused 
movements were observed above an elongated depression located in the upper regional unconformity (URU). 
The presence of iceberg ploughmarks and pockmarks indicate a time of cold conditions where gas could escape 
first after glacial retreat.
	 An oil and gas pocket accumulated in Jurassic sandstone is located above the Polheim Sub-platform. Clus-
ters of strong amplitude reflections observed in shallower deposits below the URU, indicate for an upward 
migration, either from this concentration or from deeper buried elements. The strata at these depths are tilted 
and deformed by fault movements, an ideal succession for fluid migration. Concentrations of strong amplitude 
reflections were also observed in the Triassic strata, deposited above the Loppa High next to the down-faulted 
structure. This is a tilted succession with faults leading up to the URU. 
	 The Water column data was found to have registered three gas flares at the sea floor, one above the Polheim 
Sub-platform and two close by on top of the Loppa High, indicating hydrocarbon migration from within the sed-
imentary strata. The source of origin is difficult to determine but could be migrating up from the known source 
rock formations.

Keywords: Loppa High, Polheim Sub-platform, fluid migration, high amplitude
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Sammanfattning
	 Syftet med detta examensarbete är att skapa en mer detaljerad bild av de geologiska särdrag som inverkar 
vid migration och ackumulering av fluider inom Loppa High-området, SV Barents hav.
	 Loppa High är en strukturell förhöjning som har bildats via en rad tektoniska händelser sedan Karbon. Den 
strukturella förhöjningen omges av tre större förkastningskomplex, samt ett antal djupa sedimentära bassäng-
er. Sedimentära lagerföljder från sen Karbon till Trias, samt kvartära avsättningar, finns bevarade på Loppa 
High. Polheim Sub-platform är en block-förkastad struktur härrörande Loppa High, bildad via en serie av tekto-
niska händelser sedan tidiga till mellersta Trias.
	 Denna uppsats bygger på en paleo-batymetrisk kartläggning av sedimentära lager utifrån processade data 
från seismiska 2D- och 3D-undersökningar. Baserat på denna kartläggning har identifiering av migrationsvägar 
samt ansamling av fluider inom den sydvästra delen av Loppa High och den angränsande Polheim Sub-platform 
kunnat göras. Ytterligare data från multibeam batymetri och vattenkolumn-data gav en vidare insikt i de forna 
samt nuvarande processer vid havsbotten.
	 Olja och gas från sandsten tillhörande Trias och Jura måste migrera genom tjocka avsättningar av glaciala 
sediment innan de kan penetrera havsbotten. Fluidansamlingar har identifierats inom triassiska och kvartära 
avlagringar, synliga som reflektioner av stark amplitud. Sedimentära avsättningar från Trias uppvisar större 
koncentrationer av fluider främst i upphöjda områden, omgivna av förkastningar. Koncentrationer av fluider 
inom de kvartära skikten överensstämde dock inte alltid med upphöjda områden. Däremot möjliggör tunna la-
ger en uppåtriktad migration, vilket främst observerades vid de koncentrerade fluidrörelser som förekom över 
den långsträckta fördjupning som tillhör den övre regionala diskordansen (URU). Isbergs-spår samt pockmarks 
identifierade på havsbotten berättar om en tid med kalla förhållanden där gas kunde lämna de sedimentära 
avlagringarna först efter en glacial tillbakadragning.
	 En olje- och gasficka i jurassisk sandsten är belägen ovanför Polheim Sub-platform. Grupperingar av reflek-
tioner med stark amplitud kan observeras i de grundare avlagringarna under URU, vilket påvisar en uppåtrik-
tad migration, antingen från olje- och gasfickan eller från djupare belägna avsättningar. Sedimentära lager på 
dessa djup är snedställda samt deformerade av förkastningsrörelser, vilket underlättar för migration av fluider. 
Ansamlingar av reflektioner med stark amplitud observerades också i trias-lagren inom Loppa High, bredvid 
den nedåt-förkastade strukturen. Trias utgörs här av en lutande lagerföljd med förkastningar som leder upp till 
URU.
	 Vattenkolumn-data visade spår av tre gasutsläpp från havsbotten, ett ovanför Polheim Sub-platform och två 
närliggande över Loppa High, vilket påvisar gas-migration från de sedimentära avsättningarna. Källa för dessa 
utsläpp är svår att fastställa men de kan ha migrerat upp från de tidigare kända olje- och gaskällorna.

Nyckelord: Loppa High, Polheim Sub-platform, vätskemigration, höga amplituder
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1.	 Introduction
	 The Barents Sea is an epi-continental sea situated 
between the Norwegian and Russian mainland in the 
south and the Franz Josef Land and Svalbard archi-
pelago to the north (Fig. 1) (Dore, 1995; Smelror et 
al., 2009). The geological history of the Barents Shelf 
is long and complex, with numerous events of plate 
tectonic collisions and expansions related formations 
and deformations dating back to the Paleozoic and 
Early Ordovician (Gudlaugsson et al., 1998; Golonka 
et al., 2003; Pease et al., 2014). In the Mesozoic and 
Cenozoic time, continuing crustal extension led to re-
peating rifting, fault complex formation, subsidence, 
and uplift (Smelror et al., 2009). Structural highs and 
deep basins were formed throughout the western 
Barents Sea as a result of the recurrent tectonic move-
ments, which had a large impact on the stratigraphy 
(Dore, 1995; Vadakkepuliyambatta et al., 2013). It has 
long been believed that the Barents Sea, containing 
tectonic-related faults and fractures and a great vari-
ety of structural traps and sealing mechanisms, is a 

promising shelf for oil and gas exploration (Gudlaugs-
son et al., 1998; Golonka et al., 2003; Faleide et al., 
2010). Petroleum explorations of the southern Bar-
ents Sea began in 1980 and had its first discovery in 
1981. Since then and up to 2010, about 25 discoveries 
were made on the Barents Shelf. Oil and gas reser-
voirs have mainly been found in Jurassic and Trias-
sic sandstone, as well as in Carboniferous to Permian 
carbonates (Dore, 1995; Faleide et al., 2010; Hameed, 
2012).
	 The aim of this master thesis is to develop a better 
understanding of the geological features controlling 
fluid migration and accumulation within the research 
area of the Loppa High, SW Barents Sea. Detailed 2D 
and 3D seismic interpretations is performed in order 
to analyze layer propagation, stratigraphic features 
and fault systems within the study area. Finally, to 
compile and visualize relevant data sets for character-
ization and mapping of major fluid flows and to locate 
hydrocarbon entrapments within the glacial deposits.

Figure 1: Map of the Arctic Ocean with surrounding seas, obtained from IBCAO (Jakobsson et al., 2012).
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1.1	 Geological framework of the Barents 	
	 Sea
1.1.1	 Study area
	 The Barents Sea is a 200 – 400 m deep epi-conti-
nental sea situated between the Franz Josef Land and 
Svalbard archipelagos in the North and the Norwe-
gian and Russian mainland in the south. The island of 
Novaya Zemlya is located to the east of the Barents 
Sea and the eastern margin of the deep Atlantic Ocean 
to the west, connecting to the Greenland and Nor-
wegian Seas (Dore, 1995; Pless, 2009; Smelror et al., 
2009). The Barents Sea region has a long and complex 
geological history of plate tectonic collisions and ex-
pansions related formations and deformations. The 
region has throughout Paleozoic time experienced 
continental collision, back-arc extension and crustal 
extension with subsequent rifting as well as strike-
slip faulting (Gudlaugsson et al., 1998; Golonka et al., 
2003). In the Mesozoic and Cenozoic time, continuing 
crustal extension led to recurrent rifting, fault com-
plex formation, subsidence, and uplift (Smelror et al., 
2009). Major structural trends extend in ENE-WSW 
to NE-SW and NNE-SSW to NNW-SSE throughout the 

Barents Sea (Gabrielsen et al., 1990). The region is 
made up of a number of basins and structural highs, 
created by processes related to tectonic activities in 
the surrounding areas (Dore, 1995; Vadakkepuliyam-
batta et al., 2013). The region can be divided into an 
eastern and western part, as different areas of the 
Barents Sea were subjected differently by tectonic 
activities. In the east, the region consists primari-
ly of two larger basins, the North Barents Basin and 
the South Barents Basin, separated by the structural 
high Ludlow Saddle (Gabrielsen et al., 1990; Smelror 
et al., 2009). Numerous smaller basins and structural 
highs make out the western Barents Sea (Fig. 2), e.g. 
Bjørnøya Basin, Harstad Basin, Hammerfest Basin 
and Nordkapp Basin, along with Loppa High, Stap-
pen High and Veslemøy High (Gabrielsen et al., 1990; 
Smelror et al., 2009).
	 The Loppa High is a positive tectonic element lo-
cated in the southwest Barents Sea, between 71°50´N, 
20°E and 51°55´N, 22°40´E (Gabrielsen et al., 1990; 
Dore, 1995; Hameed, 2012). The Loppa High is sit-
uated north of the Hammerfest Basin, separated by 
the Asterias Fault Complex (Larssen et al., 2002). 

Figure 2: Tectonic framework of the 
southwestern Barents Sea. Illustrating 
the Loppa High with adjacent basins and 
fault complex. Modified after Gradstein 
et al. (2012). The reference map in the 
upper left corner are from IBCAO (Ja-
kobsson et al., 2012), with the approxi-
mate location of the structural elements 
map marked in red and the location of 
Ludlow Saddle (Smelror et al., 2009).
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The Bjørnøya Basin to the northwest and the Tromsø 
Basin is located to the southwest of the Loppa High, 
bounded by the Bjørnøyrenna Fault Complex and 
the Ringvassøy-Loppa Fault Complex (Larssen et al., 
2002; Smelror et al., 2009). The structural high is a 
result of Carboniferous and Permian tectonic activi-
ty, Late Permian to Early Triassic normal faulting and 
footwall uplift (Dore, 1995; Gudlaugsson et al., 1998; 
Stemmerik et al., 1999), followed by Late Jurassic to 
Early Cretaceous rifting and subsidence (Dore, 1995; 
Stemmerik et al., 1999; Smelror et al., 2009). The 
Polheim Sub-platform is a down-faulted area located 
between the SW Loppa High, the Bjørnøyrenna- and 
the Ringvassøy-Loppa Fault Complex, situated be-
tween 72°N and 72°30´N, 20°E. The Sub-platform is 
a block-faulted element of the Loppa High, a result 
of Early to Middle Triassic tectonic activity followed 
by Jurassic movements to the west (Gabrielsen et al., 
1990).
	 Lithostratigrapic strata of the Barents Sea region 
can be seen as a direct result of tectonic movements. 
While continental drift slowly transported the Bar-
ents Shelf northward and continental consolidation 
or break-up altered the sea floor to a more varied ba-
thymetry, depositional environments came to reflect 
the changing climate with marine fauna and flora as 
well as supply of sedimentary material from surround-
ing denudation areas. Through time, the depositional 
strata were heavily affected by tectonic movements, 
where structural highs like Loppa High or Stappen 
High could have completely different environments 
in relation to surrounding basins. The uneven sur-
face of the basement, brought on by rifting and tilt-
ed half-grabens, led to various depositional settings 
throughout the Loppa High (Stemmerik et al., 1999). 
An angular unconformity located on the northwest-
ern parts is thought to be a result of Permian to Early 
Triassic extensional tectonism, followed by uplift and 
erosion (Gudlaugsson et al., 1998). A lithostratigrapic 
scheme gives an overview of the southwestern Bar-
ents Sea depositional environment (Fig. 3).

1.1.2	 Geological history
	 The Barents Sea has a long and complex geological 
evolution that extends back to the Caledonian Oroge-
ny, Early Ordovician to Early Devonian, and the Balti-
ca and Laurentia plate consolidation (Smelror et al., 
2009; Vernikovsky et al., 2013; Pease et al., 2014) , 
which lead to the creation of the Laurussian continent, 

at approximately 400 Ma (million years ago) (Dore, 
1995). This is a well-documented mountain building 
era that resulted in the Greenland and Scandinavian 
Caledonides (Smelror et al., 2009). NE-SW striking 
bedrock is exposed on the Svalbard archipelago and 
the Norwegian mainland (Ritzmann and Faleide, 
2009). In early Late Devonian time, the passive con-
tinental margin along the eastern Barents Sea region 
became active, resulting in subduction of the Uralian 
oceanic crust underneath the Baltica plate (Petrov et 
al., 2008). The westward dipping led to back-arc ex-
tension and rifting activities along the eastern Bar-
ents Sea region (Golonka et al., 2003; Ritzmann and 
Faleide, 2009; Smelror et al., 2009).
	 The Baltican and Laurentian plates began to break 
up again in the Late Devonian to Early Carboniferous, 
at the present-day Mid-Atlantic Ridge (MAR) (Golon-
ka et al., 2003; Smelror et al., 2009). A fan-shaped rift 
zone was formed between the Barents Sea region and 
the northern Greenland as the rift extended up north 
(Stemmerik et al., 1999; Pless, 2009; Smelror et al., 
2009). Numerous rift-grabens and structural highs 
were formed in the Barents Sea at this time (Golonka 
et al., 2003; Smelror et al., 2009), followed by a con-
jugate dextral strike-slip fault in the central region 
as well as sinistral strike-slip faulting in the western 
Barents Sea (Gudlaugsson et al., 1998; Golonka et 
al., 2003; Dengo and Røssland, 2013). The Bjørnøya- 
Maud- Nordkapp- Tromsø- and possibly also the 
Hammerfest Basin were formed in the SW Barents 
Sea along structural trends striking ENE-WSW (Gud-
laugsson et al., 1998; Dengo and Røssland, 2013; Va-
dakkepuliyambatta et al., 2013). The Mercurius and 
Norsel highs were formed through fault complex de-
velopments related to the tectonic rifting of Early Car-
boniferous (Gabrielsen et al., 1990).
	 The Uralian Orogeny was the next great continental 
consolidation event of the Barents Sea region. Stretch-
ing from Early Carboniferous to Early Triassic time, it 
can be subdivided into two events based on the time 
and location of the tectonic activities (Smelror et al., 
2009). During Early Carboniferous and Late Permian, 
approximately 350-250 Ma, an island arc next to the 
Novaya Zemlya marginal basin and the Yamal-Gydan 
plate (part of the Western Siberia) consolidated. This 
is evidenced by folding within the South Kara Basin 
(Golonka et al., 2003; Petrov et al., 2008; Smelror et 
al., 2009).
	 The later collisional event of the Uralian Orogeny 
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occurred between Late Permian and Early Triassic 
time when the Baltican part of the Laurussian con-
tinent and Western Siberia consolidated, approxi-
mately 260-245 Ma (Dore, 1995; Golonka et al., 2003; 
Petrov et al., 2008). The Ural suture was created next 
to Novaya Zemlya, which became uplifted in the pro-
cess, and in the northern Ural mountain chain, also 
known as the Pay-Khoy-Novaya Zemlya fold structure 
(Dore, 1995; Golonka et al., 2003; Ritzmann and Fa-
leide, 2009). The North and South Barents Sea basins 
located on the eastern region were strongly influ-
enced by the Triassic tectonic event, with rifting and 
following subsidence (Ritzmann and Faleide, 2009; 
Smelror et al., 2009). The formation of the Ludlow 
Saddle structural high has been shown to originate 
from this event (Lindquist, 1999). In Late Triassic, 
the eastern Barents Sea-Kara Sea region was uplifted 
by renewed tectonic activity of the Uralian Orogeny 
(Smelror et al., 2009).
	 Throughout the Middle and Late Carboniferous, 
only minor strike-slip movements were occurring in 
the western Barents Sea region. Incidents of passive 
regional subsidence followed along basin margins 
and lineaments as a result of unstable formations. 
(Pless, 2009; Smelror et al., 2009). In Permian and 
Early Triassic, recurrent tectonic plate separation and 
rifting between the Baltican and Laurentian plates 
led to tilted half grabens, uplifting and erosion in the 
western Barents Sea region (Gudlaugsson et al., 1998; 
Smelror et al., 2009). The Loppa High and Tromsø 
Basin were subjected to fault movements along the 
Ringvassøy-Loppa Fault Complex, orientated in an 
N-S structural trend. This resulted in uplift and tilt-
ing of the Loppa High, followed by sedimentary ero-
sion (Gabrielsen et al., 1990; Gudlaugsson et al., 1998; 
Dengo and Røssland, 2013; Vadakkepuliyambatta et 
al., 2013).
	 Crustal extension of the Mid-Atlantic Ridge be-
tween Greenland and Norway intensified again in 
Late Jurassic to Early Cretaceous (Stemmerik et al., 
1999; Dengo and Røssland, 2013; Vadakkepuliyam-
batta et al., 2013). Re-activation of old faults along 
with generation of new faults was occurring in the 
western parts of the Barents Sea (Pless, 2009). The 
Bjørnøyrenna Fault Complex, which runs with a NE-
SW trend between the western limit of the Loppa 
High and the Bjørnøya Basin, was activated (Gabriel-
sen et al., 1990; Hameed, 2012). The Loppa High and 
Stappen High were uplifted in Late Jurassic, initiated 

by the Cimmerian movements (Smelror et al., 2009). 
	 The north Barents Sea region was uplifted and 
tilted in the Early Cretaceous, as sea-floor spread-
ing in the Arctic Ocean opened the Amerasian Basin 
(Brekke et al., 2001; Petrov et al., 2008; Smelror et 
al., 2009). In Late Cretaceous, renewed rifting phases 
with strike-slip movements and rapid subsidence led 
to formations of grabens and westward tilting in the 
southwestern Barents Sea shelf (Pless, 2009; Smelror 
et al., 2009). Major deep basins are formed in the 
Bjørnøya, Harstad and Tromsø basins (Gabrielsen et 
al., 1990). The northern region along with Svalbard 
was also uplifted in Late Cretaceous, a result of tec-
tonic reorganization in the Arctic region (Brekke et 
al., 2001; Golonka et al., 2003).
	 During Paleogene and Neogene, mature sea floor 
spreading in the Arctic and Northern Atlantic con-
tinued, followed by numerous uplift, subsidence and 
erosional events throughout the entire Barents Sea 
region (Golonka et al., 2003; Pless, 2009). The Green-
land-Norwegian Sea breakup began at around 55-54 
Ma and the Greenland and Svalbard separation at 28 
Ma as well as the volcanic platform formation of Ice-
land, in Neogene time (Brekke et al., 2001; Golonka et 
al., 2003; Smelror et al., 2009).

1.1.3	 Lithostratigraphy of the Barents Sea
	 Depositional settings throughout the Barents Sea 
region have been strongly influenced by surrounding 
tectonic activities, resulting in sea floor alterations via 
features such as fault complexes, uplift and subsid-
ence. Due to continental drift, the Barents Sea region 
moved from a paleo-latitude of 20°N in Early Carbon-
iferous to its present location of approximately 75°N, 
leading to a slow but continuous alteration in the dep-
ositional environments (Dore, 1995; Stemmerik et al., 
1999). In Devonian time, areas of the western Barents 
Sea region were highlands or denudation areas with 
fluvial plains and lacustrine basins (Smelror et al., 
2009). Continental clastic sediments eroded from the 
Caledonian Orogeny were also deposited here, known 
as the Old Red Sandstone (Dengo and Røssland, 
2013). In Early Devonian, coastal areas with a shallow 
water shelf covered the eastern parts of the Barents 
Sea region (Smelror et al., 2009). In Late Devonian, 
the region had shifted into a deep-water shelf area 
as subduction and rifting proceeded. Marine depos-
its of biogenic carbonates, limestone and organic-rich 
black shale continued throughout the Devonian peri-
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od (Petrov et al., 2008).  
	 The sedimentary accumulations proceeded until 
Late Carboniferous when the Barents Shelf reached 
25°N (Stemmerik et al., 1999; Smelror et al., 2009). As 
the climate shifted into warm but arid regimes, most 
of the region remained under water as coastal or shelf 
areas (Dore, 1995; Worsley, 2008). Together with re-
gional transgressions, the depositional environments 
were altered from continental to marine siliclastic 
accumulations, followed by widespread carbonate 
depositions (Worsley, 2008; Smelror et al., 2009; 
Dengo and Røssland, 2013). Salt mineral deposits of 
evaporite and halite occurred in deeper basins of the 
western Barents Sea region, such as the Nordkapp and 
Tromsø basins (Smelror et al., 2009; Dengo and Røss-
land, 2013), while structural highs like Loppa High 
had siliclastic and carbonate mixed cycles (Stemmer-
ik et al., 1999). Clayey material containing silty and 
sandy sediments from the Uralian tectonic belt were 
accumulated in depressions along the eastern region 
(Dore, 1995; Petrov et al., 2008; Smelror et al., 2009). 
	 During Early Permian, narrow straits and shallow 
coastal areas in the west strained the water exchange 
in the Barents Sea (Smelror et al., 2009). Glaciations 
in the southern hemisphere gave eustatic sea-lev-
el fluctuations, and with climatic ice-house condi-
tions, warm-water carbonates, evaporites and local 
siliclastic sediments were deposited throughout the 
Barents Shelf (Stemmerik et al., 1999; Golonka et al., 
2003; Ritzmann and Faleide, 2009). The entire shelf 
was flooded during periods with high sea-level fluc-
tuations, which enabled thick carbonate build-ups to 
accumulate on structural highs like Loppa and Stap-
pen (Smelror et al., 2009). Periods with low sea-level 
stands in the region resulted in dominated anhydrite 
and halite basinal deposits (Stemmerik et al., 1999). 
The deeper basins in the eastern Barents Sea were 
also subjected to carbonate mudstones and shale ac-
cumulations (Smelror et al., 2009). In Late Permian, 
the Barents Shelf had drifted to 40°N (Stemmerik et 
al., 1999; Worsley, 2008). The climate reached tem-
perate conditions, and with regional transgression, 
the marine depositional environment shifted from 
carbonate deposits to an overall siliclastic regime 
(Smelror et al., 2009). Siliclastic sediments along with 
cherty limestones and shales were deposited in the 
western region while more clastic sediments from the 
Uralian event accumulated in the eastern Barents Sea 
(Gudlaugsson et al., 1998; Golonka et al., 2003; Ritz-

mann and Faleide, 2009).
	 In Early Triassic, depositional environments of the 
eastern Barents Sea region underwent a change as 
tectonic movements closed of the marine connection 
to the southeast (Worsley, 2008). Continental siliclas-
tic sediments from the Fennoscandian Shield and the 
Uralian highlands were transported out and deposit-
ed throughout most of the shelf areas (Brekke et al., 
2001; Smelror et al., 2009; Glørstad-Clark et al., 2010). 
The marine link between the Atlantic Ocean and the 
southwestern Barents Sea became more and more 
restrained during Middle and Late Triassic (Worsley, 
2008). Organic-rich mudstone was deposited in the 
Middle Triassic, when anoxic conditions prevailed in 
basins along the western region (Smelror et al., 2009). 
In the Late Triassic, the Barents Shelf had drifted to 
55 °N and experienced humid conditions (Bergan and 
Knarud, 1993; Worsley, 2008). Continued erosion and 
deposit of terrestrial clastic material from the east 
and south, as well as from elevated areas in the north, 
led to westward coastal progradation with regional 
deltaic and flood-plain developments (Dore, 1995; 
Worsley, 2008; Glørstad-Clark et al., 2010). The west-
ern parts of the Barents Sea remained as a marine 
environment, now with accumulation of sandstone 
and inter-bedded estuarine mudrocks, overlaid by 
coal-bearing coastal-plain sediments (Smelror et al., 
2009). Large deposits of sandstone occurred through-
out most of the region (Brekke et al., 2001; Smelror et 
al., 2009).
	 Erosional denudation of the uplifted eastern hin-
terlands continued into the Early Jurassic, with con-
tinental clastic deposits in the eastern Barents basins 
(Brekke et al., 2001; Golonka et al., 2003). By the late 
Early Jurassic, low-lying peneplains are thought to 
have covered large areas of the Barents Shelf (Brekke 
et al., 2001; Smelror et al., 2009). A transgressional 
phase with coastal progradation, known as the Stø 
Formation, took place in the west, with sandstone, 
siltstone and minor shale deposits in shallow-marine 
environments (Smelror et al., 2009). In Late Juras-
sic, the regional transgression reached its maximum, 
with all of the Barents Shelf submerged (Brekke et 
al., 2001; Petrov et al., 2008; Worsley, 2008). Shal-
low-shelf to deep-marine depositional environments 
now stretched over the region, with organic-rich 
black shale and mudstone deposits (Golonka et al., 
2003; Worsley, 2008; Smelror et al., 2009). The Loppa 
High and Stappen High as well as elevated areas in the 
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central Barents Sea had clastic deposits of sandstone, 
siltstone and clay (Smelror et al., 2009).
	 In the Early Cretaceous, terrigenous sediments 
were eroded from the uplifted northern Barents Sea 
region and transported south into deeper basins 
(Brekke et al., 2001; Petrov et al., 2008). Regional 
transgressions occurred prior to and after the uplift, 
evidenced by southwards-directed deltaic prograda-
tion and large-scale clinoforms (Brekke et al., 2001; 
Worsley, 2008). Fine-grained clastic sediments were 
predominant throughout the region, with large sand-
stone accumulations in the north (Golonka et al., 
2003; Worsley, 2008; Smelror et al., 2009). The ris-
ing sea-level also gave open marine marl and shale 
deposits (Brekke et al., 2001). Arctic area tectonism 
related uplift and erosion of the northern Barents Sea 
region began in Late Cretaceous, where sediments in 
places were completely eroded down to top basement 
Devonian rocks (Golonka et al., 2003; Worsley, 2008). 
A regional transgression took place, followed by shal-
low shelf deposits of calcareous sandstones and mud-
stones (Brekke et al., 2001).
	 Regional uplift in Paleocene and Eocene resulted 
in extensive erosion of central and eastern Barents 
Sea, with clastic deposits in westerly subsided ba-
sins and deeper areas (Worsley, 2008; Smelror et al., 
2009). Little is known about the eastern sedimenta-
ry deposits; the area is, due to uplift, believed to have 
had a very limited net accumulation or perhaps only 
large-scale erosion (Golonka et al., 2003; Smelror et 
al., 2009). In Late Paleocene, a transgressional phase 
occurred in the western Barents Sea, with sublittoral 
to deep-shelf deposits of foremost claystone (Brekke 
et al., 2001; Worsley, 2008). Tectonic plate movements 
during Neogene caused a regional uplift of the Bar-
ents Shelf, where all except the western region were 
elevated above sea-level (Pless, 2009; Smelror et al., 
2009). Eroded sediments of up to and over 4000 m is 
thought to have occurred throughout the region, most 
of which were deposited in the western region or 
out over the shelf margin (Worsley, 2008). Northern 
hemisphere glaciations in Pliocene and Pleistocene 
had a heavy impact on the Barents Sea, as it initiated 
at approximately 3.6 Ma (Smelror et al., 2009). Subdi-
vided into three phases of glacial growth, the Barents 
Sea was subjected to periods of glacially induced sub-
sidence, erosion, isostatic uplift and glaciomarine de-
posits (Brekke et al., 2001; Smelror et al., 2009; Glørs-
tad-Clark et al., 2010). An erosional surface between 

the pre-glacial strata and the Quaternary deposits 
marks the transition from glacial erosion to net accu-
mulation, termed the Upper Regional Unconformity 
(URU). It is a relative thin fine-grained layer created 
through repeated glacial erosion (Solheim and Krist-
offersen, 1984; Faleide et al., 1996; Pless, 2009).
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Figure 3: Lithostratigrapic 
scheme of the southwest-
ern Barents Sea. Modi-
fied after Gradstein et al. 
(2012).
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1.2	 Fluids from fossil source
1.2.1	 Hydrocarbon
	 Photosynthesis is the foundation of all marine life, 
and important in the carbon cycle since it is through 
this process atmospheric carbon dioxide is incorpo-
rated into the marine food chain. Most organisms end 
up eaten by predators, decomposed by microbiologi-
cal processes or broken down by oxidation. Although 
some of the marine organic material, as well as im-
ported terrestrial matter, will accumulate in anoxic 
environments where oxidation is inhibited (Dore, 
1995). Fossil fluids are formed by natural processes 
where algae and other organic material is accumu-
lated and buried by silt and sand below seabed. Over 
millions of years organic matter will be exposed to 
temperature and pressure as it is slowly transformed 
into hydrocarbons and other compounds (Bjørlykke, 
2010).
	 Fluids may occur in three forms; as gas, oil or hy-
drate (gas trapped in frozen water molecules). Natural 
gas is a hydrocarbon-based fluid containing foremost 
methane (70-90 %), ethane, propane and butane (0-
20 %) as well as carbon dioxide, nitrogen and hydro-
gen sulfide (Speight, 2010). Hydrocarbons can be 
produced below seabed via two different chemical 
processes; the biogenic and the thermogenic trans-
formation (Fig. 4) (Schulz and Zabel, 2006). In oxic 
conditions, a single bacterium can degrade organic 
material into carbon dioxide. But as matter accumu-
lates in anoxic conditions, a more complex interaction 
of microbial organisms is required. Positioned by the 
end of the chain, anaerobic Archaea utilizes substrate 
like acetate and H2CO2 to generate biogenic gas, a pro-
cess generally known as methanogens (Wellsbury 
and Parkes, 2000; Schulz and Zabel, 2006). Archaea 
capable of methanogens have been found to exist in a 
wide range of temperatures. With surrounding pres-
sure preventing water from boiling, they been found 
to grow at depths where temperatures reaches 110°C 
(Wellsbury and Parkes, 2000). A more detailed de-
scription of these organisms or the pathway involved 
in methanogenesis is given by Wellsbury and Parkes 
(2000).
	 Thermogenic fluids on the other hand in produced 
deep below seabed. With prolonged accumulation 
of sediment, organic matter is forced down as the 
sedimentary basin continues to subside. Due to the 
geothermal gradient at an average of 25 to 30°C, tem-
perature and pressure will continue to increases with 

Figure 4: Thermal transformation of kerogen, a hydrocarbon 
generation diagram given from the seabed and down. Organic 
material is transformed either by methanogenesis into meth-
ane in the upper levels or via kerogen into oil and different 
forms of thermogenic gas during catagenesis and metagenesis 
processes as temperature rises. From McCarthy et al. (2011).

depth (Speight, 2012). Organic compounds are first 
reworked into kerogen by the increasing temperature 
and pressure (McCarthy et al., 2011). Referred to as 
a carbonaceous material, kerogen is an insoluble or-
ganic matter that can be divided into four types de-
pending on the origin or composition of organisms 
(Speight, 2010). Oil will start to form as temperature 
reaches 80 to 90°C (Bjørlykke, 2010). Chemical bonds 
within the kerogen are slowly broken down (1-100 
million years) by thermal alteration, a process known 
as catagenesis (Schulz and Zabel, 2006). In the higher 
temperature range of this process (170-180°C), ker-
ogen and any present oil will start to crack, slowly 
transforming into gas (Bjørlykke, 2010; McCarthy et 
al., 2011). Metagenesis marks the last stage as tem-
perature approaches 200°C (McCarthy et al., 2011). 
Any kerogen still present above 200°C will remain 
as no gas can be produced above these temperatures 
(Dore, 1995).
	 Biogenic gases consist primarily of methane while 
thermogenic gases, except for its high abundance of 

36 Oilfield Review

In general, hydrogen-rich kerogens are respon-
sible for generating both oil and hydrocarbon gas; 
those with lesser amounts of hydrogen will gener-
ate mainly hydrocarbon gas. After hydrogen is 
depleted from the kerogen, generation of hydro-
carbons will cease, regardless of the amount of 
available carbon.19

As temperature and pressure increase during 
burial, organic materials emit oil and gas. Overall, 
this thermal maturation process produces a 
series of progressively smaller hydrocarbon mol-
ecules of increasing volatility and hydrogen con-
tent, culminating with methane gas. And, as the 
kerogen evolves through thermal maturity, its 
chemical composition progressively changes, 
transforming it into a carbonaceous residue of 
decreasing hydrogen content.20

The thermal maturation process can be 
divided into three stages (above).
•	Initially,	the	sediment	is	subjected	to	diagene-

sis. In its broadest sense, this term encom-
passes all natural changes in sediments occurring 

from	the	moment	of	deposition	until	just	before	
the onset of significant thermal alteration pro-
cesses.21 For source rocks, however, this stage is 
characterized by alteration of organic matter, 
typically at temperatures below about 50°C 
[122°F].22 During diagenesis, oxidation and 
other chemical processes begin to break down 
the material. If deposited under anoxic condi-
tions, this material may be converted by methan- 
ogenic bacteria into dry gas.23 With increasing 
temperatures and changes in pH, the organic 
matter is gradually converted to kerogen and, 
in lesser amounts, bitumen.

•	The	source	rock	matures	with	increasing	heat,	
and it undergoes catagenesis. During this 
stage, petroleum is generated as temperature 
increases to between 50°C and 150°C [122°F 
and 302°F], causing chemical bonds to break 
down within the kerogen.24 Within this oil win-
dow, Type I and II kerogens produce both oil 
and gas, while Type III kerogens produce 
mainly hydrocarbon gas. Further increases in 
burial depth, temperature and pressure force 
the source rock into the upper part of the gas 
window, where secondary cracking of the oil 
molecules produces wet gas containing meth-
ane, ethane, propane and heavier hydrocarbons.25

•	Metagenesis	 marks	 the	 final	 stage,	 in	 which	
additional heat and chemical changes convert 
much of the kerogen into methane and a car-
bon residue. As the source rock moves farther 
into the gas window, late methane, or dry gas, is 
evolved, along with nonhydrocarbon gases such 
as carbon dioxide [CO2], nitrogen [N2] and 
hydrogen sulfide [H2S]. These changes take 
place at temperatures ranging from about 
150°C to 200°C [302°F to 392°F].26

These stages have a direct bearing on source 
rock maturity. Thermally immature, or potential, 
source rocks have been altered by diagenesis but 
have yet to be exposed to sufficient heat for ther-
mally generated petroleum. Thermally mature, or 
effective, source rocks that are (or were) in the 
oil	window,	have	been	subjected	to	thermal	pro-
cesses necessary to produce petroleum and are 
actively generating petroleum. Thermally post-
mature, or spent, source rocks have entered the 
gas window and have already generated petro-
leum; in so doing they have exhausted all hydro-
gen necessary for further oil or gas generation.27

Although maturation is largely related to 
increasing burial depths caused by continual 
sedimentation within a basin, it can also be 
locally or regionally influenced by heat flow aris-
ing from crustal tectonics, proximity to igneous 

bodies and natural radioactive decay within the 
crust. The geologic processes that control subsid-
ence and uplift also affect maturation within a 
basin.	Maturation	can	be	interrupted	if	the	basin	
is	subjected	to	uplift,	only	to	continue	when	sub-
sidence resumes.

At the depths drilled by E&P companies, the 
petroleum-generation process is often incom-
plete, leaving the source rock with a degree of 
generating potential.28 Thus, rock samples 
obtained from the subsurface may contain gener-
ated hydrocarbons along with organic matter 
that is reacted incompletely. Some of these reac-
tions can be observed and measured in the labo-
ratory, where pyrolysis of organic matter parallels 
changes in the subsurface and provides a useful 
technique to characterize organic matter.

Basic Source Rock Analysis
Some petroleum compounds within source rock 
are released at temperatures lower than those 
needed to break down the kerogen. By monitoring 
the compounds released during a steady increase 
in temperature, geochemists can determine the 
amount of generated petroleum relative to a 
rock’s total potential. In addition, the tempera-
ture corresponding to the maximum evolution of 
gas gives an indication of source rock maturity.

Geoscientists employ a variety of techniques 
to evaluate the hydrocarbon-generating capacity 
of source rocks. Geochemical testing of outcrop 
samples, formation cuttings, sidewall cores and 
conventional cores can help determine the 
amount, type and thermal maturity of organic 
matter present in the rock.29 The results help  
geoscientists ascertain whether, how much, when 
and what kind of petroleum might have been  
generated as well as determine what secondary 
processes may have occurred following the expul-
sion of hydrocarbons from the source rock.

Carbon is an essential element of any organic 
compound, and one way to assess the organic rich-
ness of a rock is to measure its carbon content.30 
Because the oil or gas potential of a formation is 
related to its carbon content, the TOC measure-
ment is a priority in source rock assessment. This 
initial carbon assessment is followed by other 
screening procedures such as pyrolysis and vitrin-
ite reflectance analysis. These tests allow rapid 
evaluations for large numbers of rock samples and 
may be supplemented by more extensive test 
methods.

TOC values can be obtained using a direct-
combustion technique that requires only 1-g 
[0.0022-lbm] samples of rock.31 The samples are 

> Thermal transformation of kerogen. The 
generation of hydrocarbons in source rocks is 
controlled primarily by temperature as the kerogen 
content evolves from reactive carbon to dead 
carbon. Gas is given off during early diagenesis, 
primarily through biologic activity. Catagenesis 
takes place with further burial, during which oil 
and gas are given off. With increasing depth and 
temperature, any remaining oil is cracked during 
metagenesis, initially giving off gas, followed by 
simpler forms of dry gas. The process varies 
somewhat from one kerogen type to another. 
(Modified from Tissot et al, reference 15.)
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methane, also contain higher orders of hydrocarbons 
(Schulz and Zabel, 2006). Biogenic methane is, rela-
tive to thermogenic methane, depleted in 13C as a re-
sult of H2CO2 driven methanogenesis (Wellsbury and 
Parkes, 2000). Differences in chemical and isotopic 
composition make it therefore possible to distinguish 
these two gases apart (Schulz and Zabel, 2006).
	 Natural gas can also occur in a crystalline solid 
state under the seabed. Depending on temperature 
and pressure (Fig. 5), gas hydrates are formed in pore 
spaces of sediments as water molecules are frozen 
around small molecules of hydrocarbons, with an ice 
ratio of 90 % to 10 % respectively (Abdel-Aal et al., 
2003; Speight, 2010). The presence of higher order 
hydrocarbons or other gases like CO2 and H2S reduces 
the size of pressure needed for gas hydrates to form 
(Libes, 2011). Thermogenic gas may therefore form 
closer to the seabed then biogenic gas. Gas hydrates 
have been found in oceanic and inland sea sediments 
all over the world as well as in continental (perma-
frost) regions of the northern hemisphere (Kvenvold-

en, 2000). The worldwide amount of fossil fuel bound 
as gas hydrates are believed to exceed any other 
forms of carbon reservoir found on Earth, an average 
of estimates from the 80s and 90s are set to as high as 
21*1015 m3 of frozen gas (Kvenvolden, 2000; Speight, 
2010). 

1.2.2	 Source rock
	 Sedimentary strata that have the potential to gen-
erate hydrocarbons are referred to as source rock, 
usually a limestone or organic-rich shale (Dore, 1995; 
Langrock and Stein, 2004; Libes, 2011). Geological 
and geophysical surveys as well as exploration drill-
ing in the Barents Sea have shown that sedimentary 
strata of the Late Devonian, Late Permian, Early to 
Middle Triassic and Late Jurassic are capable of gen-
erating hydrocarbons (Lindquist, 1999; Abdel-Aal et 
al., 2003; Vigran et al., 2008; Smelror et al., 2009). But 
large areas in the Barents Sea region have yet to pro-
duce hydrocarbons to its full potential, with organic 
material buried to deep or to shallow, temperatures 
lies outside the oil and gas windows, referred to as 
immature source rock (Dore, 1995). Possible source 
rock formations in the southwestern Barents Sea are 
the Havert and Klappmyss Formation of Early Trias-
sic, the Kobbe and Snadd Formation of Middle to Late 
Triassic, the Tubåen and Nordmela Formation of Ear-
ly Jurassic and the Fuglen and Hekkingen Formation 
of Late Jurassic (Dore, 1995; Stemmerik et al., 1999; 
Pless, 2009; NPD, 2015). A source rock depends on 
several factors as it is evaluated for its quality, one 
of which is the total organic carbon (TOC) accumu-
lated within the sediment. TOC levels of 2 to 5 % are 
according to McCarthy et al. (2011) a source rock of 
good quality.

1.2.3	 Fluid migration
	 Migration is a slow process where hydrocarbons 
are transported from source rock and into reservoir 
rocks. Various models have been applied to under-
stand the parameters working on the hydrocarbon 
migration (Clennell et al., 2000). This text will give a 
simplified overview of the major parameters involved 
in migration and how the driving and counteracting 
forces function within a fluid flow. A more compre-
hensive review is provided by Clennell et al. (2000). 
They underline the importance of porosity and per-
meability as a way to regulate the rates of transport. 

Figure 5: Gas hydrate phase diagram. The boundary between 
natural gas and gas hydrates are given by the phase line, 
referred to as the gas hydrate stability zone (GHSZ). A high 
enough pressure as well as a low temperature is required for 
gas hydrates to form. The composition of gas molecules affect 
the size of pressure needed. From Schulz and Zabel (2006).
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14.3 Hydrate Occurrence in the
Oceanic Environment

14.3.1 Gas Hydrate Stability Zone in
Marine Sediments

Gas hydrates form wherever appropriate physical
conditions exist and concentrations of low molecular
weight gases, mostly methane, exceed saturation.  The
P/T factors for the presence of methane hydrates (Fig.
14.3) are present in marine sediments as shown by the
phase boundary in Fig. 14.4. The dashed line shows a
typical temperature profile through the water column
in the Atlantic Ocean. Near surface temperatures are
too warm and pressures too low for methane hydrate
to be stable. Below the major thermocline there is
change in the temperature gradient, and the
temperature profile intersects the phase boundary at
~450 m water depth, which defines the upper limit for
methane hydrate stability in that part of the ocean. If
methane is sufficiently abundant, methane hydrate
would form. However, since the density of hydrate is
around 0.913 g cm-3(Sloan 1998) any crystalline hydrate
that may form in the water column (e.g. at sites of
methane discharge) will rise due to its relative
buoyancy and it will dissociate when it reaches depths
above its stability field. However, if methane hydrate
forms within the sediment pore space, it will be bound
in place. If water temperatures are colder the upper
limit for methane hydrate is shallower. This limit of

Fig. 14.3 Phase diagram showing the boundary between
methane hydrate (in yellow) and free methane gas (white)
for a pure methane/H2O system. Addition of ions shifts the
boundary to the left, decreasing the P/T stability field. The
presence of gases like carbon dioxide, hydrogen sulphide or
other high-molecular hydrocarbons shifts the curve to the
right, thus increasing the P/T field in which methane
hydrate is stable (after Kvenvolden 1998).

Fig. 14.4 Left: Stability field of pure methane hydrate at normal seawater salinity, as defined by temperature and
pressure expressed as water depth. Intersections of the temperature profiles (stippled lines) with the phase boundary
(heavy line) define the area of the gas hydrate stability zone (GHSZ). Right: Inferred thickness of the gas hydrate zone
in sediments at a schematic continental margin assuming a typical geothermal gradient of 28°C km-1. Typical bottom
water temperatures are marked, and range from 18oC on shallow shelf regions to 2oC at the bottom of the continental
rise (after Kvenvolden and McMenamin 1980).

14.3 Hydrate Occurrence in the Oceanic Environment
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Driving forces and issues associated with buoyancy, 
capillary theory, invasion percolation, multiphase 
flow and flow in faults and fractures are more thor-
oughly explained. The counteracting force that is the 
capillary pressure and how to calculate the pressure 
differences between two phases are also presented in 
detail by Dake (1998). 
	 Porosity and permeability are two important fac-
tors when trying to determine a fluid´s possibility to 
pass through or within sedimentary strata. Porosity 
or void fractions refer to the empty space between 
rock grains in a matrix (Marshak and Prothero, 2008). 
The percentage of a material that is occupied by voids 
can thus be given by the void ratio:

			   (1.1)

where porosity is displayed as a ratio between the vol-
ume of the void phase (φ1 ) and the solid phase (φ2 ) 
(Bjørlykke, 2010). The porosity of a material can vary 
depending on the depositional environment. Sedi-
ment transported a short distance from its source be-
fore deposit, i.e. stream gravel or glacial till, is known 
to be less mature due to the high content of various 
grain sizes. Sediment deposited in high energy areas, 
i.e. in strongly directed currents or by winnowing, 
is known to be well-sorted (Marshak and Prothero, 
2008). Porosity is classified depending on its origin. 
Primary porosity is referred to the pore spaces pres-
ent on formation, voids that are formed as grains are 
deposited or during rock formation. Secondary poros-
ity is formed after rock formation, due to dissolution 
or fracturing of grains or by joints and faults (Mar-
shak and Prothero, 2008; Bjørlykke, 2010).
	 Permeability refers to a fluid´s ability to flow 
through a matrix (Fig. 6) (Schulz and Zabel, 2006). 
The rate of which a gas or liquid will be transmitted 
depends upon several factors; the number of available 
conduits or interconnections between pore spaces, 
size of the conduits and straightness of the conduits 
(Bjørlykke, 2010). Permeability is not to be mixed up 
with porosity. A layer can have high porosity, but if the 
pore spaces are isolated due to cementing or recrys-
tallization, the material becomes impermeable and 
fluid flow will be prevented (Marshak and Prothero, 
2008).
	 Hydraulic gradient is another force controlling the 
rate of the transmission. Dependent on elevation or 
pressure differences, a fluid will flow faster through 

voids and conduits of a stratum if the hydraulic head 
is lower in the direction of the flow. The hydraulic gra-
dient (HG) can be calculated with the formula:

			   (1.2)

where (∆h) gives the elevation difference between the 
two hydraulic heads and (j) is the distance between 
these two points (Marshak and Prothero, 2008).
	 The major driving force for migrating fluids, how-
ever, have long been unclear; how oil and gas have 
moved within voids and conduits, faults and frac-
tures. Studies have shown that hydrocarbon fluids 
do not move together with pore water but as a sep-
arate phase (Bjørlykke, 2010). Driven by buoyancy, 
the fluid is forced upward due to density differences 
(Clennell et al., 2000). Buoyancy is an upward force 
exerted on an object (solid or liquid) within a fluid. 
Driven by the concept that an object of lower density, 
submerged in a fluid of higher density, will be forced 
upward because the volume of fluid that the object 
pushes aside weighs more than the object itself (Mar-
shak and Prothero, 2008). In relation to hydrocarbon 
migration, the buoyancy force (F1 ) can be given as:

Figure 6a: Impermeable matrix with separated, non-connect-
ing, voids. (b) Permeable matrix with voids interconnected by 
conduits. From Marshak and Prothero (2008).

voids and conduits of a stratum if the hydraulic head is lower in the direction of the flow. The 
hydraulic gradient (HG) can be calculated with the formula: 

𝐻𝐻𝐻𝐻 = ∆ℎ/𝑗𝑗 
where (∆ℎ) gives the elevation difference between the two hydraulic heads and (𝑗𝑗) is the distance 
between these two points. 48B. 

The major driving force for migrating fluids, however, have long been unclear; how oil and gas have 
moved within voids and conduits, faults and fractures. Studies have shown that hydrocarbon fluids 
do not move together with pore water but as a separate phase. 43. Driven by buoyancy, the fluid is 
forced upward due to density differences. 47. Buoyancy is an upward force exerted on an object 
(solid or liquid) within a fluid. Driven by the concept that an object of lower density, submerged in a 
fluid of higher density, will be forced upward because the volume of fluid that the object pushes 
aside weighs more than the object itself. 48C. In relation to hydrocarbon migration, the buoyancy 
force (𝐹𝐹1) can be given as:  

𝐹𝐹1 = (𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑜𝑜)𝐻𝐻 
where (𝜌𝜌𝑤𝑤) and (𝜌𝜌𝑜𝑜) are the density values for water and oil/gas. (𝐻𝐻) gives the height of the 
coherent fossil fluid column. 43. 

The migration of fossil fluids is not without resistance. A hydrocarbon fluid cannot enter or 
transport within porous structures of a sedimentary rock if the fluid pressure doesn’t overcome the 
capillary pressure resisting migration. 49. Referred to as a threshold force, the capillary entry 
pressure is the pressure difference between two immiscible fluid phases working in between the 
conduits of two grains. 47. 43. A contact angle (𝜃𝜃) is created when two immiscible fluids are 
interacting, caused by the relative attraction between the fluids and the solids (pore walls). 49. 
Referred to as the wetting angle, it reflects the degree by which the capillary pressure is influenced 
by the surface tension (𝛾𝛾), an attraction force between the fluids and the rock. 47. 50. The pressure 
is also dependent on the size of the throat between two grains, given by the radius (𝑟𝑟). 43. 47. The 
capillary pressure (𝑃𝑃𝑐𝑐) between two fluids and their attraction to the pore wall is thus given by the 
equation: 

𝑃𝑃𝑐𝑐 = (2𝛾𝛾 cos 𝜃𝜃)/𝑟𝑟 
43. If the hydrocarbon fluid is gas trying to migrate through oil or water, the contact angle will be 
close to zero and the equation will instead look like: 

𝑃𝑃𝑐𝑐 = 𝛾𝛾/𝑟𝑟 respectively  𝑃𝑃𝑐𝑐 = 2𝛾𝛾/𝑟𝑟 
Depending on whether the void is a slit or a cylindrical pore. 47. 

Gas molecules can bypass the counteracting capillary pressure (Fig. 4). By being fully saturated into 
a liquid, at depth where pressure is high enough, gas can move freely in between voids by bulk 
motion of the pore water. This is known as advection. 47. 48E. But as soon as hydraulic pressure 
drops, due to uplift or levels of less pressure is reached, the gas will exsolve and become trapped 
again. 

Fluid migration 
Migration is a slow process where hydrocarbons are transported from source rock and into 
reservoir rocks. Various models have been applied to understand the parameters working on the 
hydrocarbon migration. 47. This text will give a simplified overview of the major parameters 
involved in migration and how the driving and counteracting forces function within a fluid flow. A 
more comprehensive review is provided by Clennell et al. (2000). They underline the importance of 
porosity and permeability as a way to regulate the rates of transport. Driving forces and issues 
associated with buoyancy, capillary theory, invasion percolation, multiphase flow and flow in faults 
and fractures are more thoroughly explained. The counteracting force that is the capillary pressure 
and how to calculate the pressure differences between two phases are also presented in detail by 
Dake (1998).  

Porosity and permeability are two important factors when trying to determine a fluid´s possibility 
to pass through or within sedimentary strata. Porosity or void fractions refer to the empty space 
between rock grains in a matrix. 48A. The percentage of a material that is occupied by voids can 
thus be given by the void ratio: 

𝑉𝑉𝑟𝑟 = 𝜑𝜑1/(1 − 𝜑𝜑2) 
where porosity is given as a ratio between the volume of the void phase (𝜑𝜑1) and the solid phase 
(𝜑𝜑2). 43. The porosity of a material can vary depending on the depositional environment. Sediments 
transported a short distance from its source before deposit, i.e. stream gravel or glacial till, are 
known to be less mature due to the high content of various grain sizes. Sediment deposited in high 
energy areas, i.e. in strongly directed currents or by winnowing, are known to be well-sorted. 48A. 
Porosity is classified depending on its origin. Primary porosity is referred to the pore spaces present 
on formation, voids that are formed as grains are deposited or during rock formation. Secondary 
porosity is formed after rock formation, due to dissolution or fracturing of grains or by joints and 
faults. 43B. 48B. 

Permeability refers to a fluid´s ability to flow through 
a matrix (Fig. 3). 38. The rate of which a gas or liquid 
will be transmitted depends upon several factors; the 
number of available conduits or interconnections 
between pore spaces, size of the conduits and 
straightness of the conduits. 43B. Permeability is not 
to be mixed up with porosity. A layer can have high 
porosity, but if the pore spaces are isolated due to 
cementing or recrystallization, the material becomes 
impermeable and fluid flow will be prevented. 48B.  

Hydraulic gradient is another force controlling the 
rate of the transmission. Dependent on elevation or 
pressure differences, a fluid will flow faster through 
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Figure 3: (a) Impermeable matrix with separated, 
non-connecting, voids. (b) Permeable matrix with 
voids interconnected by conduits. (From 48b.). 
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where (ρw ) and (ρo ) are the density values for water 
and oil/gas. (H) gives the height of the coherent fossil 
fluid column (Bjørlykke, 2010).
	 The migration of fossil fluids is not without resis-
tance. A hydrocarbon fluid cannot enter or transport 
within porous structures of a sedimentary rock if the 
fluid pressure doesn’t overcome the capillary pres-
sure resisting migration (Dake, 1998). Referred to as 
a threshold force, the capillary entry pressure is the 
pressure difference between two immiscible fluid 
phases working in between the conduits of two grains 
(Clennell et al., 2000; Bjørlykke, 2010). A contact an-
gle (θ) is created when two immiscible fluids are in-
teracting, caused by the relative attraction between 
the fluids and the solids (pore walls) (Dake, 1998). 
Referred to as the wetting angle, it reflects the degree 
by which the capillary pressure is influenced by the 
surface tension (γ), an attraction force between the 
fluids and the rock (Clennell et al., 2000; Golsanami et 
al., 2015). The pressure is also dependent on the size 
of the throat between two grains, given by the radius 
(r) (Clennell et al., 2000; Bjørlykke, 2010). The capil-
lary pressure (Pc) between two fluids and their attrac-
tion to the pore wall is thus given by the equation:

			   (1.4)

(Bjørlykke, 2010). If the hydrocarbon fluid is gas try-
ing to migrate through oil or water, the contact angle 
will be close to zero and the equation will instead look 
like:

			   respectively	 (1.5 & 1.6)
	 	
	 Depending on whether the void is a slit or a cylin-
drical pore (Clennell et al., 2000)
	 Gas molecules can bypass the counteracting cap-
illary pressure (Fig. 7). By being fully saturated into 
a liquid, at depth where pressure is high enough, gas 
can move freely in between voids by bulk motion of 
the pore water. This is known as advection (Clennell 
et al., 2000; Marshak and Prothero, 2008). But as soon 
as hydraulic pressure drops, due to uplift or levels of 
less pressure is reached, the gas will exsolve and be-
come trapped again.
	 Hydrocarbon migration can be divided into two 
separate phases (Bjørlykke, 2010; Libes, 2011). Pri-

Figure 7: Void ratio during gas migration is also dependent 
on the degree of saturation within a fluid. Gas bubbles in an 
unsaturated fluid have to overcome the capillary pressure in 
order to migrate. From Clennell et al. (2000).

mary migration is fluid movements within the source 
rock as hydrocarbons are migrating into adjacent 
rock. Secondary migration is the later fluid transport 
where hydrocarbons migrate through different strata 
before ending up in a reservoir or finds its way to the 
surface.

1.2.3.1	 Primary migration
	 Generated from organic matter, the kerogen is a sol-
id compound formed in source rock (Speight, 2012). 
Over millions of years, the kerogen is broken down to 
generate hydrocarbons (Schulz and Zabel, 2006). The 
oil and gas retains a lighter molecular weight than 
the large polymers (molecules composed of many re-
peated subunits) of kerogen (Bjørlykke, 2010). The 
density difference between the primary kerogen and 
the lighter oil and gas as well as the remaining kero-
gen creates a volume expansion as it matures (Libes, 
2011). This can led to a pressure buildup if the sur-
rounding source rock lacks permeability (Schulz and 
Zabel, 2006). Kerogen located in a fine-grained matrix, 
i.e. a clay-rich deposit, will allow fluids to migrate less 
freely (Bjørlykke, 2010). Limited by low permeability 
and narrow conduits, the void ratio decreases (Mar-
shak and Prothero, 2008). The pressure created when 
buoyancy tries to force the fluids up towards lower 
pressurized areas has to overcome the strong thresh-
old force that is the capillary pressure, for migration to 
occur (Dake, 1998; Bjørlykke, 2010). For sedimentary 
strata containing minimal permeability, i.e. a shale 
matrix, a pressure buildup cannot force hydrocarbons 
to migrate through pore spaces if the conduits are to 
narrow or not at all (Marshak and Prothero, 2008). 

voids and conduits of a stratum if the hydraulic head is lower in the direction of the flow. The 
hydraulic gradient (HG) can be calculated with the formula: 

𝐻𝐻𝐻𝐻 = ∆ℎ/𝑗𝑗 
where (∆ℎ) gives the elevation difference between the two hydraulic heads and (𝑗𝑗) is the distance 
between these two points. 48B. 

The major driving force for migrating fluids, however, have long been unclear; how oil and gas have 
moved within voids and conduits, faults and fractures. Studies have shown that hydrocarbon fluids 
do not move together with pore water but as a separate phase. 43. Driven by buoyancy, the fluid is 
forced upward due to density differences. 47. Buoyancy is an upward force exerted on an object 
(solid or liquid) within a fluid. Driven by the concept that an object of lower density, submerged in a 
fluid of higher density, will be forced upward because the volume of fluid that the object pushes 
aside weighs more than the object itself. 48C. In relation to hydrocarbon migration, the buoyancy 
force (𝐹𝐹1) can be given as:  

𝐹𝐹1 = (𝜌𝜌𝑤𝑤 − 𝜌𝜌𝑜𝑜)𝐻𝐻 
where (𝜌𝜌𝑤𝑤) and (𝜌𝜌𝑜𝑜) are the density values for water and oil/gas. (𝐻𝐻) gives the height of the 
coherent fossil fluid column. 43. 

The migration of fossil fluids is not without resistance. A hydrocarbon fluid cannot enter or 
transport within porous structures of a sedimentary rock if the fluid pressure doesn’t overcome the 
capillary pressure resisting migration. 49. Referred to as a threshold force, the capillary entry 
pressure is the pressure difference between two immiscible fluid phases working in between the 
conduits of two grains. 47. 43. A contact angle (𝜃𝜃) is created when two immiscible fluids are 
interacting, caused by the relative attraction between the fluids and the solids (pore walls). 49. 
Referred to as the wetting angle, it reflects the degree by which the capillary pressure is influenced 
by the surface tension (𝛾𝛾), an attraction force between the fluids and the rock. 47. 50. The pressure 
is also dependent on the size of the throat between two grains, given by the radius (𝑟𝑟). 43. 47. The 
capillary pressure (𝑃𝑃𝑐𝑐) between two fluids and their attraction to the pore wall is thus given by the 
equation: 

𝑃𝑃𝑐𝑐 = (2𝛾𝛾 cos 𝜃𝜃)/𝑟𝑟 
43. If the hydrocarbon fluid is gas trying to migrate through oil or water, the contact angle will be 
close to zero and the equation will instead look like: 

𝑃𝑃𝑐𝑐 = 𝛾𝛾/𝑟𝑟 respectively  𝑃𝑃𝑐𝑐 = 2𝛾𝛾/𝑟𝑟 
Depending on whether the void is a slit or a cylindrical pore. 47. 

Gas molecules can bypass the counteracting capillary pressure (Fig. 4). By being fully saturated into 
a liquid, at depth where pressure is high enough, gas can move freely in between voids by bulk 
motion of the pore water. This is known as advection. 47. 48E. But as soon as hydraulic pressure 
drops, due to uplift or levels of less pressure is reached, the gas will exsolve and become trapped 
again. 
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transport within porous structures of a sedimentary rock if the fluid pressure doesn’t overcome the 
capillary pressure resisting migration. 49. Referred to as a threshold force, the capillary entry 
pressure is the pressure difference between two immiscible fluid phases working in between the 
conduits of two grains. 47. 43. A contact angle (𝜃𝜃) is created when two immiscible fluids are 
interacting, caused by the relative attraction between the fluids and the solids (pore walls). 49. 
Referred to as the wetting angle, it reflects the degree by which the capillary pressure is influenced 
by the surface tension (𝛾𝛾), an attraction force between the fluids and the rock. 47. 50. The pressure 
is also dependent on the size of the throat between two grains, given by the radius (𝑟𝑟). 43. 47. The 
capillary pressure (𝑃𝑃𝑐𝑐) between two fluids and their attraction to the pore wall is thus given by the 
equation: 

𝑃𝑃𝑐𝑐 = (2𝛾𝛾 cos 𝜃𝜃)/𝑟𝑟 
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Gas molecules can bypass the counteracting capillary pressure (Fig. 4). By being fully saturated into 
a liquid, at depth where pressure is high enough, gas can move freely in between voids by bulk 
motion of the pore water. This is known as advection. 47. 48E. But as soon as hydraulic pressure 
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again. 
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conduits of two grains. 47. 43. A contact angle (𝜃𝜃) is created when two immiscible fluids are 
interacting, caused by the relative attraction between the fluids and the solids (pore walls). 49. 
Referred to as the wetting angle, it reflects the degree by which the capillary pressure is influenced 
by the surface tension (𝛾𝛾), an attraction force between the fluids and the rock. 47. 50. The pressure 
is also dependent on the size of the throat between two grains, given by the radius (𝑟𝑟). 43. 47. The 
capillary pressure (𝑃𝑃𝑐𝑐) between two fluids and their attraction to the pore wall is thus given by the 
equation: 

𝑃𝑃𝑐𝑐 = (2𝛾𝛾 cos 𝜃𝜃)/𝑟𝑟 
43. If the hydrocarbon fluid is gas trying to migrate through oil or water, the contact angle will be 
close to zero and the equation will instead look like: 

𝑃𝑃𝑐𝑐 = 𝛾𝛾/𝑟𝑟 respectively  𝑃𝑃𝑐𝑐 = 2𝛾𝛾/𝑟𝑟 
Depending on whether the void is a slit or a cylindrical pore. 47. 

Gas molecules can bypass the counteracting capillary pressure (Fig. 4). By being fully saturated into 
a liquid, at depth where pressure is high enough, gas can move freely in between voids by bulk 
motion of the pore water. This is known as advection. 47. 48E. But as soon as hydraulic pressure 
drops, due to uplift or levels of less pressure is reached, the gas will exsolve and become trapped 
again. 

Fully Saturated:
Diffusion in liquid phase only, low flux

Unsaturated:
Diffusion jumps in gas bubbles only, high flux
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Pressure increases with the growing number of mol-
ecules within the fluid phase until fracture pressure 
is reached (Bjørlykke, 2010). Fracture pressure is the 
pressure in a source rock at which a layer will crack 
(Clennell et al., 2000). Controlled by vertical stress  
(σv ) and horizontal stress (σh ), a hydrofracture is 
more likely to occur vertical as the horizontal stress is 
exceeded before the vertical stress is reached, or par-
allel to the direction of maximum stress (Clennell et 
al., 2000; Bjørlykke, 2010). The Fracture stays open 
as long as the phase pressure is high enough. Once 
hydrocarbons start to pass through, pressure declines 
and the fracture can close up again (Libes, 2011). A 
clay or mud layer previously exposed to stress will be 
relative brittle, causing a new pressure phase to frac-
ture the layer using less tensile stress (Clennell et al., 
2000).

1.2.3.2	 Secondary migration
	 Secondary migration means that fossil fluids have 
left the source rock and continue to migrate through 
strata. In this stage, the fluids move separately as gas 
of lower density travel out ahead (Libes, 2011). The 
volume of oil or gas saturated in pore water is an im-
portant part as fluids tries to migrate. Low fluid con-
centrations cannot generate a high enough buoyancy 
to overcome the capillary pressure, the water will in-
stead flow past the hydrocarbon droplets (Clennell et 
al., 2000; Bjørlykke, 2010). Seal bypass systems are 
geological features located within impermeable stra-
ta, where fluids can bypass an otherwise enclosed se-
quences (Pless, 2009). Faults and fractures located in 
the migration path can increase the flow rate as long 
as they remain open. High permeability and low cap-
illary pressure within the crack, together with den-
sity differences between the fluid and the surround-
ing saturated matrix, generates a buoyancy upthrust 
(Clennell et al., 2000; Schulz and Zabel, 2006). But not 
all faults and fractures will support a migration. Mate-
rials located in the other end of a crack may clog the 
opening, thus resulting in a trap or fault seal (Bjørlyk-
ke, 2010). Faults once opened can close or get sealed 
off  due to new stress releases, when the direction of 
stress changes (Clennell et al., 2000; Marshak and 
Prothero, 2008). A fault will only serve as a migra-
tion path as long as the phase pressure doesn’t rise 
too close to the fracture pressure, or rock matrix will 
fracture causing hydrocarbons to leak out elsewhere 
(Bjørlykke, 2010). A fracture can stay open even as 

pressure decreases. If asperities (uneven surface of 
the crack) or adjacent material like sand ends up in 
the fracture, the pathway remains open due to the 
permeability it creates (Clennell et al., 2000; Marshak 
and Prothero, 2008). Chemical reactions, such as ce-
mentation, pressure dissolution or recrystallization 
can over time alter permeability, thus affecting the 
migration pathway (Schulz and Zabel, 2006). Strata 
of higher permeability, i.e. sandstone, will allow hy-
drocarbons to migrate more efficiently. Reflected by 
the depositional environment, changes in current or a 
sudden debris flow will accumulate graded beddings. 
This causes the permeability within the strata to vary 
(Fig. 8) (Marshak and Prothero, 2008). A fining-up-
wards sandstone with smaller voids at the top will 
trap more hydrocarbons during migration (migration 
loss) due to buoyancy, than a coarsening-upwards 
sandstone (Bjørlykke, 2010).

Figure 8a: Hydrocarbon migration through a fining-upward 
sandstone. (b) Hydrocarbon migration through a coarsen-
ing-upward sandstone. From Gradstein et al. (2012).

1.2.4	 Hydrocarbon entrapment
	 Fossil fluids will continue to migrate as long as the 
buoyancy is strong enough, until it reaches the surface 
or is blocked by impermeable strata. A reservoir rock 
is a sedimentary layer of high porosity where oil or 
gas can accumulate in large quantities (Libes, 2011). 
But fluids need to be trapped within the reservoir 
rock for a reserve to form, or fluids will just contin-
ue to migrate (Marshak and Prothero, 2008). Imper-
meable layers and structural formations that inhibit 
further movements will form a trap. Called a cap rock 

354 K. Bjørlykke

or less. In the Gulf Coast the pore diameter may be
less than 25 Å at 3–4 km depth and less than 10 Å
at 4–5 km burial (Leonard 1993). The size of the
largest pores and their connections will however deter-
mine the permeability. It the largest connecting pore
size is below 50 Å this is approaching the size of
the asphaltenes in crude oil (Tissot and Welte 1978,
p. 170). A sieving effect should therefore be observed
relative to the size of the organic molecules if the pore
throats are below this value. Migration of oil through
low permeability shales probably only happens along
fractures and not through the shale matrix. Fractures
in shales may be formed tectonically during uplift and
extension when the shales are brittle. Relatively large
fractures may occur because the horizontal stresses try-
ing to close the fractures are generally small. This is
a common cause of oil and gas leakage from reser-
voirs. However, nearly all onshore reservoirs and many
offshore reservoirs have experienced some uplift from
their maximum burial depth and in a rock mechani-
cal sense are therefore overconsolidated and will tend
to be brittle. During basin subsidence, tectonic shear
produces fractures during ductile deformation and
these fractures are then no more permeable than the
matrix.

Oil fields are often highly overpressured, with many
of them leaking petroleum at the top of the struc-
ture which is often close to the fracture pressure. This
means that it is the horizontal stress and the tensional
strength of the rocks that control the pressure. When
the pressure is close to fracture pressure it implies
that faults are no longer the conduits for fluid flow
because the rock matrix would then fracture and let
the oil through. If faults were a zone of weakness the
fluid pressure should have remained below fracture
pressure.

In the case of traps formed by rotated fault blocks
the top of the structure will usually coincide with a
fault. Even if seismic evidence indicates gas leakage
from the top of the reservoir, this does not necessarily
mean that the leakage is along the fault, because frac-
turing of the cap rock will occur in approximately the
same position (Fig. 15.3).

We must distinguish clearly between migration of
oil along a fault plane and across it. If there is sand
on both sides of the fault plane it is difficult to predict
if the fault will be a barrier for oil migration. Sealing
faults are often critical for the formation of traps in

Perm
Cap. press 

A

B

Flow of oil through a fining-upwards sandstone (A)
and a coarsening-upwards sandstone (B). 

In layer A which may be a fluvial sandstone
or turbidite, more oil is lost during migration that in
layer B which may be a shallow marine sandstone.

Fig. 15.3 Migration along sandstones is more efficient along
coarsening-upwards units than in fining-upwards sequences

rotated fault blocks. Clay smears from adjacent shales
can serve as a barrier at shallow depth, while at greater
depth intensive quartz cementation may reduce the per-
meability and the capillary entry pressure for oil. See
further discussion on rock mechanics in sedimentary
basins (Chap. 11).

In subsiding basins, fault planes are at shallow to
moderate burial depth and are subjected to shear defor-
mation which produces clay smearing, so that the
permeability along the fault is normally lower than
through the rock matrix. After tectonic displacement,
faults may also be subject to cementation. During tec-
tonic uplift, however, faults may be extensional and
much more permeable.

Migration due to hydrofracturing of shales. If the
fluid pressure exceeds the fracture pressure the rock
will hydrofracture. The pressure required to fracture
the rock can be measured in a well by using a leak-off
test (LOT test, see Chap. 11). However, the LOT cre-
ates microfractures which develop at a lower pressure
than that required to form proper fracturing. These
microfractures should theoretically develop when the
pressure exceeds the sum of the least horizontal stress
and the tensional strength of the rock. Since the pres-
sure required for large scale fractures to form (fracture
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Figure 9a: Anticline trap. Buoyancy forces oil and gas to the top of the dome. (b) Fault trap. Fault movement cuts of the migration 
pathway. (c) Salt-dome trap. Oil and gas accumulates between the salt body and the tilted strata. (d) Pinch out trap. Hydrocarbons 
are trapped as the permeable layer pinches out. From Marshak and Prothero (2008).

or seal rock, it is the limited permeability or strong 
enough capillarity force that traps the hydrocarbon 
fluid within the reservoir rock (Abdel-Aal et al., 2003; 
Bjørlykke, 2010). Matrix known to have low permea-
bility are evaporite, shale and unfractured limestone, 
while the most efficient seal rock is formed by gas hy-
drates (Libes, 2011). Siltstone, sandstone, limestone 
(with solution cavities), fractured shale and conglom-
erate all have a relative high porosity, thus have good 
potentials to become a reservoir rock (Marshak and 
Prothero, 2008). Entrapment of a reservoir will look 
different depending on the geological settings (Fig. 
9). Stratigraphic traps are formed by sedimentary 
processes absent of any tectonic deformation (Lyons 
and Plisga, 1996). Pinch out traps can arise in a tilted 
reservoir rock as a layer ends, “pinches out”, between 
two impermeable strata (Marshak and Prothero, 
2008). Unconformity traps are the result of changes 
in depositional patterns; the surface of tilted or slop-
ing sediments are eroded and covered by a new layer. 
This strata can work as a seal rock trapping the hydro-
carbons (Libes, 2011). Sand body traps refers to sand 

bodies, i.e. beaches, deltas and river bars, which are 
covered by shale-forming deposits (Lyons and Plisga, 
1996; Abdel-Aal et al., 2003). Structural traps can oc-
cur in deformed strata, usually as a consequence of 
fault or folding (Marshak and Prothero, 2008). Anti-
cline traps are formed when layers are folded into an 
arch-like shape. Covered by a seal rock, migrating hy-
drocarbons will be trapped within the reservoir rock 
(Lyons and Plisga, 1996). Fault traps can occur when 
there has been a sliding between two rock bodies (Ab-
del-Aal et al., 2003). Oil and gas will accumulate in the 
connecting reservoir rock if adjacent rocks are imper-
meable and/or clogging material, i.e. clay, collects in 
the end of the fault, referred to as smearing (Marshak 
and Prothero, 2008; Bjørlykke, 2010). Salt-dome traps 
are the result of plastic salt formations. Buoyancy will 
drive a thick salt layer up through overlying strata due 
to the density differences between the various strata. 
An impenetrable dome is formed that together with 
adjacent layers can trap the migrating hydrocarbons 
(Lyons and Plisga, 1996; Abdel-Aal et al., 2003).

(b) Fault trap

(c) Salt-dome trap (d) Pinch out trap

(a) Anticline trap
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1.3	 Marine geophysics
1.3.1	 Geophysical exploration
	 Geophysics is the discipline of geoscience that, in-
stead of being defined as an observational science, 
deals with physical applications to study the earth’s 
surface and internal structure (Aminzadeh and 
Dasgupta, 2013). Over time, the range of application 
expanded as new techniques with more accurate and 
high resolution geophysical instruments were devel-
oped. Seismic reflection measurements are a power-
ful geophysical application in geological surveys. It is 
used extensively in commercial exploration, for exam-
ple petroleum industries that utilizes this technology 
to locate hydrocarbon-bearing reservoirs (Kearey et 
al., 2002). Seismic signal propagation beneath the 
surface is a complex journey. Authors as Jones (1999) 
and Kearey et al. (2002) gives a thorough description 
of how seismic wave propagation works with a the-
oretical background followed by seismic data acqui-
sition at sea. Presented here is a brief description of 
how a seismic wave will respond to the geological and 
physical settings within a layer.
	 A seismic survey is based on the concept that rock 
properties can be measured through their response 
to elastic disturbances (Onajite, 2013). By trans-
mitting seismic (elastic) waves into the ground, the 
acoustic impedance (AI), i.e. compressional velocity 
and density of a rock unit, will affect the emitted wave 
velocity, thus altering the travel time (Aminzadeh 
and Dasgupta, 2013). There are two high frequency 
waves to be considered in seismic exploration: com-
pressional waves and shear waves. Grouped as body 
waves, they utilize the elastic character of a rock to 
propagate within the internal volume (Jones, 1999; 
Aminzadeh and Dasgupta, 2013). Compressional 
waves or P-waves moves through a medium by apply-
ing compressional and extensional strain in the direc-
tion of an emitted wave pulse, whereas the velocity of 
a P-wave will be restrained by particle motion with-
in the rock (Kearey et al., 2002). According to Jones 
(1999) and Onajite (2013), the velocity (Vp ) can be 
determined by knowing the bulk modulus (K), densi-
ty (ρ) and the shear modulus (μ) of a medium:

			   (1.7)

	 Shear waves or S-waves will propagate perpendic-
ular to the direction of a generated force and parti-
cle motion will bend like a sinusoidal waveform upon 
shear force, while containing no pressure disturbance 
(Kearey et al., 2002; Onajite, 2013). The S-wave veloc-
ity (Vs ) containing a pure shear strain, is given by:

			   (1.8)

	 S-waves, however, cannot propagate in water due 
to the inability of shear stress and strain to occur in 
liquids (Aminzadeh and Dasgupta, 2013). This makes 
P-waves a far more preferred waveform in seismic 
surveys.
	 A transmitted seismic signal will generate an echo 
for every sedimentary body it passes through, as long 
as the impedance contrast is large enough (differ-
ence in density and velocity between the sedimentary 
units). A reflected wave will contain the acoustic im-
pedance given by the physical properties of the rock. 
Each reflection will produce a unique seismic trace, 
recorded by the receiver (Aminzadeh and Dasgupta, 
2013). A signal´s two way travel time (TWTT) for the 
n:th layer (tn )  is shown by:

			   (1.9)

as long as (x<<z). The offset (x) is the distance be-
tween the transmitter and the receiver and (z) is the 
depth beneath surface. The root-mean-square veloc-
ity (Vrms ) is given as an average travel time for the 
above positioned layers (Fig. 10) (Kearey et al., 2002).
	 But the TWTT will vary if several transmitters and 
receivers are used simultaneously to measure at one 
point of the reflector. The Normal moveout (NMO) re-
fers to the difference in travel time (∆T) from (t0 ) to 
(tx ), given by the change in distance (x) to a receiv-
er located on either side of the transmitter (Fig. 11a) 
(Jones, 1999).
	 In the presence of a dipping reflector, the emitted 
signal's path of motion will differ in time between the 
two receivers of which the transmitter is positioned 
(Kearey et al., 2002). By knowing the dipping angle 
(θ) of a reflector and the velocity (V) within, a TWTT 
of the dipping reflector can be given as:

Marine geophysics 

Geophysical exploration 

Geophysics is the discipline of geoscience that, instead of being defined as an observational science, 
deals with physical applications to study the earth’s surface and internal structure. 52. Over time, the 
range of application expanded as new techniques with more accurate and high resolution geophysical 
instruments were developed. Seismic reflection measurements are a powerful geophysical application in 
geological surveys. It is used extensively in commercial exploration, for example petroleum industries 
that utilizes this technology to locate hydrocarbon-bearing reservoirs. 56a. Seismic signal propagation 
beneath the surface is a complex journey. Authors as E. J. W. Jones (1999) and Kearey et al. (2002) gives 
a thorough description of how seismic wave propagation works with a theoretical background followed 
by seismic data acquisition at sea. Presented here is a brief description of how a seismic wave will 
respond to the geological and physical settings within a layer.  

A seismic survey is based on the concept that rock properties can be measured through their response to 
elastic disturbances. 54. By transmitting seismic (elastic) waves into the ground, the acoustic impedance 
(𝐴𝐴𝐴𝐴), i.e. compressional velocity and density of a rock unit, will affect the emitted wave velocity, thus 
altering the travel time. 52. There are two high frequency waves to be considered in seismic exploration: 
compressional waves and shear waves. Grouped as body waves, they utilize the elastic character of a 
rock to propagate within the internal volume. 52. 55a. Compressional waves or P-waves moves through a 
medium by applying compressional and extensional strain in the direction of an emitted wave pulse, 
whereas the velocity of a P-wave will be restrained by particle motion within the rock. 56b. According to 
54. and 55a., the velocity (𝑉𝑉𝑝𝑝) can be determined by knowing the bulk modulus (𝐾𝐾), density (𝜌𝜌) and the 
shear modulus (𝜇𝜇) of a medium 

𝑉𝑉𝑝𝑝 = √𝐾𝐾 + 4 3⁄ 𝜇𝜇
𝜌𝜌  

Shear waves or S-waves will propagate perpendicular to the direction of a generated force and particle 
motion will bend like a sinusoidal waveform upon shear force, while containing no pressure disturbance. 
56b. 54. The S-wave velocity (𝑉𝑉𝑠𝑠) containing a pure shear strain, is given by 

𝑉𝑉𝑠𝑠 = √
𝜇𝜇
𝜌𝜌 

S-waves, however, cannot propagate in water due to the inability of shear stress and strain to occur in 
liquids. 52. This makes P-waves a far more preferred waveform in seismic surveys.  

A transmitted seismic signal will generate an echo for every sedimentary body it passes through, as long 
as the impedance contrast is large enough (difference in density and velocity between the sedimentary 
units). A reflected wave will contain the acoustic impedance given by the physical properties of the rock. 
Each reflection will produce a unique seismic trace, recorded by the receiver. 52. A signal´s two way 
travel time (TWTT) for the n:th layer (𝑡𝑡𝑛𝑛)  is shown by 

Marine geophysics 

Geophysical exploration 

Geophysics is the discipline of geoscience that, instead of being defined as an observational science, 
deals with physical applications to study the earth’s surface and internal structure. 52. Over time, the 
range of application expanded as new techniques with more accurate and high resolution geophysical 
instruments were developed. Seismic reflection measurements are a powerful geophysical application in 
geological surveys. It is used extensively in commercial exploration, for example petroleum industries 
that utilizes this technology to locate hydrocarbon-bearing reservoirs. 56a. Seismic signal propagation 
beneath the surface is a complex journey. Authors as E. J. W. Jones (1999) and Kearey et al. (2002) gives 
a thorough description of how seismic wave propagation works with a theoretical background followed 
by seismic data acquisition at sea. Presented here is a brief description of how a seismic wave will 
respond to the geological and physical settings within a layer.  

A seismic survey is based on the concept that rock properties can be measured through their response to 
elastic disturbances. 54. By transmitting seismic (elastic) waves into the ground, the acoustic impedance 
(𝐴𝐴𝐴𝐴), i.e. compressional velocity and density of a rock unit, will affect the emitted wave velocity, thus 
altering the travel time. 52. There are two high frequency waves to be considered in seismic exploration: 
compressional waves and shear waves. Grouped as body waves, they utilize the elastic character of a 
rock to propagate within the internal volume. 52. 55a. Compressional waves or P-waves moves through a 
medium by applying compressional and extensional strain in the direction of an emitted wave pulse, 
whereas the velocity of a P-wave will be restrained by particle motion within the rock. 56b. According to 
54. and 55a., the velocity (𝑉𝑉𝑝𝑝) can be determined by knowing the bulk modulus (𝐾𝐾), density (𝜌𝜌) and the 
shear modulus (𝜇𝜇) of a medium 

𝑉𝑉𝑝𝑝 = √𝐾𝐾 + 4 3⁄ 𝜇𝜇
𝜌𝜌  

Shear waves or S-waves will propagate perpendicular to the direction of a generated force and particle 
motion will bend like a sinusoidal waveform upon shear force, while containing no pressure disturbance. 
56b. 54. The S-wave velocity (𝑉𝑉𝑠𝑠) containing a pure shear strain, is given by 

𝑉𝑉𝑠𝑠 = √
𝜇𝜇
𝜌𝜌 

S-waves, however, cannot propagate in water due to the inability of shear stress and strain to occur in 
liquids. 52. This makes P-waves a far more preferred waveform in seismic surveys.  

A transmitted seismic signal will generate an echo for every sedimentary body it passes through, as long 
as the impedance contrast is large enough (difference in density and velocity between the sedimentary 
units). A reflected wave will contain the acoustic impedance given by the physical properties of the rock. 
Each reflection will produce a unique seismic trace, recorded by the receiver. 52. A signal´s two way 
travel time (TWTT) for the n:th layer (𝑡𝑡𝑛𝑛)  is shown by 

𝑡𝑡𝑛𝑛 =
(𝑥𝑥2 + 4𝑧𝑧2)1 2⁄

𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟
 

as long as (𝑥𝑥 << 𝑧𝑧). The offset (𝑥𝑥) is the distance between the transmitter and the receiver and (𝑧𝑧) is 
the depth beneath surface. The root-mean-square velocity (𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟) is given as an average travel time for 
the above positioned layers (Fig. 1). 56a.  

But the TWTT will vary if several transmitters and receivers are used simultaneously to measure at one 
point of the reflector. The Normal moveout (NMO) refers to the difference in travel time (∆𝑇𝑇) from (𝑡𝑡0) 
to (𝑡𝑡𝑥𝑥), given by the change in distance (𝑥𝑥) to a receiver located on either side of the transmitter (Fig. 
2a). 55a.  

In the presence of a dipping reflector, the emitted signal's path of motion will differ in time between the 
two receivers of which the transmitter is positioned. 56a. By knowing the dipping angle (𝜃𝜃) of a reflector 
and the velocity (𝑉𝑉) within, a TWTT of the dipping reflector can be given as 

𝑡𝑡 =
(𝑥𝑥2 + 4𝑧𝑧2 + 4𝑥𝑥𝑥𝑥 sin𝜃𝜃)1 2⁄

𝑉𝑉  

Regarding the time-distance curve in Figure 2b, a dipping reflector will offset the travel time by (∆𝑇𝑇𝑑𝑑), 
known as the dip moveout (DMO). 55a. The opposite paths of the reflected signal will differ in travel 
times (𝑡𝑡𝑥𝑥) and (𝑡𝑡−𝑥𝑥), shown by 

∆𝑇𝑇𝑑𝑑 = 𝑡𝑡𝑥𝑥 − 𝑡𝑡−𝑥𝑥 
towards the two receivers of equal distance (𝑥𝑥) and (−𝑥𝑥). 56a.  

Figure 1: A reflected signal is traveling through 
a multilayered ground, given by the depth (z) 
and distance (x) between a transmitter and 
receiver. Refraction of the signal will occur at 
layer boundaries. From Kearey et al. (2002). 

Figure 2: (a) A time-distance curve showing the difference in travel time from a transmitter positioned on either side of the 
receiver, reflected of a horizontal reflector. (b) A time-distance curve given of a dipping reflector. From Kearey et al. (2002). 
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			   (1.10)

	 Regarding the time-distance curve in figure 11b, a 
dipping reflector will offset the travel time by (∆Td ), 
known as the dip moveout (DMO) (Jones, 1999). The 
opposite paths of the reflected signal will differ in 
travel times (tx ) and (t-x ), shown by:

			   (1.11)

towards the two receivers of equal distance (x) and 
(-x) (Kearey et al., 2002).
	 A signal transmitted into the ground will not re-
flect of a layer or object as long as the acoustic im-
pedance doesn’t change. The transition of a signal into 
a layer of different density and velocity will produce 
an echo containing the reflected amplitude sampled 
by the receiver. The reflected amplitude is defined as 
the difference between the two acoustic impedances 
of each layer. A reflection coefficient of the same tran-
sition can be given as a ratio by dividing the reflected 
amplitude to the sum of the two acoustic impedances 
of each layer, shown by:

			   (1.12)

where (V1 ρ1 ) and (V2 ρ2 ) are acoustic impedances 
of the two sides of a transition, viewed from above 
(Aminzadeh and Dasgupta, 2013; Onajite, 2013). Fig-
ure 12 shows the convolutional model of a reflectiv-
ity trace. The input pulse (source wave) is multiplied 
with the amplitude value given in the reflectivity 
function to generate the seismic trace (Kearey et al., 
2002).

Figure 11a: A time-distance curve showing the difference in travel time from a transmitter positioned on either side of the 
receiver, reflected of a horizontal reflector. (b) A time-distance curve given of a dipping reflector. From Kearey et al. (2002).
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A signal transmitted into the ground will not reflect of a layer or object as long as the acoustic impedance 
doesn’t change. The transition of a signal into a layer of different density and velocity will produce an 
echo containing the reflected amplitude sampled by the receiver. The reflected amplitude is defined as 
the difference between the two acoustic impedances of each layer. A reflection coefficient of the same 
transition can be given as a ratio by dividing the reflected amplitude to the sum of the two acoustic 
impedances of each layer, shown by 

𝑅𝑅 = 𝑣𝑣2𝜌𝜌2 − 𝑣𝑣1𝜌𝜌1
𝑣𝑣2𝜌𝜌2 + 𝑣𝑣1𝜌𝜌1

 

where (𝑉𝑉1𝜌𝜌1) and (𝑉𝑉2𝜌𝜌2) are acoustic impedances of the two sides of a transition, viewed from above. 
54. 52. Figure 3 shows the convolutional model of a reflectivity trace. The input pulse (source wave) is 
multiplied with the amplitude value given in the reflectivity function to generate the seismic trace. 56a.  

  

Figure 3: The convolutional 
model show how a 
reflection coefficient, given 
in time, is transformed into 
the seismic trace used for 
interpretation. The 
relationship between 
geological features and the 
physical properties 
registered is also 
illustrated.  From Kearey et 
al. (2002). 

Figure 10: A reflected signal is traveling through a multi-lay-
ered ground, given by the depth (z) and distance (x) between 
a transmitter and receiver. Refraction of the signal will occur 
at layer boundaries. From Kearey et al. (2002).

Thus at small offsets x (x << z), the total travel time tn
of the ray reflected from the nth interface at depth z is
given to a close approximation by

cf. equation (4.1)

and the NMO for the nth reflector is given by

cf. equation (4.7)

The individual NMO value associated with each reflec-
tion event may therefore be used to derive a root-mean-
square velocity value for the layers above the reflector.
Values of Vrms down to different reflectors can then 
be used to compute interval velocities using the Dix 
formula. To compute the interval velocity vn for the nth
interval

where V2
rms,n-1, tn-1 and V rms,n, tn are, respectively, the

root-mean-square velocity and reflected ray travel times
to the (n - 1)th and nth reflectors (Dix 1955).
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4.2.3 Dipping reflector

In the case of a dipping reflector (Fig. 4.4(a)) the value of
dip q enters the time–distance equation as an additional
unknown. The equation is derived similarly to that for
horizontal layers by considering the ray path length 
divided by the velocity:

cf. equation (4.1)

The equation still has the form of a hyperbola, as for
the horizontal reflector, but the axis of symmetry of the
hyperbola is now no longer the time axis (Fig. 4.4(b)).
Proceeding as in the case of a horizontal reflector, using
a truncated binomial expansion, the following expres-
sion is obtained:

(4.9)

Consider two receivers at equal offsets x updip and
downdip from a central shot point (Fig. 4.4). Because of
the dip of the reflector, the reflected ray paths are of dif-
ferent length and the two rays will therefore have dif-
ferent travel times. Dip moveout DTd is defined as the
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Fig. 4.3 (a) The complex travel path of a reflected ray through a multilayered ground, showing refraction at layer boundaries. (b) The
time–distance curve for reflected rays following such a travel path. Note that the divergence from the hyperbolic travel-time curve for a
homogeneous overburden of velocity Vrms increases with offset.
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flector lying at a depth z beneath a homogeneous top
layer of velocity V.The equation for the travel time t of
the reflected ray from a shot point to a detector at a hori-
zontal offset, or shot–detector separation, x is given by
the ratio of the travel path length to the velocity

(4.1)

In a reflection survey, reflection time t is measured at an
offset distance x.These values can be applied to equation
(4.1), but still leave two unknown values which are re-
lated to the subsurface structure, z and V. If many reflec-
tion times t are measured at different offsets x, there will
be enough information to solve equation (4.1) for both
these unknown values. The graph of travel time of 
reflected rays plotted against offset distance (the time–
distance curve) is a hyperbola whose axis of symmetry is
the time axis (Fig. 4.2(b)).

Substituting x = 0 in equation (4.1), the travel time t0
of a vertically reflected ray is obtained:

(4.2)t
z

V0
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t x z V= +( )2 2 1 2
4

This is the intercept on the time axis of the time–distance
curve (see Fig. 4.2(b)). Equation (4.1) can be written

(4.3)

Thus

(4.4)

This form of the travel-time equation (4.4) suggests the
simplest way of determining the velocity V. If t2 is plot-
ted against x2, the graph will produce a straight line of
slope 1/V 2.The intercept on the time axis will also give
the vertical two-way time, t0, from which the depth to
the reflector can be found. In practice, however, this
method is unsatisfactory since the range of values of x is
restricted, and the slope of the best-fit straight line has
large uncertainty.A much better method of determining
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Fig. 4.2 (a) Section through a single horizontal layer showing the
geometry of reflected ray paths and (b) time–distance curve for
reflected rays from a horizontal reflector. DT = normal moveout
(NMO).
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(a)

difference in travel times tx and t-x of rays reflected from
the dipping interface to receivers at equal and opposite
offsets x and -x

Using the individual travel times defined by equation
(4.9)

Rearranging terms, and for small angles of dip (when 
sinq ª q )

Hence the dip moveout DTd may be used to compute the
reflector dip q if V is known. V can be derived via equa-
tion (4.8) using the NMO DT which, for small dips, may
be obtained with sufficient accuracy by averaging the
updip and downdip moveouts:

   DT t t tx xª + -( )- 2 20

    q ªV T xD d 2

    DT x Vd = 2 sinq

   DT t tx xd = - -

4.2.4 Ray paths of multiple reflections

In addition to rays that return to the surface after reflec-
tion at a single interface, known as primary reflections,
there are many paths in a layered subsurface by which
rays may return to the surface after reflection at more
than one interface. Such rays are called reverberations, mul-
tiple reflections or simply multiples.A variety of possible ray
paths involving multiple reflection is shown in Fig.
4.5(a).

Generally, multiple reflections tend to have lower am-
plitudes than primary reflections because of the loss of
energy at each reflection. However, there are two types
of multiple that are reflected at interfaces of high reflec-
tion coefficient and therefore tend to have amplitudes
comparable with primary reflections:
1. Ghost reflections, where rays from a buried explosion
on land are reflected back from the ground surface or the
base of the weathered layer (see Section 4.6) to produce a
reflection event, known as a ghost reflection, that arrives
a short time after the primary.
2. Water layer reverberations, where rays from a marine
source are repeatedly reflected at the sea bed and sea 
surface.

Multiple reflections that involve only a short addi-
tional path length arrive so soon after the primary event
that they merely extend the overall length of the 
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1.3.2	 Marine seismic survey
	 Seismic surveys are a preferred technique for both 
offshore and onshore operations, with a variety of in-
struments to be used depending on the research area 
and expected outcomes. Groundwater reservoirs, lo-
cation of ore bodies or deposits of coal are all subjects 
of interest while conducting a seismic survey. The 
foundation of a building or road has to be evaluated 
using seismic signals before construction can begin. 
But one of the most common applications for seismic 
surveys is through the exploration and development 
of oil and gas (IOGP and IAGC, 2011) Large interest 
from petroleum industries has driven the develop-
ment of this technique, with a wider application area 
as well as new improved instruments. The search for 
hydrocarbon-bearing rock is a time consuming op-
eration that is taking place over large regions of the 
earth, both on land and water. In marine seismic sur-
veys there are foremost three application techniques 
for retrieving geological information. Ocean bottom 
seismic (OBS) is a fixed survey technique carried out 
through a stationary installation positioned on the 
seabed, capable of measuring S-waves and time-lapse 
recordings of high quality (Jones, 1999). Vertical 
seismic profiling (VSP) is a different seismic reflec-
tion technique design to utilize boreholes. A number 
of receivers are lowered into a borehole at known 
depth to detect reflected sound waves transmitted 
from the surface (Kearey et al., 2002). Towed stream-
er seismic is a mobile survey method that is carried 
out behind a vessel, with a single cable or set of ca-
bles towed at a fixed depth. This technique is able to 

cover any large scaled area (IOGP and IAGC, 2011). A 
single transmitter or a number of transmitters is po-
sitioned behind the survey vessel to generate a sound 
wave. The most common instrument today is the air-
gun, where a sealed chamber compressed with air is 
opened to generate a high-energy pulse. Surrounding 
water-pressure then interacts with the air bubbles, 
causing them to oscillate and generate subsequent 
pulses on their way to the water surface (Jones, 1999; 
Onajite, 2013). Hydrophone receivers are positioned 
on the cable towed behind a survey vessel to record 
the reflected pulses. Encased in a streamer equipped 
with a GPS, this marine recording equipment uses 
pressure sensors to detect incoming energy (Aminza-
deh and Dasgupta, 2013). The number of airguns and 
streamers used on a seismic survey may depend on 
the size of the data acquisition.
	 For a two-dimensional (2D) seismic survey (Fig. 
13), only one seismic cable containing a number of 
hydrophones is towed behind the vessel. The use of 
one sound source will give off enough reflections from 
the subsurface to generate a 2D image directly below 
the course of the vessel (IOGP and IAGC, 2011). How-
ever, since this method only gives a general under-
standing of the geological structure, it is often used 
mainly in an early stage of a hydrocarbon reservoir 
search. A three-dimensional (3D) seismic survey can 
be conducted after a 2D survey if a more detailed pic-
ture of the geological structure below is of interest 
(Fig. 14). Airguns and a number of seismic cables are 
towed behind the vessel forming closely spaced 2D 
lines. Reflected signals generated are recorded by the 

Figure 12: The convolutional model show 
how a reflection coefficient, given in time, is 
transformed into the seismic trace used for 
interpretation. The relationship between geo-
logical features and the physical properties 
registered is also illustrated. From Kearey et 
al. (2002).

In practice, as the pulse propagates it lengthens due to
the progressive loss of its higher frequency components
by absorption. The basic reflection seismic trace may
then be regarded as the convolution of the reflectivity
function with a time-varying seismic pulse.The trace will
be further complicated by the superposition of various
types of noise such as multiple reflections, direct and re-
fracted body waves, surface waves (ground roll), air
waves and coherent and incoherent noise unconnected
with the seismic source. In consequence of these several
effects, seismic traces generally have a complex appear-
ance and reflection events are often not recogniz-
able without the application of suitable processing 
techniques.

In seismic reflection surveying, the seismic traces are
recorded, and the purpose of seismic processing can be
viewed as an attempt to reconstruct the various columns
of Fig. 4.6, moving from right to left.This will involve:

• removing noise
• determining the input pulse and removing that to give
the reflectivity function
• determining the velocity function to allow conversion
from time to depth axis
• determination of the acoustic impedances (or related
properties) of the formations.

4.3.2 The shot gather

The initial display of seismic profile data is normally in
groups of seismic traces recorded from a common shot,
known as common shot point gathers or, simply, shot gathers.
The seismic detectors (e.g. geophones) may be distrib-
uted on either side of the shot, or only on one side as il-
lustrated in Fig. 4.7. The display of shot gathers at the
time of field recording provides a means of checking that
a satisfactory recording has been achieved from any 
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many hydrophones and later interpolated to create a 
3D cube (Kearey et al., 2002; Onajite, 2013). P-cable 
is a fairly new high resolution way of towed streamer 
3D acquisition (Fig. 15) (Petersen et al., 2010). The 
streamers are instead aligned parallel along a cable 
towed perpendicular to the ship, forming an arcuate 
shape. The airgun is positioned right behind the sur-
vey vessel.

1.3.3	 Direct hydrocarbon indicators
	 Seismic data sampled at sea are later analyzed 
using state of the art geological and geophysical in-
terpretation software. By utilizing changes in acous-
tic impedance (AI), the software is able to display 
seismic signals as subsurface images (Pless, 2009). 
An amplitude scale is added to give each value (sam-
ple) a distinct colour. Representing the rock and fluid 
properties of a specific sample, the software is able to 
display large features as a combination of color tones 
(Aminzadeh and Dasgupta, 2013).
	 The presence of fluids in a sedimentary layer will 
be reflected by the seismic signal as P-wave velocity 
is drastically reduced due to density differences with-
in the layer (Fig. 16), known as a direct hydrocarbon 
indicator (DHI) (Kearey et al., 2002; Pless, 2009). A 
bright spot is displayed by an area of higher ampli-
tude reflections than surrounding data, known as an 
amplitude anomaly. Bright spots may occur at the top 
and bottom of a hydrocarbon reservoir (e.g. gas-filled 
sand) (Kearey et al., 2002; Løseth et al., 2009). A dim 
spot can also be the result of a reservoir present. If 
a porous material, containing water, is overlaid by a 
layer of lower acoustic impedance, the replacement 
of water into hydrocarbons would lower the reflec-
tion coefficient and thus create a dimmed area (Pless, 
2009). A flat spot is a horizontal or near horizontal 
seismic reflection induced by a fluid interface, prefer-
entially a gas-water or oil-water contact (Kearey et al., 
2002). Phase reversal can occur within a layer when 
pore water is replaced by hydrocarbons. The signif-
icant decrease in acoustic impedance, caused by the 
replacement, will be displayed as a change in reflec-
tion polarity from a positive to negative phase (Løseth 
et al., 2009; Pless, 2009).
	 The physical properties of hydrocarbons may also 
cause acoustic energy to be absorbed or scattered. 
(Kjerkreit, 2014). Acoustic masking is referred to an 
area of faint or absent seismic reflectors, caused by 
the attenuation in acoustic energy. Amplitude shad-
ow, low frequency shadow and vertical structures, 
known as seismic chimney/pipe, are recorded as 
acoustic masking (Pless, 2009). Hydrocarbons are 
also known to reduce the P-wave velocity of the re-
turning signal, with reflector displacement created by 
the longer two-way travel time (Løseth et al., 2009). 
Pull-down or push-down is an effect caused by veloci-
ty sag, where an area containing hydrocarbons are re-
corded as deeper located then its surrounding layer, 

Figure 15: Marine seismic 3D data acquisition using a P-cable. 
Airguns are positioned behind the survey vessel, and multiple 
seismic cables, containing hydrophones, are towed parallel 
along the cross cable. From Petersen et al. (2010).

Figure 13: Marine seismic 2D data acquisition using a sin-
gle airgun and multiple hydrophones. From Aminzadeh and 
Dasgupta (2013).

Figure 14: Marine seismic 3D data acquisition. A number of 
airguns are positioned right behind the survey vessel, and 
multiple seismic cables, containing hydrophones, are towed 
parallel with a lateral offset to each other. From Onajite 
(2013).

MARINE SEISMIC SURVEY

Marine seismic surveys are conducted using specially equipped vessels that tow one or
more cables containing a series of hydrophones at constant intervals (Figure 3.16).

Three seismic vessels can sometimes be used inmarine seismic survey. One of these vessels
is used as the main shooting, recording, and processing vessel. The other two vessels towed
additional streamers for increased coverage. These two other vessels record seismic signal but
are not involved in the shooting or processing of the data. The streamers locations are accu-
rately positioned by the aid of Global Positioning System (GPS).

Note that seismic vessel can easily obtain 10 times more data per day than the best land
seismic crew. This is because the hydrophone arrays are towed behind the boat, eliminating
the need for continuous laying of new spreads.

OFFSHORE SEISMIC SOURCE

Airguns are used as sources of seismic energy in the acquisition of marine seismic data.
This airgun releases a blast of highly compressed air into the surrounding water. Airguns
are also used in water-filled pits on land as an energy source during acquisition of vertical
seismic profiles.

FIGURE 3.16 Multiple sources and receivers behind the seismic vessel.

47OFFSHORE SEISMIC SOURCE

I. BASIC SEDIMENTOLOGY AND SEISMIC DATA ACQUISITION

2. Regional setting

The Vestnesa Ridge is a sediment drift located on hot and young
oceanic crust at the eastern spreading segments of the Molloy
Ridge in the Fram Strait west of Svalbard (Fig. 1) (Engen et al., 2008;
Hustoft et al., 2009; Ritzmann et al., 2004). Seafloor spreading at
the Molloy Ridge probably initiated at 19.6 Ma and was well
established at 9.8 Ma (Engen et al., 2008). The Vestnesa Ridge is
covered by more than 2 km thick sediments deposited as con-
tourites by prevailing northward directed contour currents during
the late Miocene and Pliocene (Eiken and Hinz, 1993). Deposition
was probably stimulated by a rough underlying oceanic basement
that reduced the speed of the northward directedWest Spitsbergen
Current (Vogt, 1986). The crest of the Vestnesa Ridge consists of
silty turbidites and muddy-silty contourites of mid-Weichselian
and Holocene age, and the post 19 ka sedimentation rate was
estimated to 9.6 cm/ka on average (Howe et al., 2008).

Several seismic studies revealed the occurrence of a prominent
bottom-simulating reflector (BSR) along theW-Svalbardmargin (Eiken
and Hinz, 1993; Mienert et al., 1998; Posewang and Mienert, 1999;
Vanneste et al., 2005; Westbrook et al., 2008a). Hydrate concentra-
tions derived from seismic velocity analyses show up to 11% (Hustoft
et al., 2009) and 12% (Westbrook et al., 2008a) in the pore space of
sedimentsabove theBSR.The inferredgas-hydrateprovinceontheNW-
Svalbardmargincoversanareaofw3000km2(Bünzetal., 2008;Hustoft
etal., 2009;Vannesteet al., 2005). Fluidfluxesofmaximum0.15mma�1

were estimated for the W-Svalbard margin based on numerical
modeling assuming a steady-state 150-m-thick free gas zone beneath
the BSR atw200 m below the seafloor (m bsf) (Haacke et al., 2008).

The 3D seismic data volume is located at thewestern crest of the
Vestnesa Ridge between 1200 and 1300 m of water depth (Fig. 1).
Numerous pockmarks concentrate on the crest of the ridge (Fig. 1)
(Vogt et al., 1994, 1999) and gas flares indicate ongoing focused
fluid flow activity (Hustoft et al., 2009).

Fig. 2. (a) Schematic diagram of P-Cable 3D seismic system; (b) and (c) Comparison between P-Cable 3D seismic data (bin size 10 m) and high-resolution 3D seismic exploration
data from the Lower Congo Basin(bin size 12.5 m) (Gay et al., 2007), identical horizontal and vertical scales.

C.J. Petersen et al. / Marine and Petroleum Geology 27 (2010) 1981e1994 1983
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due to the slower P-wave velocity reflected (Hustoft et 
al., 2007; Kjerkreit, 2014). Pull-up will instead occur 
where there is a zone of high velocity, e.g. a salt dome 
(Pless, 2009). Bottom-simulating reflectors (BSR) are 
high amplitude reflectors, often found as parallel or 
near parallel to the sea floor. A BSR can originate from 
a diagenesis transformation of siliceous-rich sedi-
ments or work as an indicator for the base of a gas hy-
drate stability zone (GHSZ). This is the transition zone 
where current temperature and pressure no longer 
can support gas as a fluid state but entraps them into 
gas hydrate formations (Hustoft et al., 2007; Kjerkreit, 
2014).
	 Seismic data can be analyzed in a number of dif-
ferent ways depending on what sort of questions is 
attempted to answer. A seismic attribute may extract 
or derive anomalies by applying a mathematical anal-
ysis method on the original seismic data, in order to 
highlight lithological, physical or reservoir proper-
ties (Aminzadeh and Dasgupta, 2013). These proper-
ties of a seismic wave are analyzed for its geological 
signature, to provide specific quantities of dynamic, 
geometric, kinematic and statistical characteristics 
hidden within the seismic data (Kearey et al., 2002; Li 
and Zhao, 2014). There are a number of seismic attri-
butes to be applied while extracting specific features. 
Amplitude changes are an interesting attribute when 
interpreting lithological settings and reservoir capac-
ity (Li and Zhao, 2014). A reflected wave illustrates 
the reflected coefficient of an interface, given by the 
physical properties within the formation. The appear-
ance of an amplitude anomaly (e.g. bright spot or flat 
spot) along this seismic line could indicate a change in 
porosity or pore fluid (Kearey et al., 2002; Aminzadeh 
and Dasgupta, 2013). Root-mean-square (rms) am-
plitude is a statistical function used to isolate specif-
ic geological features from surrounding background 

features. It is the amplitude anomalies within a layer 
that contain the most interesting information. A lay-
er previously defined can be analyzed using the rms 
method. A sampling interval (∆t) within the layer, 
(t1) and (t2 ), is set to define the analysis time win-
dow. Every amplitude (A) within this window will be 
sampled and recalculated into a rms amplitude value  
(Arms ), given by:

			   (1.13)

	 Amplitude anomalies within this layer will then be 
more clearly distinguished on a map, making the lo-
cation and quality of possible hydrocarbon reservoirs 
easier to interpret (Pless, 2009; Haavik and Landrø, 
2014; Li and Zhao, 2014).

Seismic data can be analyzed in a number of different ways depending on what sort of questions is 
attempted to answer. A seismic attribute may extract or derive anomalies by applying a mathematical 
analysis method on the original seismic data, in order to highlight lithological, physical or reservoir 
properties. 52. These properties of a seismic wave are analyzed for its geological signature, to provide 
specific quantities of dynamic, geometric, kinematic and statistical characteristics hidden within the 
seismic data. 56a. 61. There are a number of seismic attributes to be applied while extracting specific 
features. Amplitude changes are an interesting attribute when interpreting lithological settings and 
reservoir capacity. 61. A reflected wave illustrates the reflected coefficient of an interface, given by the 
physical properties within the formation. The appearance of an amplitude anomaly (e.g. bright spot or 
flat spot) along this seismic line could indicate a change in porosity or pore fluid. 56a. 52. Root-mean-
square (rms) amplitude is a statistical function used to isolate specific geological features from 
surrounding background features. It is the amplitude anomalies within a layer that contain the most 
interesting information. A layer previously defined can be analyzed using the rms method. A sampling 
interval (∆𝑡𝑡) within the layer, (𝑡𝑡1) and (𝑡𝑡2), is set to define the analysis time window. Every amplitude 
(𝐴𝐴) within this window will be sampled and recalculated into a rms amplitude (𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟), given by 

𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟 = √ ∆𝑡𝑡
𝑡𝑡2 − 𝑡𝑡1

∑𝐴𝐴2(𝑡𝑡)
𝑡𝑡2

𝑡𝑡1

 

Amplitude anomalies within this layer will then be more clearly distinguished on a map, making the 
location and quality of possible hydrocarbon reservoirs easier to interpret. 61. 12. 53. 

Figure 16: Seismic indicators of hydrocarbons present within 
a reservoir.  From Løseth et al. (2009).
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1.4	 Well data
	 Major petroleum companies such as A/S Norske 
Shell, Lundin Norway AS, Norsk Hydro Produksjon 
AS and Statoil Petroleum AS have all drilled on Lop-
pa High and the adjacent basins (NPD, 2015). A well 
is drilled due to a number of reasons; it could be to 
obtain improved stratigraphical control in an area or 
to identify the physical and chemical properties of a 
sedimentary body. Another reason is the presence of 
oil and gas, how high the total organic carbon (TOC) 
concentration is within sedimentary strata and if the 
seismic data were accurate (McCarthy et al., 2011; 
NPD, 2015). A large number of wells are located along 
the Bjørnøyrenna- and the Ringvassøy-Loppa Fault 
Complex, Barents Sea, due to the highly altered geo-
logical structure and the hydrocarbon related fea-
tures that this may generate (Bjørlykke, 2010; NPD, 
2015). Two of these drilled wells are the well 7220/5-
1, located on the Bjørnøyrenna Fault Complex, and 
the well 7220/6-1, located to the ENE along the west 
of Loppa High, Barents Sea (Fig. 17). The sedimentary 
strata penetrated by these two wells were identified 
as six lithostratigrapic units formed during different 
geological periods.
 

1.4.1	 Nordland Group
	 The Nordland Group is a Quaternary unit accu-
mulated in a bathyal to glacial marine depositional 
environment. The lithology consist of clay and sand 
(coarsening upwards) that grade into claystone and 
sandstone. Cobbles and boulders are present with 
clay in the upper strata. The Nordland Group is also 
present in the Norwegian- and North Sea, where it’s 
been dated back to Early and Middle Miocene (Ryseth 
et al., 2003; NPD, 2015).

1.4.2	 Sotbakken Group
	 The Sotbakken Group was formed in Thanetian 
(Late Paleocene) to Lutetian (Middle Eocene), with 
minor Oligocene sequences present in the western 
parts of the Barents Sea. The Shelf was subjected to 
a transgressional phase in the mid-Paleocene, which 
brought with it sublittoral to deep shelf claystone to 
mudrock accumulations; containing minor siltstone 
and carbonate horizons. Large quantities of the Sot-
bakken Group have been eroded throughout the Bar-
ents Shelf, but younger sequences are found to be pre-
served in the Tromsø Basin and the Ringvassøy-Loppa 

Fault Complex. The Torsk formation is a sedimenta-
ry subunit of the Sotbakken group that ranges from 
Late Paleocene to Oligocene (Ryseth et al., 2003; NPD, 
2015).

1.4.3	 Adventdalen Group
	 Adventdalen Group is a Late Jurassic to Early Cre-
taceous unit composed of sandstone, siltstone and 
shale. It is further divided into six formations: the Fu-
glen, Hekkingen, Klippfisk, Knurr, Kolje and Kolmule 
formations. The Fuglen and Hekkingen formations 
are important hydrocarbon source rocks from the Up-
per Jurassic succession. The group has been identified 
on Svalbard and throughout the Barents Shelf (NPD, 
2015).

1.4.4	 Kapp Toscana Group
	 The Kapp Toscana Group is the result of Ladinian 
(Middle Triassic) to Bathonian (Middle Jurassic) sed-
imentary deposits in a near-shore, deltaic environ-
ment, with shallow marine to coastal reworking. A 
sedimentary composition of sandstone, siltstone and 
shale dominate in the Group. Five formations are rec-
ognized on the Barents Shelf: the Snadd, Fruholmen, 
Tubåen, Nordmela and Stø formations. The Snadd 
Formation consists of shales with siltstone and sand-
stone interbedded, where limestone and calcareous 
interbeds occur in the lower to middle parts of the 
formation. It was formed in Ladinian to early Nori-
an (Late Triassic) as relatively distal marine deposits 
(NPD, 2015).

1.4.5	 Gipsdalen Group
	 Gipsdalen Group is a Serpukhovian (Early Carbon-
iferous) to Sakmarian (Early Permian) unit that was 
formed in stages by terrestrial and marine deposi-
tional environments. The non-marine stage between 
Serpukhovian and Bashkirian (Late Carboniferous) 
was formed as alluvial fan and braided river depos-
its; composed of red bed sandstone, siltstone and 
conglomerate. The marine stage is a Bashkirian to 
Sakmarian formation of mixed carbonates and sili-
clastic deposits; containing conglomerate, sandstone 
and shale. Three formations present: the Ugle, Falk 
and Ørn formations. The Ugle formation belongs to 
the terrestrial stage while the Falk and Ørn forma-
tions were deposited during the marine stage (Lars-
sen et al., 2002; NPD, 2015). 
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1.4.6	 Basement
	 The basement consists of low- to high metamor-
phic graded rocks, including metamorphosed igneous 
rocks. Samples gathered from drilled wells have been 
dated using K/Ar, Ar/Ar and Rb/Sr isochron dating 
and results indicated the top basement to originate 
from pre-Devonian rocks (NPD, 2015).

1.4.7	 Well 7220/5-1 
	 The well is located at 72°31’ 0.67”N  20°20’ 29.15”E 
of the Bjørnøyrenna Fault Complex, neighboring the 
northern Polheim Sub-platform, Barents Sea. It was 
drilled by Statoil Petroleum AS in January to Mars 
2012 in order to obtain evidence of oil and gas vol-
umes in the Skrugard middle segment, an operation 
that generated good results (NPD, 2015). A gas-oil 
contact and a oil-water contact were discovered in Ju-
rassic sandstone (Skjelle et al., 2012). The drill went 
1740 m down before stopping in the Kapp Toscana 
Group; penetrating the seabed at 428 m. Nordland 

Group was reached at 428 m, Sotbakken Group at 478 
m and the Adventdalen Group at 1035 m. The Kapp 
Toscana Group was first penetrated at 1337 m below 
the ocean surface. Depth indications given in the well 
data are measured depth from the elevation of the ro-
tary kelly bushing (MD RKB), 40 m for well 7220/5-1 
and 25 m for well 7220/6-1 (NPD, 2015).

1.4.8	 Well 7220/6-1
	 The well is located at 72°33’ 12.56”N 20°59’ 
26.86”E of the western Loppa High, Barents Sea. It 
was drilled by Norsk Hydro Produksjon AS in January 
to Mars 2005 to test reservoir properties and hydro-
carbon migration in the Permian and Carboniferous 
strata. The seabed was reached at 394 m and drilled 
down to 1540 m. Three sedimentary groups were 
penetrated before reaching top basement at 1483 m; 
Nordland Group at 394; Kapp Toscana Group at 476 
m; Gipsdalen Group at 1138 m (NPD, 2015).

Figure 17: Well data for 7220/5-1 and 7220/6-1 with 
lithostratigrapic units identified from a given depth (m 
MD RKB). Data obtained from NPD (2015), but are not 
rendered to illustrate its representative epoch.
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2.	 Material and methods
	 Marine geophysical data covering large areas of 
the Loppa High with surroundings were provided by 
Lundin Norway AS. An outline for the area of interest 
had to be defined since some of the datasets covers a 
too large area to be analyzed, considering the time-
span of this project. The study area represents a 2054 
km2 rectangular surface area located along the west 
part of central Loppa High, including the northern 
half of the Polheim Sub-platform as well as parts of 
the Bjørnøyrenna Fault Complex. The study area is 
51*40 km long and extends in a NNE-SSW direction. 
The database consists of well data, seismic reflection 
2D and 3D data sets (Fig. 18) as well as multibeam 
echosounder data (Fig. 19) and water column data. 
The coordinate system used in this project is the Eu-
ropean Datum 1950 (ED50) UTM Zone 34N. All data 
used for this project are listed in Table 1, Appendix D.

2.1	 Well data
	 Well data were added to the study in order to ob-
tain an overview of the depositional environments 
and lithology of the area. Two wells were selected 
within the study area; well 7220/5-1, located central 
along the western edge (Fig. A5); and well 7220/6-1 
(Fig. 21), drilled in the northern region of the area. 
These two wells were selected due to their geologi-
cal locations and because both penetrate sedimenta-
ry formations known to host source rocks. The names 
given to the interpreted seismic layers were deduced 
from the known age of a sedimentary unit, with the 
corresponding sedimentary formation, penetrated by 
the wells. The five different lithostratigrapic units and 
the basement referred to in this study exhibits differ-
ent depositional patterns and could be named via an 
exclusion method, also the Kingdom software used 
for interpretation had sedimentary formations high-
lighted along the well 7220/6-1.

2.2	 Seismic survey
	 Two sets of 2D seismic reflection lines (NBRD07-
234838 and NBR10-338364) were analyzed. They are 
61.1 km and 36.8 km long, extending NNW-SSE and 
WNW-ESE respectively across the study area (Fig. 
18).  The NBRD07 and the NBR10 survey lines were 
collected in 2007 and 2010 respectively. There are 
three survey areas containing 3D reflection data: the 
LN12M01, NH0372 and Pcable area B PL609 data sets 

(Fig. 18). The survey area of the LN12M01 is 1513.4 
km2 and the largest of the three datasets, covering 
most of the study area. The LN12M01 data set consist 
of two separate events of data acquisition; the first 
survey taking place between June and August 1998 on 
board the vessel M/V Seisranger; and the second sur-
vey occurring between September and October 2011, 
on board the vessel M/V Artemis Arctic (Barrie et al., 
1998; Billard, 2011). The second 3D reflection survey, 
NH0372, is a high resolution cube acquired in July 
2013 on board the vessel M/V Sea Explorer. Located 
in the upper right region of the study area, it covers 
22.4 km2. The third 3D reflection dataset, Pcable area 
B PL609, cover a 10.2 km2 rectangular shaped area lo-
cated to the west of NH0372. The seismic survey was 
carried out 2012 on board the vessel FF Helmer Hans-
sen, using a P-cable instrument for data acquisition.
	 Seismic 2D profiles were constructed in each of the 
three 3D data sets; one line striking N-S (Fig. A2) and 
three lines striking W-E (Fig. A3-A5) in the LN12M01 
data set; one line WNW-ESE for the NH0372 data set 
(Fig. B1); and one line striking WNW-ESE for the Pca-
ble area B PL609 data set (Fig. C1). These 2D seismic 
profiles were generated to displays reflected layers 
and depositional features registered in the surveys.
	 Individual layers were identified and mapped us-
ing the seismic and geological interpretational soft-
ware IHS Kingdom vers. 8.8. Each layer obtained from 
the three different 3D datasets was interpolated to 
create bathymetry maps showing the sedimentary 
layers distribution. Volume attribute layers were gen-
erated using the statistical function "VATrms" in order 
to obtain color-coded amplitude illustrations of the 
three data sets. The interpolated seismic layers were 
also used to create isopach layers; a time-difference 
interval obtained by subtracting the seismic signals 
travel time between two layers. Geological fault lay-
ers were created for the heavily deformed and tilted 
layers; using "Polygon Autopicking" and the digitiz-
ing tool "3D Hunt". Time slice layers were generated 
separately for the three 3D seismic cubes, with a slice 
interval ranging between 20 and 100 ms.
	 The bathymetry, amplitude and isopach layers as 
well as the generated time slices created in IHS King-
dom were exported into the geographic information 
system (GIS) and its module ArcMap 10.2.1 for further 
map developments and exportation options. Polylines 
were added to the autopicking and time slice layers in 
order to highlight the faults visible in each layer. The 
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faults were color-coded according to their orienta-
tion; NNW-SSE and NNE-SSW are red; NNW-SSE and 
WNW-ESE are yellow; WNW-ESE and ENE-WSW are 
blue; NNE-SSW and ENE-WSW are green. Main struc-
tural elements of the SW Barents Sea and well data 
used in ArcMap were obtained from the Norwegian 
Petroleum Directorate (NPD) (NPD, 2015). The loca-
tion of bacterial mats and carbonate crusts discovered 
within the study area were obtained from the Lundin 
Norway AS.

2.3	 Multibeam echosounder survey

	 Additional datasets containing multibeam bathym-
etry and water column data were offered by Lundin 
Norway AS to help with the seismic reflection-data 
research. The multibeam bathymetry data consists of 
five previously interpolated files with a cell resolution 
of 1-3 m (Fig. 19). The bathymetry surveys do only 
cover parts of the study area and were thus of limited 
use. The water column data consists of 29 lines, locat-
ed foremost around the Pcable survey area (Fig. 18). 
The data was analyzed using the module FMMidwater 
of the geo-spatial processing and analysis software 
suite Fledermaus, vers. 7.4.0.C.

Figure 18a: Map showing the three survey areas located within the study area, together with alignments of the two survey lines. Wells 
drilled in the area is given as well as the location of previously known bacterial mats and carbonate crusts (courtesy by the Lundin 
Norway AS). The water column data used in this study are marked as black lines. (b) The structural elements map in the lower left 
corner displays structural elements and fault movements of the SW Barents Sea. Based on the NPD (2015). The reference map in the 
upper left corner are from IBCAO (Jakobsson et al., 2012), with the approximate location of the structural elements map marked in red.
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Figure 19a: Map showing the three survey areas located within the study area, together with three areas of multibeam bathym-
etry areas. Wells drilled in the area as well as the location of previously known bacterial mats and carbonate crusts. (b-d) The 
three bathymetry layers are illustrated separately to the right. The location of the zoomed in area positioned in the left corner 
of the lower bathymetry layer are marked with a red box. The color ramp gives the approximate depth (m) below seabed for the 
multibeam bathymetry interpolations.
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3.	 Results
	 Seismic interpretations were carried out on 2D 
and 3D marine reflection data sets, comprised of two 
seismic lines and three seismic cubes. The individu-
al layers were then correlated with previous results 
from well data drilled in the area. Multibeam data and 
water column data were also used to visualize previ-
ous and ongoing gas emissions at the sea floor.

3.1	 2D seismic profiles
	 The two survey lines, NBRD07-234838 and 
NBR10-338364 (Fig. 20 & 21), were analyzed in or-
der to obtain an understanding of the sedimentary 
strata located within the study area. Data from well 
7220/5-1 (Fig. A5) and 7220/6-1 (Fig. 21) were cor-
related with the six layers mapped within the 2D 
seismic profiles. These layers were selected for their 
characteristic features and named accordingly: sea-
bed, URU, Triassic reflector 2, Triassic reflector 1, 
Late Carboniferous and top basement (pre-Devoni-
an). Deposited reflections above URU were found to 
belong to the Nordland Group (Quaternary) and the 
two Triassic reflectors highlighted below URU, seen in 
the area of well 7220/6-1, were interpreted to belong 
to the Kapp Toscana Group (Triassic). Underneath 
follows the Gipsdalen Group (Late Carboniferous) 
before reaching top basement somewhere at pre-De-
vonian time. The Gipsdalen Group is according to the 
NPD (2015) deposited between Early Carboniferous 
and Early Permian time, but will here be referred to 
as Late Carboniferous age. The low frequency 2D seis-
mic profiles do not fully reflect the top strata, leaving 
the interpretation above URU to be carried out in the 
3D seismic data. The strata of URU, Late Carbonifer-
ous and top basement were identified as impenetra-
ble, non-permeable materials (positive values) while 
the layers marked as Triassic reflectors 1 & 2 both 
contain permeable materials capable of transport-
ing fluids (negative values). The sedimentary strata 
of Triassic age and Late Carboniferous, as well as the 
top basement, exhibits a sloping structure towards 
W-SW, coated with faults. Faults are visible on both 
the 2D seismic profiles, marked by black lines. Strata 
located on the west side of this fault have undergone 
deformations of heavy faulting, causing this region to 
be difficult to interpret. The contacts of gas-oil and 
oil-water is visible in the WNW of the NBR10-338364 
seismic profile, at 1460 ms respective 1540 ms (Fig. 
21).

3.2	 3D seismic profiles
	 The layers identified in the 2D seismic lines were 
correlated to the 3D data sets. Eight additional layers 
were mapped above URU, referred to as Lower Pleis-
tocene 0-7. The Pleistocene layers were all selected 
for their soft sediment features of high permeability 
(negative values), layers of low permeability located 
in between were ignored as they do only limit the flu-
id migration. The layer of Lower Pleistocene 0 was 
first located in the end of this study, in survey area 
NH0372, and came to be named thereafter. Every lay-
er tracked in Kingdom where interpolated to create 
paleo-bathymetry maps and isopach maps. Layers 
containing permeable materials were also processed 
to generate amplitude maps (RMS). Time slices where 
constructed throughout each of the three 3D cubes to 
help determine fluid migration pathways.

3.2.1	 Survey area LN12M01
	 The paleo-bathymetry maps reflect form and fea-
tures of the sedimentary layers mapped inside survey 
area LN12M01. The seabed is located at 431-587 ms 
below the sea level and with a downhill slope towards 
north (Fig. A6). The irregularly oriented linear pat-
terns visible are iceberg ploughmarks (Haavik and 
Landrø, 2014). Seven layers of Pleistocene deposits 
were registered beneath the seabed (Fig. A7-A13), 
where the Lower Pleistocene 1 was the only actu-
al layer found to cover most of the survey area (Fig. 
A13). The Pleistocene layers have an S-N sloping ba-
thymetry with many of the elevated areas located 
in the SW or SE corner. The Lower Pleistocene 7 is 
a replica of the seabed, located only 14.6 ms deeper, 
created to identify amplitude anomalies as shallow as 
possible (Fig. A7). The low permeability layer of the 
URU has a sloping pattern to the north (Fig. 22), with 
a curved depression located in the bottom half of the 
map. A feature also seen in the Lower Pleistocene 1. 
Layers located below URU have a W-SW tilted struc-
ture that is cut off by a major N-S extending fault. The 
Triassic reflector 2 has several sharp elevation chang-
es identified along the west side of the N-S striking 
fault and a gap located in the upper half of the map 
(Fig. A15); eroded and replaced by URU. None of the 
layers; Triassic reflector 1 (Fig. A16); Late Carbonif-
erous (Fig. A17) or top basement (Fig. A18) could be 
mapped on the west side of the N-S extending fault. 
Elongated features were detected in the SW corner 
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Figure 20: Seismic profile of the NBRD07-234838 survey line, located within the study area, strikes NNW-SSE. Six layers are high-
lighted: the seabed (blue); URU (green); Triassic reflector 2 (yellow); Triassic reflector 1 (neon green); Late Carboniferous (purple) 
and top basement (brown). Major faults are highlighted in the NNW area by black lines. The map in the lower left corner displays 
an overview of the study area and the LN12M01 study areas (Fig. 18), with the orientation of the 2D seismic profile (purple line).

Figure 21: Seismic profile of the NBR10-338364 survey line, located within the study area, strikes WNW-ESE. Six layers are 
highlighted: the seabed (blue); URU (green); Triassic reflector 2 (yellow); Triassic reflector 1 (neon green); Late Carboniferous 
(purple) and top basement (brown). Major faults are highlighted in the WNW area by black lines. The well 7220/6-1, with drill-
ing depth, is illustrated in the seismic profile. A gas-oil contact (orange) and an oil-water contact (blue) are illustrated in the 
WNW region. The map in the lower right corner displays an overview of the study area and the LN12M01 study areas (Fig. 18), 
with the orientation of the 2D seismic profile (red line).
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of the LN12M01 survey area, extending N-S between 
608 and 833 ms. As these features cannot be correlat-
ed to any well units or seismic reflectors, they will be 
referred to as gas hydrates (Fig. A19). 
	 There are nine amplitude maps generated for the 
LN12M01 survey area, seven above the URU and two 
below. In the Lower Pleistocene 7 these anomalies 
are more focused on the western half as well as some 
minor areas along the northern edge (Fig. A20). The 
Lower Pleistocene 6 has these anomalies more even-
ly spread over the layer, with one more concentrated 
area located in the SE region (Fig. A21). Yellow lin-
ear features are present in the southern half, bearing 
W-E. The Lower Pleistocene 5 (Fig. A22) has areas of 
higher amplitudes in the SW regions while the Lower 
Pleistocene 4 (Fig. A23) has most of these areas in the 
northern parts. The majority of anomalies identified 
in the Lower Pleistocene 3 (Fig. A24) are of the north-
ern and southern regions while the Lower Pleistocene 
2 (Fig. A25) has these areas more centrally located. In 
the Lower Pleistocene 1 was high amplitudes found 

in the SW corner, in centrally spread areas as well as 
in one area of the NE corner (Fig. 23). The Triassic 
reflector 2 has high concentrations of high-amplitude 
reflections along the elevated edge to the URU (Fig. 
A27), where the Triassic reflector 1 has three larger 
areas located in the central to northern parts not far 
from the N-S striking fault (Fig. A28). 
	 Fault charts were generated for the Triassic re-
flectors 1 & 2 to display movements present within 
each layer (Fig. A29 & A30). The Triassic reflector 2 
has N-S and NE-SW striking faults located west of the 
major N-S fault, intersected by minor NW-SE and W-E 
striking faults. On the east side there are NE-SW and 
W-E striking faults present, as well as NW-SE striking 
thrust faults located in the SE region. The Triassic re-
flector 1 was found to contain NE-SW and W-E strik-
ing faults east of the N-S striking fault, with NW-SE 
striking thrust faults located in the SE region. Howev-
er, on the west side, the layering was too faulted and 
badly reflected to be mapped. No faults were found in 
the Lower Pleistocene deposits using this color ramp.
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Figure 22: Paleo-bathymetry map of the UR, generated from 
the LN12M01 survey area. The depth is presented in seconds 
and the contour lines illustrate elevation changes for every 
0.02 s. Pink dots mark the location of drilled wells. See also 
figure A14. The map in the upper left corner displays an over-
view of the study area (Fig. 18).
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Figure 23: Amplitude map (RMS) of the Lower Pleistocene 1, 
generated from the LN12M01 survey area. Amplitude anom-
alies are illustrated in red to yellow colors. Pink dots mark the 
location of drilled wells. See also figure A26.
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	 Isopach maps generated between the seabed, the 
Lower Pleistocene layers and the URU have a thick-
ness variations of up to 48.7 ms (Fig. A31-A42). The 
thickest areas may vary between layer to layer but 
are in general thicker in central to NW or NE regions, 
except for the Lower Pleistocene 6-7 that exhibit ele-
vated areas in the central regions as well as along the 
eastern edge of the survey area (Fig. 24). The sedi-
mentary thickness between the seabed and the URU 
is low (up to 80 ms) along the western edge and SW 
corner as well as in the northern regions (Fig. A38). 
Thick areas, 120-148.8 ms, occur in the central to 
eastern regions with four pronounced areas render-
ing 110 ms. The isopach map of The Triassic reflector 
2 to the URU has low sedimentary levels in the cen-
ter and increases towards both sides, east and west 
(Fig. A39), while the sedimentary thickness between 
the Triassic reflector 1 & 2 have a volume increase 
from east to west (Fig. A40). The Late Carboniferous 
to the Triassic reflector 1 has an N-S striking central 
sedimentary depletion where thickness increases 

towards west and east (Fig. A41). The isopach map 
of the top basement to the Late Carboniferous has a 
sedimentary increase towards west (Fig. A42), with 
the thickest areas located in the north and southwest 
regions of the LN12M01 survey area.
	 Time slice velocity maps were generated to help 
identify faults and possible fluid migration path-
ways. Each map consist of two separate parts (print 
screened from Kingdom) that are geotagged togeth-
er using ArcMap, which caused the shading to dif-
fer some. Figure A43 display a seismic profile of the 
LN12M01 survey area, striking center W-E. Red lines 
mark the horizontal depth for the generated time slic-
es. The quantities of fourteen time slices were gen-
erated between 472-1100 ms (Fig. A44-A57), where 
identified faults were highlighted and color-coded 
to their orientation. The occurrence of a fault is vis-
ible as sedimentary displacements along a line, here 
highlighted in various colors. One single fault was first 
identified at 548 ms (Fig. 25), central along the south 
side striking N-S. The number of faults then quickly 
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Figure 24: Isopach maps showing the time-depth differenc-
es between the Lower Pleistocene 6-7, generated from the 
LN12M01 survey area. The thickness is presented in seconds 
and the contour lines illustrate elevation changes for every 
0.01 s. Pink dots mark the location of wells. See also figure 
A31. The reference map displays an overview of the study 
area (Fig. 18), with the LN12M01 survey area (purple).
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Figure 25: Time slice velocity maps cutting the LN12M01 sur-
vey area horizontally at 0.548 s. Black color reflect areas of 
high permeability and white areas of low permeability. The 
fault is highlighted using a color coded orientation. Pink dots 
mark the location of drilled wells. See also figure A47.
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increased, N-S striking faults occurred along the cen-
ter of the time slices and with NW-SE, W-E and NE-SW 
orientated fault located on both sides. Faults in the 
northern region were first identified at 652 ms (Fig. 
A51), foremost N-S and NE-SW striking. Faults were 
identified down to 1100 ms (Fig. A57), located fore-
most at center to west regions. The white elongated 
feature stretching NE-SW in the northern half of the 
study area, across the 472 ms, 500 ms and 524 ms 
time slices, is the seabed reflection (Fig. A46 - A48). 
The transition to the URU is visible between 652 ms 
and 576 ms (Fig. A48-A51), presented in bright white 
color as it reflects the low permeability properties of 
its material. The bright white areas visible in the cen-
ter of the 1100 ms and 1000 ms time slices are the 
outer reflector of the Late Carboniferous deposits and 
the tilted stratification to the east are of Triassic ori-
gin (Fig. A56 & A57).
	 The 2D seismic profiles generated from the 
LN12M01 survey area exhibits a depression feature 
in the SW region of the URU (Fig. A2-A4). Fault move-
ments was found above the Polheim Sub-Platform, be-
low URU (Fig. A5).

3.2.2	 Survey area NH0372
	 The paleo-bathymetry maps of survey area 
NH0372 consists of eight layers. The seabed is locat-
ed 479-533 ms below the sea level; sloping NW with 
visible iceberg ploughmarks (Fig. B2). There are four 
Pleistocene layers identified, one of which did not oc-
cur on the LN12M01 data set. The Lower Pleistocene 
4 (Fig. B3) has a north downward inclination while 
the Lower Pleistocene 0, 1 & 3 (Fig. B4-B6) all slopes 
toward the NW. The sedimentary layer of URU (Fig. 
B7) has a NW downward inclination whiles the Tri-
assic reflector 1 (Fig. 26) and the Late Carboniferous 
(Fig. B9) layers slopes to the W-SW, both exhibiting a 
140 ms drop-off.
	 Amplitude maps of the Lower Pleistocene 0, 1, 3 
& 4 (Fig. B10-B13) as well as the Triassic reflector 1 
(Fig. 27) was generated within the survey area. The 
Lower Pleistocene 3 and 4 have anomalies N-S cen-
trally occurring, followed by areas in the NW and NE 
regions. The Lower Pleistocene 0 and 1 have several 
high amplitude areas in the NW corners, although the 
Lower Pleistocene 0 has a more disperse area. The 
Triassic reflector 1 exhibits a wide area of amplitude 
anomalies south of the NW corner.

Study area

Figure 27: Amplitude maps (RMS) of the Triassic reflector 1, 
generated from the NH0372 survey area. Amplitude anoma-
lies are illustrated in red to yellow colors. The pink dot mark 
the location of the well 7220/6-1. See also figure B14.

Figure 26: Paleo-bathymetry 
maps of the Triassic reflector 1, 
generated from the NH0372 sur-
vey area. The depth is presented 
in seconds and the contour lines 
illustrate elevation changes for 
every 0.01 s. See also figure B8. 
The pink dot mark the location of 
the well 7220/6-1. The reference 
map to the right displays an over-
view of the NH0372 survey area 
(green box). See figure 18 for the 
entire study area.
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	 A fault chart was generated for the Triassic reflec-
tor 1 (Fig. B15), to display movements present within 
the layer. The Triassic reflector 1 has W-E, NE-SW and 
one N-S striking fault located south of the NW corner. 
No faults were found in the Lower Pleistocene depos-
its using this color ramp.
	 Isopach maps of the NH0372 survey area have a 
shifting thickness orientation; the Lower Pleistocene 
4 to seabed (Fig. B16) has a NW-SE thickening, while 
the four remaining isopach maps down to the URU 
(Fig. B17-B20) all exhibits a SE-NW sedimentary in-
crease. The thickness variations between the URU and 
the seabed are 84.5-117.6 ms (Fig. B21), increasing 
from both sides to peak in an N-SW orientated eleva-
tion. The Triassic reflector 1 up to URU exhibits a NW-
SE thickening (Fig. B22), a result of the tilted strata. 
Steep elevation changes are observed in the NW re-
gions. The isopach map of the Late Carboniferous to 
the Triassic reflector 1 has an altering sediment thick-
ness with denser areas along the east side and both 
the west corners (Fig. 28). Thin areas do occur in two 
regions; as an elongated strip stretching north central 
to west central and one small area in the SE region.
	 Time slice velocity maps containing 12 horizon-
tal slides were created between 500 ms and 1070 ms 
(Fig. B25-B36). Black reflect areas of low permeabili-
ty and red areas of high permeability, a different color 
ramp of that used in the LN12M01 survey area. Figure 
B24 display a seismic profile of the NH0372 survey 
area, striking center W-E. Red lines mark the horizon-
tal depth for the generated time slices. No faults were 
observed down to 580 ms (Fig. B28) but appeared as 
W-E striking movements at 600 ms (Fig. B29) in the 
SE corner. The faults continued down to 950 ms (Fig. 
B35), experiencing both NE-SW and NW-SE orienta-
tions. Faults were also detected central at 620 ms (Fig. 
B30) and in the NW corner at 650 ms (Fig. 29), strik-
ing foremost in a NW-SE and W-E direction continuing 
down to 1070 ms (Fig. B36). The Triassic reflector 1 
can be seen as a red reflector in the center of the 764 
ms time slice (Fig. B35), exhibiting a NE-SW orien-
tated strike as well as cut by W-E and NW-SE striking 
faults.
	 The 2D seismic profile generated for the NH0372 
survey area was found to contain one fault movement 
below URU in ESE area (Fig. B1). 

3.2.3	 Survey area Pcable area B PL609
	 The paleo-bathymetry maps of the Pcable survey 

Figure 28: Isopach maps showing 
the time-depth differences be-
tween the Late Carboniferous to 
the Triassic reflector 1, generated 
from the NH0372 survey area. The 
thickness is presented in seconds 
and the contour lines illustrate 
elevation changes for every 0.01 
s. The pink dot mark the location 
of the well 7220/6-1. See also fig-
ure B23. The reference map to the 
right displays an overview of the 
NH0372 survey area (green box). 
See figure 18 for the entire study 
area.
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Figure 29: Time slice velocity maps cutting the NH0372 sur-
vey area horizontally at 0.650 s. Red color reflect areas of high 
permeability and black areas of low permeability. The pink 
dot mark the location of the well 7220/6-1. Faults are high-
lighted using color coded orientations. See also figure B31.
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area consists of eight layers. The seabed is a 486-562 
ms deep sedimentary surface sloping NW (Fig. C2). 
The Lower Pleistocene 1-5 do also exhibit a NW slop-
ing bathymetry (Fig. C3-C7), although only the Lower 
Pleistocene 3 (Fig. C5) is completely covering the sur-
vey area. The same layer has a small elevation again in 
the western half, a feature not seen on the other Pleis-
tocene layers. The URU exhibits similar trends as the 
Lower Pleistocene 3, but could not be fully mapped in 
the NW corner (Fig. 30). The Triassic reflector 1 was 
only identified in the east half of the Pcable area, slop-
ing SE (Fig. C9).
	 Fault charts were generated for the Triassic reflec-
tor 1 and the Lower Pleistocene deposits to display 
movements present within each layer. But no maps 
will be presented here as no faults were identified 
within these amplitude maps (RMS), using the rele-

vant color ramp.
	 Amplitude maps showing areas of high permeabil-
ity were generated on six layers; Lower Pleistocene 
1-5 (Fig. C10-C14) and the Triassic reflector 1 (Fig. 
C15). The Lower Pleistocene 5 contain only minor 
areas along the southern edge (Fig. C10). The Lower 
Pleistocene 4 has areas of amplitude anomalies in the 
center (Fig. C11), while the Lower Pleistocene 3 has 
areas located in the NW corner of the Pcable survey 
area (Fig. C12). The Lower Pleistocene 2 contains five 
minor areas of high amplitudes located west of center 
(Fig. C13), while the Lower Pleistocene 1 display large 
anomaly areas in the center and in the west region 
(Fig. 31). The Triassic reflector 1 exhibit high ampli-
tudes east of center.
	 Isopach maps of the Pcable area B PL609 survey 
area are limited due to the identified extent of each 
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Figure 30: Paleo-bathymetry maps of the URU, generated from the Pcable area B PL609 survey area. The depth is given in seconds 
and the contour lines illustrate elevation changes for every 0.01 s. See also figure C8. The pink dot mark the location of the well 
7220/6-1. The reference map in the left corner displays an overview of the Pcable survey area (blue outline). See figure 18 for the 
entire study area.

Figure 31: Amplitude maps (RMS) of the Lower Pleistocene 1, generated from the Pcable area B PL609 survey area. Amplitude 
anomalies are illustrated in red to yellow colors. The pink dot mark the location of the well 7220/6-1. See also figure C14.
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layer, barely covering half the Pcable survey area. The 
Lower Pleistocene 5-seabed (Fig. C16) and the Low-
er Pleistocene 3-4 (Fig. C18) indicates thickness in-
crease towards SE, while the Lower Pleistocene 4-5 
(Fig. C17) exhibit an uneven shape with high and low 
concentrations spread over the area. Isopach maps 
of the Lower Pleistocene 2-3 (Fig. C19) and 1-2 (Fig. 
C20) have a thickness increase towards NW. The iso-
pach map of the URU to the Lower Pleistocene 1 cover 
most of the survey area (Fig. 32); thin areas on either 
side with the thicker sedimentary cover located east 
of center. The URU-seabed (Fig. C22) and The Triassic 
reflector 1-URU (Fig. C23) both exhibits an SE thick-
ening, where the URU-seabed sedimentary thickness 
peaks shortly before the SE corner.
	 Time slice velocity maps were produced for the 
Pcable survey area; ten horizontal slides ranging from 

500-800 ms (Fig. C25-C34). Black reflect areas of low 
permeability and red areas of high permeability. Fig-
ure C24 display a seismic profile of the NH0372 sur-
vey area, striking center W-E. Red lines mark the hori-
zontal depth for the generated time slices. The 600 ms 
time slice exhibits strong red reflections in the center 
of the survey area (Fig. 33). Faults were identified in 
the NW region at 700 ms (Fig. C32) and 801 ms (Fig. 
C34), striking in an N-S, W-E and NE-SW orientation. 
The time slice velocity maps consist of three separate 
parts (print screened) that are geotagged together us-
ing ArcMap, which caused the shading to differ some.
	 The 2D seismic profile generated for the Pcable 
area B PL609 was found to contain fault movements 
at the end of the Triassic reflector 1; at 700 ms; and 
further in at 725 ms (Fig. C1).

Figure 32: Isopach maps showing the time-depth differences between the URU and the Lower Pleistocene 1, generated from the 
Pcable area B PL609 survey area. The thickness is presented in seconds and the contour lines illustrate elevation changes for every 
0.01 s. The pink dot mark the location of the well 7220/6-1. See also figure C21. The reference map in the left corner displays an 
overview of the Pcable survey area (blue outline). See figure 18 for the entire study area.
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3.3	 Multibeam backscatter
	 The three processed bathymetry surveys are 
spread out over the study area (Fig. 19). The northern 
located one is in the regions of the NH0372 and the 
Pcable area B PL609 survey areas, exhibiting a sur-
face filled with iceberg ploughmarks. The second area 
are orientated in a WNW-ESE direction located below 
the well 7220/5-1, also covered with iceberg plough-
marks. The third bathymetry area is located in the 
southern region of the study area, filled with foremost 
ploughmarks. In the NE corner are small circular fea-
tures, known as pockmarks (Chand et al., 2012), also 
visible.

3.4	 Water column data
	 The water column data were analyzed in Fleder-
maus FMMidwater and with the result of three pos-
itive areas located along the survey area Pcable area 
B PL609. Two areas of potential gas flares were iden-
tified along the “0005 20120426 123817 sverdrup 
R1 CH1” survey line at time 12:47:33 - 12:47:47 and 
12:47:50 - 12:47:56 (Fig. 35a & 35b). The third area 
was located 9.7 km further to the SE along the sur-
vey line “0016 20120426 175525 sverdrup R1 CH1” 
at time 18:43:25 – 18:43:39 (Fig. 35c). A single water 
column survey line with gas flares are illustrated in 
figure 35d, which is composed of several time slides.

Figure 34a: Multibeam bathymetry map generated from the corresponding water column data survey (Fig. 19b), surrounded by a 
structural elements sheet. The pink dot mark the location of drilled wells. The reference map in the lower left corner displays an 
overview of the Pcable survey area (blue outline) (Fig. 18). Previously discovered bacterial mats and carbonate crusts are displayed 
as purple cross. The location of identified gas flares are marked as yellow areas. (b & c) Zoomed in areas of  the identified gas flares, 
with close by bacterial mats and carbonate crusts.
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Figure 35a-c: Water column data 
showing gas flares recorded on the 
sea floor. (d) A single water column 
data survey line with visible gas 
flares (red arrow).

Gas flares

0005_20120426_123817_sverdrup_R1_CH1

(d)

0016_20120426_175525_sverdrup_
R1_CH1 04/26/2012 18:43:33
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0005_20120426_123817_sverdrup_
R1_CH1 04/26/2012 12:47:53

(b)

0005_20120426_123817_sverdrup_
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4.	 Discussion
	 As previously mentioned in the introduction, the 
objective of this master thesis was to better under-
stand fluid migrations and to track these movements 
in between sedimentary strata deposited in the SW 
parts of the Loppa High, SW Barents Sea. This is car-
ried out by interpretation of seismic data, both dep-
ositional patterns and sedimentary movements, to 
identify possible shallow hydrocarbon cap rocks. The 
analyzed data are from two 2D seismic reflection sur-
vey lines and three 3D survey cubes located in the SW 
of Loppa High, Barents Sea. Multibeam backscatter, 
water column data and well data were mainly used to 
supplement the seismic surveys.

4.1	 A summary of the SW Barents Sea’s 	
	 geological history
	 The geological history of Loppa High do only re-
flect a small part of what the Barents Sea has endured 
since the formation of the Caledonian Orogeny, ap-
proximately 400 Ma (million years ago) (Dore, 1995; 
Smelror et al., 2009; Pease et al., 2014). Large sea 
floor alterations took place in the western parts of the 
Barents Sea region, between Late Devonian to Early 
Carboniferous, as the Baltican and Laurentian plates 
began to break up (Golonka et al., 2003; Smelror et al., 
2009). Numerous rift-grabens and structural highs 
were formed, followed by sinistral strike-slip faulting 
in the western Barents Sea (Gudlaugsson et al., 1998; 
Golonka et al., 2003; Smelror et al., 2009; Dengo and 
Røssland, 2013). Basins like the Bjørnøya, Maud, Nor-
dkapp and Tromsø Basin were formed along struc-
tural trends striking ENE-WSW (Gudlaugsson et al., 
1998; Dengo and Røssland, 2013). Mercurius and 
Norsel highs located east of the Loppa High were a 
result of fault complex developments related to the 
tectonic rifting of Early Carboniferous (Gabrielsen et 
al., 1990). The Loppa High is believed to initially orig-
inate from Carboniferous and Permian tectonic activ-
ities (Gudlaugsson et al., 1998) and maybe the break-
up into present-day Mid-Atlantic Ridge (MAR) can be 
the cause of this structural high. 
	 During Late Carboniferous, the climate of the Bar-
ents Sea shifted into warm but arid regimes, followed 
by altered depositional environments from continen-
tal to marine siliclastic and carbonate accumulations 
(Dore, 1995; Worsley, 2008; Smelror et al., 2009; 
Dengo and Røssland, 2013). Structural highs such as 
Loppa High had siliclastic and carbonate mixed dep-
ositional cycles (Stemmerik et al., 1999). In Permian 

and Early Triassic, recurrent tectonic plate separa-
tion and rifting between the Baltican and Laurentian 
plates led to tilted half grabens, uplifting and ero-
sion in the western Barents Shelf (Gudlaugsson et al., 
1998; Smelror et al., 2009). The Loppa High was sub-
jected to footwall uplift along the Ringvassøy-Loppa 
Fault Complex, next to the Tromsø Basin (Gabrielsen 
et al., 1990; Gudlaugsson et al., 1998; Stemmerik et 
al., 1999; Dengo and Røssland, 2013). The Polheim 
Sub-platform, a block-faulted area, was down-faulted 
from Loppa High in Early to Middle Triassic. A result 
of the unstable conditions brought on by the uplift-
ing event (Gabrielsen et al., 1990). Re-activation of 
old faults along with generation of new faults was 
occurring in the western parts of the Barents Sea as 
crustal extensions between Greenland and Norway 
intensified again in late Jurassic to Early Cretaceous 
(Stemmerik et al., 1999; Pless, 2009; Dengo and 
Røssland, 2013). The Bjørnøyrenna Fault Complex 
was activated between the SW of Loppa High and the 
Bjørnøya Basin, at the same time as the Loppa High 
was subjected to uplift, rifting and subduction (Ga-
brielsen et al., 1990; Smelror et al., 2009). The Pol-
heim Sub-platform was in Jurassic subjected to west-
ward movements, brought on by the activation of the 
Bjørnøyrenna Fault Complex (Gabrielsen et al., 1990). 
	 In late Early Jurassic, low-lying peneplains are 
thought to have covered large areas of the Bar-
ents Shelf (Brekke et al., 2001; Golonka et al., 2003; 
Smelror et al., 2009). A transgressional phase with 
coastal progradation took place in the west and by 
Late Jurassic this phase had reached its maximum, 
with all of the Barents Shelf submerged (Brekke et al., 
2001; Petrov et al., 2008; Worsley, 2008; Smelror et 
al., 2009). The Loppa High and Stappen High experi-
enced clastic deposits of sandstone, siltstone and clay. 
(Smelror et al., 2009). Northern hemisphere glacia-
tions in Pliocene and Pleistocene had a heavy impact 
on the Barents Sea, since subjected to periods of gla-
cially induced subsidence, erosion, isostatic uplift and 
glaciomarine deposits (Brekke et al., 2001; Smelror et 
al., 2009; Glørstad-Clark et al., 2010). The upper re-
gional unconformity (URU), created by the last glaci-
ation, is present in the sedimentary strata of Loppa 
High and reflected in the seismic data (Pless, 2009).

4.2	 Hydrocarbon migration
	 Fossil fluids generated within a source rock will ei-
ther remain trapped or escape its area of origin and 
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migrate towards the surface. The migration pathways 
are often a long and complex, where oil and gas have 
to find its way through 100's of millions years of ac-
cumulated sediments. Tilted strata, open faults and 
fractures as well as chimneys or pipes are known sed-
imentary features that may favor large scale migra-
tions. Possible source rocks formations located within 
the study area and also identified in well 7220/5-1 or 
7220/6-1 (Fig. 17) are the Snadd Formation of Middle 
to Late Triassic, the Tubåen- and Nordmela Formation 
of Early Jurassic and the Fuglen- and Hekkingen For-
mation of Late Jurassic (Dore, 1995; Stemmerik et al., 
1999; Pless, 2009; NPD, 2015). Migrating fluids are 
driven foremost by buoyancy and the hydraulic gra-
dient and will follow layers or features of higher per-
meability as long as the fluid concentrations are high 
enough to overcome the capillary pressure (Clennell 
et al., 2000; Marshak and Prothero, 2008). Oil and 
gas may on its way up encounter formations that will 
work as an entrapment; a sedimentary structure of 
low permeability that terminates or at least hampers 
the migration to the level that large amounts of fos-
sil fluids can collect. Hydrocarbons will accumulate 
within these reservoir rocks until the rising pressure 
cracks the seal rock or the fossil fluids find an alter-
native route past the entrapment. Fluid accumula-
tions, within a sedimentary layer, are illustrated in the 
amplitude maps as red to yellow colors. The higher 
concentration of fluids for one area are visualized as 
strong focused yellow fields (high amplitudes in high-
er concentrations for one area), also referred to as 
amplitude anomalies. Areas of more dispersed fluid 
concentrations are viewed as a mixture of blue to yel-
low spots (high amplitudes in lower concentrations 
for one area). A number of the Lower Pleistocene lay-
ers could not be reproduced to cover the entire study 
area, either due to the limitations of the data or too 
the fact that the individual layers don’t extend further. 
Regardless, this constitutes a degree of uncertainty to 
the study.

4.2.1	 Survey area LN12M01
	 Well 7220/5-1, located west of the Loppa High 
(Fig. A5), was found to contain the Tubåen, Nordmela, 
Fuglen and Hekkingen formations at depth of 1269 m 
(MD RKB) to 1695 m below the ocean surface (NPD, 
2015). In time-depth (ms) these formations, known 
to be of source rock potential, occur at approximate-
ly 1200-1300 ms and continues down to the cor-

responding depth of 1695 m (approx. 1600 ms, see 
figure A5. The gas-oil and the oil-water boundaries, 
visible at 1460 ms respective 1540 ms to the WNW 
of the NBR10-338364 seismic profile (Fig. 36), are 
buried under Late Paleocene to Oligocene claystone 
deposits of the Torsk Formation (Ryseth et al., 2003; 
NPD, 2015). The fossil fluids originating from these 
source rocks will, if released, not migrate through the 
low permeability claystone but along the tilted stra-
ta to the east until it reaches an open fault and up-
ward migration is possible. The N-S striking faults, 
located just west of the Loppa high and above the 
Polheim Sub-platform, may be a possible result of the 
Late Jurassic to Early Cretaceous Bjørnøyrenna Fault 
Complex related rifting and subsidence (Dore, 1995; 
Stemmerik et al., 1999; Smelror et al., 2009). The 
magnitude of these faults as well as the high frequen-
cy of minor faults in the area can be traced using the 
time slice velocity maps, ranging from 1100 ms and 
up to 548 ms (Fig. A47-A57). The N-S striking faults 
(red) marks the outer edge of the Loppa High and the 
down-faulted movements of the Polheim Sub-plat-
form. The amplitude maps of the Triassic reflector 1 
& 2 (Fig. A29 & A30), with highlighted faults, do also 
exhibit these movements, especially the second Tri-
assic reflector with layer interpolations extending 
over the Polheim Sub-platform. The isopach map of 
the Triassic reflector 2 to the URU (Fig. 37) has a few 
major thickness variations in the western half of the 
LN12M01 survey area. The sedimentary volume in-
crease to the west with sharp progressive transitions 
that indicate rifting in the region. The down-faulted 
deposits can also be viewed in the NBRD07-234838 
and NBR10-338364 seismic profiles (Fig. 20 & 21) and 
in the seismic profile of well 7220/5-1 (Fig. A5). The 
brighter reflections located within these sedimenta-
ry rocks indicate the presence of fluids and possibly 
hydrocarbons (Kearey et al., 2002; Pless, 2009), out-
lined reflections to the left in figure 36. The upward 
migrating hydrocarbons will either encounter a cap 
rock or via tilted layers and numerous faults reach the 
low permeable layer of URU.
	 The Snadd Formation of the Kapp Toscana Group 
was identified in the well 7220/6-1, at 476 m and 
down to 1138 m (Fig. 36) (NPD, 2015). The cause of 
these shallow located deposits originates from the 
footwall uplift and tilting of the Loppa High, initiat-
ed by the Permian to Early Triassic fault movements 
along the Ringvassøy-Loppa Fault Complex (Gud-
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laugsson et al., 1998; Stemmerik et al., 1999; Smelror 
et al., 2009). The Snadd Formation occurring source 
rock of possible Loppa High origin or from more 
deeply buried source rocks will migrate westward 
along the tilted strata (Fig. A16) until it reaches the 
N-S striking faults, at the transit between Loppa High 
and the Polheim Sub-platform. Fluids may also find 
pathways through open minor faults located within 
the Triassic deposits of the Loppa High, leading up to 
the URU. The time slice velocity maps ranging from 
1100 ms and up to 576 ms exhibits a high variety of 
orientated faults along the eastern half of the study 
area (Fig. A48-A57). The same is indicated by the fault 
charts of the Triassic reflector 1 & 2 (Fig. A29 & A30). 
The bright red reflectors, located in the higher elevat-
ed areas of the Loppa high (outlined area, Fig. 36), dis-
play indications of fluid accumulations (Kearey et al., 
2002; Pless, 2009). 
	 Concentrations of higher amplitudes in the Triassic 
reflector 1 can be subdivided into three larger areas 
(Fig. 38). The northern area of amplitude anomalies 
occur in the highest elevated area of the reflector (Fig. 
A16), on the border to the URU. Faults of foremost N-S 

Figure 36: Seismic profile of the NBR10-338364 survey line occur in a WNW-ESE orientation. Black ellipses mark areas of flu-
id concentration, possibly hydrocarbons. Five layers are identified within this profile. Major faults are highlighted with black 
lines. The well 7220/6-1 and a projected drilling of well 7220/5-1 is displayed. A gas-oil (orange) and an oil-water (blue) 
contact are illustrated in the WNW region. Possible migration pathways are illustrated using color-coded arrows. The gas 
flares (red) displayed on the seabed do not mark the exact located of the three identified seeps, but illustrate probable seep 
occurrences. The map in the lower right corner displays an overview of the study area and the LN12M01 survey areas (Fig. 
18), with the orientation of this section of the 2D seismic profile (black line). The seismic profile of the NBR10-338364 survey 
line, as it is displayed in figure 21, is marked with a red line behind the black line.

Figure 37: Isopach map showing the time-depth differences 
between the Triassic reflector 2 and the URU, generated from 
the LN12M01 survey area. The map in the upper left corner 
displays an overview of the study area (Fig. 18), with the 
LN12M01 survey area (purple outline). Pink dots mark the 
location of wells. See figure A39 for the complete map.
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orientation are located to the west of these anomalies, 
as seen in figure A30 and in the 652 ms and 700 ms 
time slices (Fig. A51 & A52). Fluids may migrate with-
in the tilted layer until it reaches higher elevations or 
move through open faults in the area. The middle area 
is located at the second highest peak of the Triassic 
reflector 1 (Fig. A16). A large number of faults have 
been identified in this area, both in the fault chart 
(Fig. A30) and in the time slices ranging from 752 ms 
and up to 652 ms (Fig. A51-A53). Black reflections of 
higher permeability can also be seen in the 700 ms 
and 752 ms time slices (Fig. A52 & A53). As for this 
accumulation, fluids seems to follow within the layer 
or via faults from deeper deposited layer. The souther 
area of higher amplitudes are in a N-S sloping region, 
surrounded by faults (Fig. A30). Maybe these repre-
sent fields of higher permeability sediments where 
fluids have collected.
	 The Triassic reflector 2 is eroded in the middle to 
northern regions by glacial movements and adjoins 
to the URU (Fig. A15). The amplitude map of the Tri-
assic reflector 2 has higher amplitudes center, south 
to north, along the highest elevated areas and along 
the border to the URU (Fig. 39). Fluid migration ap-
pears to follow within the layer, migrating to higher 

elevations along the center and to the border of the 
URU. Possible fluid movements up through the faults 
identified in the faults chart of the Triassic reflector 2 
will allow for further migrations within the layer (Fig. 
A29).
	 The Snadd Formation, consisting of tilted shale 
with interbedded siltstone and sandstone (NPD, 
2015), may hamper a large scale horizontal migration 
underneath the URU. However, the curved elongated 
depression located center to southeast in the URU lay-
er could have a positive effect on the migration (Fig. 
A14). The identified fault at 548 ms seems to cut the 
URU in the area of the depression and thus allowing 
fluids to migrate through (Fig. A47). The depression 
can also be seen in the two W-E orientated 2D seismic 
profiles (Fig. A3 & A4), where the reflection of URU is 
not rendered as completely intact. 
	 The Lower Pleistocene 1 exhibit higher amplitudes 
on both sides of the depression (Fig. 40a & b) in high-
er elevated areas (Fig. A13), supporting the argument 
that the URU is not completely undisturbed. Two more 
fields of anomalies were located in the northern half 
of the survey area (Fig. 40c & d). They do not coincide 
with any peak elevated areas but occur in regions of 
thicker sedimentary deposits (Fig. A37). The coars-

Figure 39: Amplitude map (RMS) of the Triassic reflector 2. 
Amplitude anomalies are illustrated in red to yellow colors. 
Three regions of higher amplitudes are outlined by black el-
lipses. The map in the upper left corner displays an overview 
of the layer, generated within the LN12M01 survey area (Fig. 
A27).

Figure 38: Amplitude map (RMS) of the Triassic reflector 1. 
Amplitude anomalies are illustrated in red to yellow colors. 
Three regions of higher amplitudes are outlined by black el-
lipses. The map in the upper left corner displays an overview 
of the layer, generated within the LN12M01 survey area (Fig. 
A28).
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ening upwards deposits of the Nordland Group (NPD, 
2015) could imply that these areas of thicker volumes 
are delimited fields of increased permeability, where 
hydrocarbons have accumulated.
	 The higher amplitudes of the Lower Pleistocene 
2 are positioned above the URU depression (Fig. 41). 
The amplitude anomalies along this edge overlaps 
with higher amplitudes of the Lower Pleistocene 1 
(Fig. 40b), thus indicating the possibility of an up-
ward migration within the depression. Overlapping 
clear black reflections can also be seen in the 548 ms 
time slice (Fig. A47), indicating large high permeabil-
ity bodies. 
	 Amplitude anomalies above the major depression 
can also be seen in the Lower Pleistocene 3 (Fig. 42a). 
They are focused around a deeper elevation within 
the layer (Fig. A11), possibly working as migration 
pathways up to smaller sand bodies. The 548 ms time 
slice has minor areas of higher permeability (clear 
black reflections) that corresponds to the areas of 
higher amplitudes, even if the time slice is generated 
a few ms too deep (Fig. A47). The higher amplitudes 
in the NW region of the Lower Pleistocene 3 (Fig. 42b) 
occur in an area of elevation incline to the south (Fig. 
A11) and exhibit thin to thicker sedimentary deposit 

Figure 42a & b: Amplitude map (RMS) of the Lower Pleisto-
cene 3. Amplitude anomalies are illustrated in red to yellow 
colors. Two regions of higher amplitudes were identified; 
(a) is located in the southern region; and (b) is located in the 
northern half of the survey area. The areas of larger ampli-
tude concentrations are outlined by black ellipses. The map in 
the upper left corner displays an overview of the layer, gener-
ated within the LN12M01 area (Fig. A24).

Figure 41: Amplitude map (RMS) of the Lower Pleistocene 2. 
Amplitude anomalies are illustrated in red to yellow colors. 
Three regions of higher amplitudes are outlined by black el-
lipses. The map in the upper left corner displays an overview 
of the layer, generated within the LN12M01 survey area (Fig. 
A25).

Figure 40a-d: Amplitude map (RMS) of the Lower Pleistocene 
1. Amplitude anomalies are illustrated in red to yellow colors. 
Four regions of higher amplitudes were identified; (a & b)  are 
located on either side of the depression; and (c & d) in the 
northern half of the survey area. The map in the upper left 
corner displays an overview of the layer, generated within the 
LN12M01 survey area (Fig. A26).
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in the area (Fig. A35). Fluids may have migrated in via 
lower elevated areas of the layer (outside the study 
area) and accumulated in the thicker deposits. But no 
indications for higher permeability deposits could be 
identified in the 600 ms or the 576 ms time slice (Fig. 
A48 & A49), which implies for a thinner sedimentary 
body capable of storing fluids.
	 The amplitude anomalies of the Lower Pleistocene 
4 are along the NW border to the Lower Pleistocene 
3 (Fig. 43a). Hydrocarbons can migrate in from the 
amplitude anomalies of the northern Lower Pleisto-
cene 3 (Fig. 42b), located approximately 2 ms below, 
and accumulate in the thicker sedimentary deposits 
(Fig. A34). The absence of dark fields in the 576 ms 
and 548 ms time slices may indicate thinner bodies 
of higher permeability for the fluids to accumulate in 
(Fig. A47 & A48). The small concentration of higher 
amplitudes in the southern region of the Lower Pleis-
tocene 4 is positioned above the large depression of 
the URU (Fig. 43b). The area is in an elevated parts of 
the layer (Fig. A10) with a low sedimentary thickness 
(Fig. A34), which would allow for fluid migration to 
occur up through the directly underlying fluid con-
centrations of the Lower Pleistocene 3.
	 The larger area of amplitude anomalies of the Low-
er Pleistocene 5 are positioned above the elongated 
depression of the URU (Fig. 44), located in deeper el-
evations and surrounded by more elevated areas. The 
second area, identified along the SW edge of the sur-
vey area, occur in the highest elevated region of the 
Lower Pleistocene 5 (Fig. A9). Fluids could have mi-
grated up via the deeper occurring Lower Pleistocene 
layers until it reaches the Lower Pleistocene 5. Once 
here, fluids may have continued migrating up to the 
higher elevations where sediments of higher permea-
bility could be deposited.
	 The Lower Pleistocene 6 exhibit fluids in low abun-
dances spread out over most of the layer, especially 
in the NW and SE regions (Fig. A21). Small elongated 
features with higher amplitude levels are observed in 
the lower parts of the LN12M01 survey area, possible 
relics of old buried iceberg ploughmarks. 
	 The Lower Pleistocene 7 is a copy of the seabed, 
generated 14.6 ms below the seabed to obtain any 
shallow occurring fluids registered by the seismic 
survey. The amplitude anomalies, that are spread out 
center along the western edge, can be divided into 
three fields of higher fluid concentrations (Fig. 45). 
These areas are surrounded by smaller abundances of 

Figure 44: Amplitude map (RMS) of the Lower Pleistocene 5. 
Amplitude anomalies are illustrated in red to yellow colors. 
Two regions of higher amplitudes are outlined by black el-
lipses. The map in the upper left corner displays an overview 
of the layer, generated within the LN12M01 survey area (Fig. 
A22).

Figure 43a & b: Amplitude map (RMS) of the Lower Pleisto-
cene 4. Amplitude anomalies are illustrated in red to yellow 
colors. Two regions of higher amplitudes were identified; (a) 
is located in the northern half of the survey area; and (b) is 
located in the southern region. The areas of larger amplitude 
concentrations are outlined by black ellipses. The map in the 
upper left corner displays an overview of the layer, generated 
within the LN12M01 survey area (Fig. A23).
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higher amplitudes, a mixture of blue to yellow spots, 
which indicates low concentrations of fluids spread 
out in the top strata.
	 The gas hydrate features identified in the SW re-
gions of the LN12M01 survey area are formed in the 
Torsk Formation of Late Paleocene to Oligocene (NPD, 
2015), at depth ranging from 608 and 833 ms (Fig. 
A19). The 652 ms to 800 ms time slices exhibit both 
black and white elongated features in the SW regions 
(Fig. A51-A54). The white reflections appears to oc-
cur above and on either side of the black areas as an 
low permeable layer, indicating that this may be a gas 
hydrate with possible hydrocarbons trapped beneath.

4.2.2	 Survey area NH0372
	 The high resolution data set of survey area NH0372 
cover a small region of the study area and will be dis-
played as a close up study to illustrate the hydrocar-
bon migrations not registered in the LN12M01 data 
set. It should be noted that, these two data sets were 
collected during different times and could thus be 
registering new migrations not previously occurred. 
	 The Late Carboniferous layer is a low permeability 
stratum (black reflection, see figure B1) consisting of 
marine deposits with mixed carbonates and siliclas-

tic sediments (NPD, 2015). A steep elevation change 
is visible along the northern edge (Fig. B9) and in 
the corresponding isopach map (Fig. 46a), as well 
as movements in the 1070 ms time slice (Fig. B36), 
which indicates the presence of a fault cutting the Late 
Carboniferous layer. Hydrocarbons trapped under the 
Late Carboniferous layer could thus migrate upwards 
via this fault, as long as it is open or kept open by the 
pressure build up generated from the migrating fluids 
(Clennell et al., 2000; Schulz and Zabel, 2006). 
	 Time slices generated between the Late Carbon-
iferous and the Triassic reflector 1 (Fig. B33-B35) 
have continuous faults in the western regions and in 
the SE corner, features created by the Late Jurassic to 
Early Cretaceous rifting and subsidence of the Loppa 
High (Dore, 1995; Stemmerik et al., 1999; Smelror et 
al., 2009). Fluids leaving the Carboniferous deposits 
or migration deep in the Triassic strata can move up 
through the Triassic faults. The higher amplitudes of 
the Triassic reflector 1 (Fig. 47) occur in an elevated 
part of the mapped layer (Fig. B8), where faults of 
foremost W-E orientation penetrating the reflected 
layer (Fig. B15). Deeper occurring hydrocarbon may 
have migrated in via surrounding faults, or moved 
within the layer, to concentrate in high permeability 

Figure 46a & b: Isopach maps showing the time-depth differ-
ences between two layers, generated from the NH0372 sur-
vey area. See figure B22 and B23 for the complete maps. The 
map in the upper left corner displays an overview of the study 
area (Fig. 18), with the NH0372 survey area (green box).

Figure 45: Amplitude map (RMS) of the Lower Pleistocene 7. 
Amplitude anomalies are illustrated in red to yellow colors. 
Three regions of higher amplitudes are outlined by black el-
lipses. The map in the upper left corner displays an overview 
of the layer, generated within the LN12M01 survey area (Fig. 
A20).
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bodies of sandstone (NPD, 2015).
	 Time slices ranging from the Triassic reflector 
1 (764 ms) and up to the URU at 620 ms exhibits 
fault movements in the western  to NE regions (Fig. 
B30-B33), the same area as for the amplitude anoma-
lies of the Triassic reflector 1. A major fault is also vis-
ible in the isopach map between the Triassic reflector 
1 and the URU; where sedimentary thickness drasti-
cally changes (Fig. 46b). Fluids can, via these faults, 
continue to migration upwards towards the URU, as 
long as they remain open. 
	 Four areas with amplitude anomalies of higher 
concentrations were outlined in the NW region of 
the Lower Pleistocene 0 (Fig. 48). This is in the lower 
elevated areas of the layer, at 620 ms (Fig. B6). The 
amplitude anomalies do not overlap with the thick-
est sedimentary deposits (Fig. B20), but occur around 
them. Although, the 620 ms time slice exhibit strong 
red reflections in the upper NW corner and can be 
correlated to fields of higher amplitudes (Fig. B30), 
indicating an area of higher permeability. Fluids do 
probably migrate along the layer, outside the NH0372 
survey area, and accumulates here rather then mov-
ing through the URU as no faults could be identified in 
the area.

	 The Lower Pleistocene 1 do also exhibit larger 
concentrations of higher amplitudes in the NW cor-
ner (Fig. 49a), at an elevation of about 600 ms (Fig. 
B5). The 600 ms time slice has red fields in the NW 
corner (Fig. B29), indicating high permeability depos-
its where hydrocarbons may accumulate. Fluids could 
be migrating through the thin deposits of the Lower 
Pleistocene 1 or from migrations within the layer. The 
small area of higher amplitudes in the NE corner of 
the Lower Pleistocene 1 (Fig. 49b) is located in elevat-
ed areas (Fig. B5), indicating within layer migrations 
and probably the presence of a high permeability 
sand body.
	 The Lower Pleistocene 2 could not be identified 
within the NH0372 survey area due to the incoher-
ent and badly reflected deposits between the Lower 
Pleistocene 1 and 3 (Fig. B1). The same goes for the 
Lower Pleistocene 5 & 6 of the LN12M01 survey area. 
	 The Lower Pleistocene 3 has three larger regions 
of higher amplitudes located throughout the NH0372 
survey area (Fig. 50). The anomalies located in the 
south center region (Fig. 50a) overlaps with higher 
elevations of the layer (Fig. B4). This may allow for 
migrations within the layer and possibly from the 
fluid concentrations in the NW corner of Lower Pleis-

Figure 48: Amplitude map (RMS) of the Lower Pleistocene 0. 
Amplitude anomalies are illustrated in red to yellow colors. 
Four areas of higher amplitudes are identified within this lay-
er, outlined by black ellipses. The map in the upper left cor-
ner displays an overview of the layer, generated within the 
NH0372 survey area (Fig. B13).

Figure 47: Amplitude map (RMS) of the Triassic reflector 1. 
Amplitude anomalies are illustrated in red to yellow colors. 
One major region of higher amplitudes are identified within 
this layer, outlined by a black ellipse. The map in the upper left 
corner displays an overview of the layer, generated within the 
NH0372 survey area (Fig. B14).

Triassic reflector 1 Lower Pleistocene 0 
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tocene 1 (Fig. 49a). The second area of higher ampli-
tudes, located center to NE (Fig. 50b), do also occur 
in an elevated area (Fig. B4). Fluid migration may, as 
for the anomalies in the south center region, origi-
nate from the concentrations in the NW corner of the 
Lower Pleistocene 1. Fluid migration from the north 
is also a possibility. The higher amplitudes located in 
the NE corner of the Lower Pleistocene 3 (Fig. 50c) 
occur in a lower elevated area (Fig. B4), where the iso-
pach between the Lower Pleistocene 1 and 3 exhibits 
thin sedimentary thickness (Fig. B18). These higher 
amplitudes are positioned on top of the amplitude 
anomalies discovered in the NE corner of the Lower 
Pleistocene 1, indicating possible upward migration 
of fluids. 
	 The Lower Pleistocene 4 has four areas of higher 
amplitudes (Fig. 51), three of which are located in the 
northern half. The first area of anomalies is in the NW 
region (Fig. 51a), overlapping with thicker sedimen-
tary deposits. This is in the deepest part of the layer, 
at 560 ms (Fig. B4). Small amplitude anomalies can be 
seen in the NW regions of the Lower Pleistocene 0, 1 
& 3 as well, all in the deeper parts of their layers. This 
may be the result of a migration pathway through the 
four layers, made possible due to the thin deposits. 
The second area for higher amplitudes are located in 
the south center area (Fig. 51b), close to high elevat-
ed areas (Fig. B3). The sedimentary thickness is low 
(Fig. B17), but the 552 ms time slice exhibits strong 
red reflections for this location (Fig. B27). Higher am-
plitudes of the Lower Pleistocene 3 were also found 
in the same region (Fig. 50a), indicating an upward 
migration through the thinner deposits of the Lower 
Pleistocene 4 and accumulating in the high permeabil-
ity deposits. The large concentration of higher ampli-
tudes, located in the center to NE (Fig. 51c), occur in 
deeper deposits (Fig. B3). The sedimentary thickness 
in the area is low, but the 552 ms time slice exhibits 
strong red reflections that correspond to the same 
area as the amplitude anomalies (Fig. B27). These 
concentrations exhibits almost the same patterns as 
for the higher amplitudes located in the center to NE 
region of the Lower Pleistocene 3 (Fig. 50b). Fluids 
seems to migrate up through thin deposits of the Low-
er Pleistocene 4 to accumulate in high permeability 
bodies of the center to NE region. The higher ampli-
tudes of the NE corner (Fig. 51d) occur in deeper re-
gions that contains lower sedimentary deposits. The 
552 ms time slice (Fig. B27) has small red reflections 

Figure 49a & b: Amplitude map (RMS) of the Lower Pleisto-
cene 1. Amplitude anomalies are illustrated in red to yellow 
colors. Two regions of higher amplitudes are identified within 
this layer, outlined by black ellipses. The map in the upper left 
corner displays an overview of the layer, generated within the 
NH0372 survey area (Fig. B12).

Figure 50a-c: Amplitude map (RMS) of the Lower Pleistocene 
3. Amplitude anomalies are illustrated in red to yellow col-
ors. Three regions of higher amplitudes are identified within 
this layer, outlined by black ellipses. The map in the upper left 
corner displays an overview of the layer, generated within the 
NH0372 survey area (Fig. B11).
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of higher permeability bodies that overlaps with the 
amplitude anomalies. Both the Lower Pleistocene 1 
and 3 have higher amplitudes in the NE corner, which 
implies for an upward migration through the layers.

4.2.3	 Study area Pcable area B PL609
	 The Pcable area B PL609 data set is a high resolu-
tion data set acquired by lining the streamers parallel 
along a cable towed perpendicular to the ship (Fig. 15) 
(Petersen et al., 2010), compared to the conventional 
method where streamers are towed parallel with a 
lateral offset to each other (Fig. 14) (Onajite, 2013). 
The Pcable data set do, as for the NH0372 data set, 
only cover a small part of the survey area and will thus 
be displayed as a close up study to illustrate the hy-
drocarbon migrations not registered  in the LN12M01 
data set. The Pcable overlaps with the NH0372 sur-
vey area in the SW region, but with no new amplitude 
anomalies that occur within the NH0372 survey area. 
It should be noted that, these three data sets were col-
lected during different times and could thus be regis-
tering new migrations not previously occurred. 
	 The Triassic reflector 1 is the deepest reflected lay-
er mapped in the NH0372 survey area (Fig. C9). It is a 
tilted layer with top elevation in the center, cut off by 

the Bjørnøyrenna Fault Complex related rifting and 
subsidence in Late Jurassic to Early Cretaceous (Dore, 
1995; Stemmerik et al., 1999; Smelror et al., 2009). 
Higher amplitudes can be seen in the center of the Tri-
assic reflector 1 (Fig. 52), present at 720 ms and right 
above the fault located in the center (Fig. 53). Fluids 
have probably migrated in via the tilted layer and up 
the fault movement or migrated via the fault from old-
er deposit. No visible red reflections were located in 
the 750 ms or the 700 ms time slices to verify the vol-
ume of the high permeability body (Fig. C32 & C33).
	 The time slices generated below the URU, from 
the LN12M01 data set, exhibited N-S striking faults 
crossing the center of the Pcable survey area (Fig. 
A51-A56). But only the 801 ms and 700 ms time slices 
generated from the Pcable data set were found to con-
tain faults and they occur in the western region, above 
the Polheim Sub-platform. However, these faults form 
possible pathways for fluids to migrating within. Flu-
ids may thus reach the URU, deriving either from the 
Triassic reflector 1 or from deeper buried fluids west 
of the Loppa High.
	 The Lower Pleistocene 1 has three areas of higher 
amplitudes, two located in the center and one in the 
NW region (Fig. 54). All three areas correspond to am-

Figure 52: Amplitude map (RMS) of the Triassic reflector 1. 
Amplitude anomalies are illustrated in red to yellow colors. 
One areas of higher amplitudes is identified in the center, 
outlined by a black ellipse. The map in the upper left corner 
displays an overview of the layer, generated within the Pcable 
survey area (Fig. C15).

Figure 51a-d: Amplitude map (RMS) of the Lower Pleistocene 
4. Amplitude anomalies are illustrated in red to yellow col-
ors. Three areas of higher amplitudes are identified within 
this layer, outlined by black ellipses. The map in the upper left 
corner displays an overview of the layer, generated within the 
NH0372 survey area (Fig. B10).
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plitude anomalies exhibited in the Lower Pleistocene 
1 of the LN12M01 survey area. The higher amplitudes 
in the NW region (Fig. 54a) occur in the deeper parts 
of the layer (Fig. C7). This is also in an area where the 
URU is disturbed and proved difficult to map, indicat-
ing for a fluid migration up through the URU and accu-
mulating in the overlying deposits of the Lower Pleis-
tocene 1 (Fig. 53). The second area is located higher 
up, at 605 ms, in the center of the Pcable survey area. 
Thicker sedimentary deposits in the area (Fig. 54b), 
but with no red reflections in the 600 ms time slice to 
support the presence of a larger high porosity body 
(Fig. C30). Fluids may have migrated along the lay-
er, from NW, and accumulated here. The third area 
of higher amplitudes (Fig. 54c) overlaps with strong 
red reflections exhibited in the 600 ms time slice (Fig. 
C30). A vertical structure, known as an acoustic mask-
ing (Løseth et al., 2009; Pless, 2009), is present in the 
center to SE of the 2D seismic profile, between the Tri-
assic reflector 1 and the Lower Pleistocene 1 (Fig. 53). 
Fluids may migrate up through the URU here and ac-
cumulate in the high permeability bodies. Migration 
along the Lower Pleistocene 1, in a NW-SE direction, 
is also possible due to the elevation incline (Fig. C7). 

Figure 53: A seismic profile of the Pcable area B PL609 survey area, located center striking WNW-ESE. Eight layers are identified. 
Two major fault are highlighted in the center by black lines. The black ellipse in the WNW region marks an area of disturbed 
layering, preferentially the URU. The black ellipse in the center marks an acoustic masking. The gas flares (red) displayed on the 
seabed mark the approximate located of the three identified seeps. The map in the lower left corner displays an overview of the 
Pcable area B PL609 (blue outline) and NH0372 (green box) survey areas, with the orientation of the 2D seismic profile (dark red 
line). See figure A1 for the entire study area.

Figure 54a-c: Amplitude map (RMS) of the Lower Pleistocene 
1. Amplitude anomalies are illustrated in red to yellow colors. 
Three areas of higher amplitudes are identified in the survey 
area, outlined by black ellipses. The three zoomed areas (a-c) 
are arranged as W-E. The map in the upper left corner dis-
plays an overview of the layer, generated within the Pcable 
survey area (Fig. C14).
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	 No direct concentrations of higher amplitudes 
were identified in the Lower Pleistocene 2, only small-
er anomalies in the center to NW region (Fig. C13).
	 The Lower Pleistocene 3 exhibits higher concen-
trations of amplitude anomalies in the NW corner of 
the survey area (Fig. 55). This is at the deeper parts 
of the layer, at 570 ms (Fig. C5). Fluids have probably 
migrated in from outside the Pcable survey area, from 
the west, and accumulated here.
	 The higher amplitudes of the Lower Pleistocene 4 
occur in the center of the survey area (Fig. 56). This is 
in the deepest elevated region of the Lower Pleisto-
cene 4 (Fig. C4), exhibiting thin sedimentary depos-
its (Fig. C18). Amplitude anomalies, of both high and 
low concentrations, can be traced up from the central 
parts of the Lower Pleistocene 1 (Fig. 54b). Occurring 
as smaller concentrations in the overlapping regions 
of the Lower Pleistocene 2 and 3 before reaching the 
higher amplitudes in the Lower Pleistocene 4. Fluids 
may have migrated upwards through these layers, 
but the more likely cause is lateral movements within 
each layer.
	 No major fluid accumulations could be located 
within the Lower Pleistocene 5 as no larger areas of 
higher amplitudes were identified, only smaller flu-
id concentrations spread out over the mapped layer 
(Fig. C10).

4.3	 Water column data
	 Additional data set of water column data was ex-
amined over foremost the NH0372 and Pcable area B 
PL609 survey areas, with vicinity, to locate potential 
gas migrations leaving the sea floor. The three areas 
of gas flares identified were along the Pcable sur-
vey; two flares located on the Loppa High; and one 
gas flare to the NW above the Polheim Sub-platform. 
The fossil fluids seeping out from the seabed occur in 
an area covered with iceberg ploughmarks (Fig. 34). 
Hydrocarbons from the oil and gas discoveries in the 
well 7220/5-1, or from deeper deposits, could mi-
grate up via the numerous faults in the area until it 
reaches the URU (Fig. 36). If the migration occurs in a 
NE direction, via the tilted layers below the URU, then 
the fluids will reach the Lower Pleistocene layers in 
the vicinity of the NW gas flare. A NE migration above 
the URU would be difficult since the Lower Pleisto-
cene layers have a NW-SE inclination (Fig. A14). The 
two gas flares located above the Loppa High might 
originate from two sources; located close to the foot-

Figure 56: Amplitude map (RMS) of the Lower Pleistocene 
4. Amplitude anomalies are illustrated in red to yellow col-
ors. One areas of higher amplitudes is identified in the center, 
outlined by a black ellipse. The map in the upper left corner 
displays an overview of the layer, generated within the Pcable 
survey area (Fig. C12).

Figure 55: Amplitude map (RMS) of the Lower Pleistocene 3. 
Amplitude anomalies are illustrated in red to yellow colors. 
One areas of higher amplitudes is identified in the NW region, 
outlined by a black ellipse. The map in the upper left corner 
displays an overview of the layer, generated within the Pcable 
survey area (Fig. C13).
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wall uplift, the hydrocarbons may migrate through 
the numerous faults in the area; or up via the tilted 
and faulted Triassic deposits before finding a pathway 
through the Lower Pleistocene deposits.
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5.	 Conclusions
	 The gas-oil contact and the oil-water contact, visi-
ble at 1460 ms respective 1540 ms to the WNW of the 
NBR10-338364 seismic profile, were penetrated by 
well 7220/5-1 in 2012. The drilling results confirmed 
hydrocarbon concentrations in Jurassic sandstone. 
The migration of these fluids or from deeper buried 
hydrocarbons could be evidenced by the many strong 
reflections visible in the shallower, tilted and faulted 
strata located above the Polheim Sub-platform. Fluid 
concentrations were also identified in the Snadd For-
mation of Triassic deposits, as strong reflections visi-
ble above the Loppa High and next to the down-fault-
ed structure. Amplitude maps of the Triassic reflector 
1 and 2 as well as the many faults identified in the 
region did indicate for an upward migration towards 
URU. 
	 The impermeable layer of  URU were found to 
transmit hydrocarbons along a curved elongat-
ed depression located in the southern region of the 
LN12M01 survey area. Amplitude maps of the Lower 
Pleistocene 1 and up to the Lower Pleistocene 5 ex-
hibits areas of larger fluid concentrations above the 
depression, indicating an upward migration in the 
southern region of the study area. The Lower Pleis-
tocene 1 was found to contain large concentrated ar-
eas of fluids in the center to northern region, corre-
sponding with thick sedimentary deposits. Amplitude 
anomalies of greater magnitudes were also located in 
the NW regions of  the Lower Pleistocene 3 and 4, in-
dicating a possible fluid migration in a SE direction 
between the two layers.
	 The stratigraphic layers generated from the 
NH0372 data set were found to contain fluid con-
centrations not registered in the LN12M01 data set. 
Faults were identified in the Late Carboniferous de-
posits and up to the URU, which would allow fluids to 
migrate upwards within the survey area. The Lower 
Pleistocene 0 and 1 exhibit similar concentrated pat-
terns of fluids located in the NW corner. Minor fluid 
concentrations can also be seen in the NW regions of 
the Lower Pleistocene 3 and 4, indicating for an up-
ward fluid migration in the area. The Lower Pleisto-
cene 3 and 4 exhibit similar patterns of higher ampli-
tudes in the center of the study area, indicating high 
permeability layers with focused upward migration 
between the two layers. Small fluid concentrations 
were also identified in the NE corner of the Lower 
Pleistocene 1 to 4, implying a concentrated fluid mi-

gration up through the thin sedimentary deposits.
	 The Pcable area B PL609 data set was sampled 
above the border to the Loppa High and the Polheim 
Sub-platform. N-S striking faults were found to cut the 
Triassic deposits and thus provide possible fluid mi-
gration pathways. The disturbance of the URU in the 
NW region and the presence of a vertical structure in 
the center to NE region has probably allowed for an 
upward migration through the URU. The Lower Pleis-
tocene 1 was found to contain three areas of higher 
concentrations, all of which corresponds with find-
ings in the LN12M01 data set. Fluid concentrations in 
the center of the Lower Pleistocene 1-4 indicated for 
an upward migration, but could just as easily be hori-
zontal migrations within each layer as the inclination 
runs in a NW-SE orientation.
	 Three gas flares were identified, two on the Lop-
pa High and one over the Polheim Sub-platform. The 
single gas flare to the NW may originate from the oil 
and gas findings of well 7220/5-1, but could as well 
be biogenic gas from much shallower origins. The two 
gas flares above the Loppa High may have migrated in 
from the Triassic deposits or via faults located along 
the footwall uplift, if not of biogenic origin.
	 Further research can be done in this area to im-
prove my work. The absence of high resolution data 
sets over most of the study area limited the identifi-
cation of smaller fluid concentrations, or even specif-
ic areas for upward migrations between layers. Data 
from sub bottom profiler (SBP) would be of great 
assistance in the top sedimentary deposits as a more 
detailed picture of fluid concentrations and migra-
tions could be constructed. Another interesting area 
for further research is the biological response to hy-
drocarbon emissions from the seabed. Observations 
aboard the vessel M/V Stril Explorer shown indica-
tions of an interaction between the marine fauna and 
the sulfide consuming bacterial mats.
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Appendix A - Survey area LN12M01
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Figure A1: Map showing the three survey areas located within the study area, together with alignments of the two survey lines. Wells 
drilled in the area is given as well as the location of previously known bacterial mats and carbonate crusts. The water column data used 
in this study are marked as black lines. License areas belonging to Lundin Norway AS are outlined with yellow lines. The reference map 
in the left corner are from IBCAO (Jakobsson et al., 2012), with the approximate location of the study area marked in red.
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Figure A3: A seismic profile of the LN12M01 survey area, located center striking W-E. Ten layers are highlighted: the seabed 
(blue); Lower Pleistocene 7 (turquoise); Lower Pleistocene 6 (pale pink); Lower Pleistocene 5 (pink); Lower Pleistocene 4 (vio-
let); Lower Pleistocene 3 (red); Lower Pleistocene 1 (orange); URU (green); Triassic reflector 2 (yellow). Three additional layers 
are highlighted in the deeper deposits, lower left corner: Triassic reflector 1 (neon green); Late Carboniferous (purple) and top 
basement (brown). The map in the lower right corner displays an overview of the study area (Fig. A1) and the LN12M01 survey 
areas (purple outline), with the orientation of the 2D seismic profile (dark red line).

Figure A2: A seismic profile of the LN12M01 survey area, located center striking S-N. Ten layers are highlighted: the seabed 
(blue); Lower Pleistocene 7 (turquoise); Lower Pleistocene 6 (pale pink); Lower Pleistocene 5 (pink); Lower Pleistocene 4 (vio-
let); Lower Pleistocene 3 (red); Lower Pleistocene 2 (dark green); Lower Pleistocene 1 (orange); URU (green); Triassic reflector 2 
(yellow). Three additional layers are highlighted in the deeper deposits, lower left corner: Triassic reflector 1 (neon green); Late 
Carboniferous (purple) and top basement (brown). The map in the upper right corner displays an overview of the study area (Fig. 
A1) and  the LN12M01 survey areas (purple outline), with the orientation of the 2D seismic profile (dark red line).
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Figure A5: A seismic profile of the LN12M01 survey area, located center striking W-E. Eleven layers are highlighted: the seabed 
(light blue); Lower Pleistocene 7 (turquoise); Lower Pleistocene 5 (pink); Lower Pleistocene 4 (violet); Lower Pleistocene 3 
(red); Lower Pleistocene 1 (orange); URU (green); Triassic reflector 2 (yellow); Triassic reflector 1 (neon green); Late Carbonifer-
ous (purple) and the top basement (brown). Major faults are highlighted with black lines. The well 7220/5-1, with drilling depth, 
is illustrated in the seismic profile (black line). The map in the lower left corner displays an overview of the study area (Fig. A1) 
and the LN12M01 survey area (purple outline), with the orientation of the 2D seismic profile (dark red line).

Figure A4: A seismic profile of the LN12M01 survey area, located in the southern half striking W-E. Ten layers are highlighted: the 
seabed (blue); Lower Pleistocene 7 (turquoise); Lower Pleistocene 6 (pale pink); Lower Pleistocene 5 (pink); Lower Pleistocene 
4 (violet); Lower Pleistocene 3 (red); Lower Pleistocene 2 (dark green); Lower Pleistocene 1 (orange); URU (green); Triassic 
reflector 2 (yellow). Three additional layers are highlighted in the deeper deposits, lower left corner: Triassic reflector 1 (neon 
green); Late Carboniferous (purple) and top basement (brown). The map in the lower right corner displays an overview of the 
study area (Fig. A1) and the LN12M01 survey areas (purple outline), with the orientation of the 2D seismic profile (dark red line).

W E

Distance (km)
Ti

m
e-

de
pt

h 
(s

)

Seabed
Lower Pleistocene 7
Lower Pleistocene 6
Lower Pleistocene 5
Lower Pleistocene 4

Lower Pleistocene 3
Lower Pleistocene 2
Lower Pleistocene 1
URU
Triassic reflector 2

7220/5-1

Distance (km)

Ti
m

e-
de

pt
h 

(s
)

W E

Seabed
Lower Pleistocene 7
Lower Pleistocene 5
Lower Pleistocene 4

Lower Pleistocene 3
Lower Pleistocene 1
URU
Triassic reflector 2

Triassic reflector 1
Late Carboniferous
Top basement

Loppa High



55

Stockholm University Master Thesis in Marine Geoscience

Lower
Pleistocene 6

-0.52

-0.50

-0.48

-0.50

-0.54

21°00´E

20°40´E

21°20´E

72°40´N

72°30´N

72°20´N

20°20´E

-0.46

-0.46

-0.50

-0.48

-0.52

-0.54

-0.56

-0.44

Seabed

Study area

21°00´E

20°40´E

21°20´E
72°40´N

72°30´N

72°20´N

20°20´E

Time-depth (s) Lower
Pleistocene 7

-0.48

-0.48

-0.46

-0.52

-0.54

-0.50

-0.56

-0.58

21°00´E

20°40´E

21°20´E

72°40´N

72°30´N

72°20´N

20°20´E

Lower
Pleistocene 5

-0.52

-0.54

-0.50

21°00´E

20°40´E

21°20´E

72°40´N

72°30´N

72°20´N

20°20´E

Figure A6 & A7: Paleo-bathymetry maps of the seabed and the Lower Pleistocene 7, generated from the LN12M01 survey area. The depth 
is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.02 s. Pink dots mark the location of wells. 
The map in the upper left corner of the seabed displays an overview of the study area (Fig. A1), with the LN12M01 survey area (purple).

Figure A8 & A9: Paleo-bathymetry maps of the Lower Pleistocene 6 and the Lower Pleistocene 5, generated from the LN12M01 survey 
area. The depth is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.02 s. Pink dots mark the 
location of drilled wells.
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Figure A10 & A11: Paleo-bathymetry maps of the Lower Pleistocene 4 and the Lower Pleistocene 3, generated from the LN12M01 survey 
area. The depth is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.02 s. Pink dots mark 
the location of drilled wells. The map in the upper left corner of the Lower Pleistocene 4 displays an overview of the study area (Fig. A1).

Figure A12 & A13: Paleo-bathymetry maps of the Lower Pleistocene 2 and the Lower Pleistocene 1, generated from the LN12M01 survey 
area. The depth is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.02 s. Pink dots mark the 
location of  drilled wells.
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Figure A14 & A15: Paleo-bathymetry maps of the URU and the Triassic reflector 2, generated from the LN12M01 survey area. The depth 
is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.02 s respective 0.2 s. Pink dots mark the 
location of drilled wells. The map in the upper left corner of the URU displays an overview of the study area (Fig. A1).

Figure A16 & A17: Paleo-bathymetry maps of the Triassic reflector 2 and the Late Carboniferous, generated from the LN12M01 survey 
area. The depth is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.2 s. Pink dots mark the 
location of drilled wells.
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Figure A18 & A19: Paleo-bathymetry maps of the top basement and the gas hydrate, generated from the LN12M01 survey area. The depth 
is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.2 s respective 0.02 s. Pink dots mark the 
location of drilled wells. The map in the upper left corner of the top basement displays an overview of the study area (Fig. A1), with the 
LN12M01 survey area (purple outline).
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Figure A20 & A21: Amplitude maps (RMS) of the Lower Pleistocene 7 and the Lower Pleistocene 6, generated from the LN12M01 survey 
area. Amplitude anomalies are illustrated in red to yellow colors. Pink dots mark the location of drilled wells. The map in the upper left 
corner of the Lower Pleistocene 7 displays an overview of the study area (Fig. A1), with the LN12M01 survey area (purple outline).

Figure A22 & A23: Amplitude maps (RMS) of the Lower Pleistocene 5 and the Lower Pleistocene 4, generated from the LN12M01 survey 
area. Amplitude anomalies are illustrated in red to yellow colors. Pink dots mark the location of drilled wells.
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Figure A24 & A25: Amplitude maps (RMS) of the Lower Pleistocene 3 and the Lower Pleistocene 2, generated from the LN12M01 survey 
area. Amplitude anomalies are illustrated in red to yellow colors. Pink dots mark the location of drilled wells. The map in the upper left 
corner of the Lower Pleistocene 3 displays an overview of the study area (Fig. A1), with the LN12M01 survey area (purple outline).

Figure A26 & A27: Amplitude maps (RMS) of the Lower Pleistocene 1 and the Triassic reflector 2, generated from the LN12M01 survey 
area. Amplitude anomalies are illustrated in red to yellow colors. Pink dots mark the location of drilled wells.
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Figure A28: RMS amplitude map of the Triassic reflector 1. Amplitude anomalies are illustrated in red to yellow colors. Pink dots mark the 
location of drilled wells. The map in the upper left corner displays an overview of the study area (Fig. A1), with the LN12M01 survey area 
(purple outline). Figure A29: RMS amplitude map of the Triassic reflector 2, viewed in a different color ramp, that displays the presence of 
faults. The faults are highlighted using a color coded orientation. Pink dots mark the location of drilled wells.

Figure A30: RMS amplitude map of the Triassic reflector 2, viewed in a different color ramp, that displays the presence of faults. Generated 
from the LN12M01 survey area. Amplitude anomalies are illustrated in blue to black colors. The faults are highlighted using a color coded 
orientation. Pink dots mark the location of wells.
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Figure A31 & A32: Isopach maps showing the time-depth differences between two layers, generated from the LN12M01 survey area. The 
thickness is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.01 s. Pink dots mark the loca-
tion of wells. The map in the upper left corner displays an overview of the study area (Fig. A1), with the LN12M01 survey area (purple).

Figure A33 & A34: Isopach maps showing the time-depth differences between two layers, generated from the LN12M01 survey area. The 
thickness is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.01 s. Pink dots mark the loca-
tion of drilled wells.
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Figure A35 & A36: Isopach maps showing the time-depth differences between two layers, generated from the LN12M01 survey area. The 
thickness is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.01 s. Pink dots mark the loca-
tion of wells. The map in the upper left corner displays an overview of the study area (Fig. A1), with the LN12M01 survey area (purple).

Figure A37 & A38: Isopach maps showing the time-depth differences between two layers, generated from the LN12M01 survey area. The 
thickness is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.01 s respective 0.02 s. Pink 
dots mark the location of drilled wells.
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Figure A39 & A40: Isopach maps showing the time-depth differences between two layers, generated from the LN12M01 survey area. The 
thickness is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.1 s respective 0.02 s. Pink 
dots mark the location of wells. The map in the upper left corner displays an overview of the study area (Fig. A1), with the LN12M01 area.

Figure A41 & A42: Isopach maps showing the time-depth differences between two layers, generated from the LN12M01 survey area. The 
thickness is presented in seconds and the contour lines in each map illustrate elevation changes for every 0.1 s. Pink dots mark the location 
of drilled wells.
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Figure A43: A seismic profile of the LN12M01 survey area, located center striking W-E. The seismic profile in the lower left corner 
display the full extent of the interpreted layers. Red lines mark the horizontal depth for generated time slices. The map in the 
lower right corner displays an overview of the study area (Fig. A1) and  the LN12M01 survey areas (purple outline), with the 
orientation of the 2D seismic profile (dark red line).
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Figure A44 & A45: Time slice velocity maps cutting the LN12M01 survey area horizontally at 0.472 s and 0.500 s. The color ramp range 
between black and white, where black reflect areas of high permeability and white areas of low permeability. Pink dots mark the location 
of wells. The map in the upper left corner of the 0.472 s time slice display an overview of the study area (Fig. A1), with the LN12M01 area.
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Figure A46 & A47: Time slice velocity maps cutting the LN12M01 survey area horizontally at 0.524 s and 0.548 s. Black color reflect areas 
of high permeability and white areas of low permeability. The fault in the 0.548 s is highlighted using a color coded orientation. Pink dots 
mark the location of drilled wells. The map in the upper left corner of the 0.524 s time slice displays an overview of the study area (Fig. A1).

Figure A48 & A49: Time slice velocity maps cutting the LN12M01 survey area horizontally at 0.576 s and 0.600 s. Black color reflect areas 
of high permeability and white areas of low permeability. Faults are highlighted using color coded orientations. Pink dots mark the loca-
tion of drilled wells.
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Figure A50 & A51: Time slice velocity maps cutting the LN12M01 survey area horizontally at 0.624 s and 0.652 s. Black color reflect areas 
of high permeability and white areas of low permeability. Faults are highlighted using color coded orientations. Pink dots mark the loca-
tion of drilled wells. The map in the upper left corner of the 0.624 s time slice displays an overview of the study area (Fig. A1).

Figure A52 & A53: Time slice velocity maps cutting the LN12M01 survey area horizontally at 0.700 s and 0.752 s. Black color reflect areas 
of high permeability and white areas of low permeability. Faults are highlighted using color coded orientations. Pink dots mark the loca-
tion of drilled wells.
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Figure A54 & A55: Time slice velocity maps cutting the LN12M01 survey area horizontally at 0.800 s and 0.900 s. Black color reflect areas 
of high permeability and white areas of low permeability. Faults are highlighted using color coded orientations. Pink dots mark the loca-
tion of drilled wells. The map in the upper left corner of the 0.800 s time slice displays an overview of the study area (Fig. A1).

Figure A56 & A57: Time slice velocity maps cutting the LN12M01 survey area horizontally at 1.000 s and 1.100 s. Black color reflect areas 
of high permeability and white areas of low permeability. Faults are highlighted using color coded orientations. Pink dots mark the loca-
tion of drilled wells.
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Figure B1: A seismic profile of the NH0372 survey area, located center striking WNW-ESE. Six layers are highlighted: the seabed 
(light blue); Lower Pleistocene 4 (violet); Lower Pleistocene 3 (red); Lower Pleistocene 1 (orange); Lower Pleistocene 0 (blue); 
URU (green). Two additional layer is highlighted in the deeper deposits, lower left corner: Triassic reflector 1 (neon green) and 
Late Carboniferous (purple). A major fault is highlighted in the ESE area by a black line. The map in the lower center displays an 
overview of the NH0372 survey areas (green box), with the orientation of the 2D seismic profile (dark red line). See figure A1 for 
the entire study area.
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Figure B2 - B6: Paleo-bathymetry maps of the seabed, Lower Pleis-
tocene 4, Lower Pleistocene 3, Lower Pleistocene 1 and the Lower 
Pleistocene 0, generated from the NH0372 survey area. The depth 
is presented in seconds and the contour lines in each map illustrate 
elevation changes for every 0.01 s. The pink dot mark the location 
of the well 7220/6-1. The reference map in the lower right corner 
displays an overview of the NH0372 survey area (green box). See 
figure A1 for the entire study area.
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Figure B7 - B9: Paleo-bathymetry maps of the URU, Triassic reflector 
1 and the Late Carboniferous, generated from the NH0372 survey 
area. The depth is presented in seconds and the contour lines in each 
map illustrate elevation changes for every 0.01 s. The pink dot mark 
the location of the well 7220/6-1. The reference map in the center 
displays an overview of the NH0372 survey area (green box). See 
figure A1 for the entire study area.
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Figure B10 - B14: Amplitude maps (RMS) of the Lower Pleistocene 
4, Lower Pleistocene 3, Lower Pleistocene 1, Lower Pleistocene 0 
and the Triassic reflector 1, generated from the NH0372 survey area. 
Amplitude anomalies are illustrated in red to yellow colors. The pink 
dot mark the location of the well 7220/6-1. The reference map in the 
lower right corner displays an overview of the NH0372 survey area 
(green box). See figure A1 for the entire study area.
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Figure B15: RMS amplitude map of the Triassic reflector 1, viewed in 
a different color ramp, that display the presence of faults. Generated 
from the NH0372 survey area. Amplitude anomalies are illustrated 
in blue to black colors. The faults are highlighted using a color coded 
orientation. The pink dot mark the location of the well 7220/6-1. 
The reference map in the upper right corner displays an overview 
of the NH0372 survey area (green box). See figure A1 for the entire 
study area.
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Figure B16 - B20: Isopach maps showing the time-depth differences 
between two layers, generated from the NH0372 survey area. The 
thickness is presented in seconds and the contour lines in each map 
illustrate elevation changes for every 0.01 s. The pink dot mark the 
location of the well 7220/6-1. The reference map in the lower right 
corner displays an overview of the NH0372 survey area (green box). 
See figure A1 for the entire study area.
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Figure B21 - B23: Isopach maps showing the time-depth differences 
between two layers, generated from the NH0372 survey area. The 
thickness is presented in seconds and the contour lines in each map 
illustrate elevation changes for every 0.01 s. The pink dot mark the 
location of the well 7220/6-1. The reference map in the center dis-
plays an overview of the NH0372 survey area (green box). See figure 
A1 for the entire study area.
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Figure B25 - B27: Time slice velocity maps cutting the NH0372 sur-
vey area horizontally at 0.500 s, 0.530 s and 0.552 s. Red color reflect 
areas of high permeability and black areas of low permeability. The 
pink dot mark the location of the well 7220/6-1. The reference map 
in the lower right corner displays an overview of the NH0372 survey 
area (green box). See figure A1 for the entire study area.

Figure B24: A seismic profile of the 
NH0372 survey area, located center 
striking WNW-ESE. The seismic pro-
file in the lower left corner display 
the full extent of the interpreted lay-
ers. Red lines mark the horizontal 
depth for generated time slices. A 
major fault is highlighted in the ESE 
area by a black line. The map in the 
lower center displays an overview 
of the NH0372 survey areas (green 
box), with the orientation of the 2D 
seismic profile (dark red line). See 
figure A1 for the entire study area.
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Figure B28 - B32: Time slice velocity maps cutting the NH0372 sur-
vey area horizontally at 0.580 s, 0.600 s, 0.620 s, 0.650 s and 0.700 
s. Red color reflect areas of high permeability and black areas of low 
permeability. The pink dot mark the location of the well 7220/6-1. 
Faults are highlighted using color coded orientations. The reference 
map in the lower right corner displays an overview of the NH0372 
survey area (green box). See figure A1 for the entire study area.
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Figure B33 - B36: Time slice velocity maps cutting the NH0372 survey area horizontally at 0.764 s, 0.854 
s, 0.950 s and 1.070 s. Red color reflect areas of high permeability and black areas of low permeability. 
The pink dot mark the location of the well 7220/6-1. Faults are highlighted using color coded orien-
tations. The reference map in the lower right corner displays an overview of the NH0372 survey area 
(green box). See figure A1 for the entire study area.
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Figure C1: A seismic profile of the Pcable area B PL609 survey area, located center striking WNW-ESE. Eight layers are high-
lighted: the seabed (light blue); Lower Pleistocene 5 (pink); Lower Pleistocene 4 (violet); Lower Pleistocene 3 (red); Lower 
Pleistocene 2 (dark green); Lower Pleistocene 1 (orange); URU (green) and Triassic reflector 1 (neon green). Two major fault are 
highlighted in the center by black lines. The map in the lower left corner displays an overview of the Pcable area B PL609 (blue 
outline) and NH0372 (green box) survey areas, with the orientation of the 2D seismic profile (dark red line). See figure A1 for 
the entire study area.
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Study areaFigure C2 - C4: Paleo-bathymetry maps of the seabed, Lower Pleistocene 5 and the Lower Pleistocene 4, 
generated from the Pcable area B PL609 survey area. The depth is presented in seconds and the contour 
lines in each map illustrate elevation changes for every 0.02 s, 0.01 s and 0.01 s respectively. The pink 
dot mark the location of the well 7220/6-1. The reference map in the lower right corner displays an 
overview of the Pcable survey area (blue outline). See figure A1 for the entire study area.
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Figure C5 - C7: Paleo-bathymetry maps of the Lower Pleistocene 3, Lower Pleistocene 2 and the Lower 
Pleistocene 1, generated from the Pcable area B PL609 survey area. The depth is presented in seconds 
and the contour lines in each map illustrate elevation changes for every 0.01 s. The pink dot mark the 
location of the well 7220/6-1. The reference map in the lower right corner displays an overview of the 
Pcable survey area (blue outline). See figure A1 for the entire study area.
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Figure C8 & C9: Paleo-bathymetry maps of the URU and the Triassic reflection 1, generated from the 
Pcable area B PL609 survey area. The depth is presented in seconds and the contour lines in each map 
illustrate elevation changes for every 0.01 s. The pink dot mark the location of the well 7220/6-1. The 
reference map in the lower right corner displays an overview of the Pcable survey area (blue outline). 
See figure A1 for the entire study area.
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Figure C10 - C12: Amplitude maps (RMS) of the Lower Pleistocene 5, Lower Pleistocene 4 and the Lower 
Pleistocene 3, generated from the Pcable area B PL609 survey area. Amplitude anomalies are illustrated 
in red to yellow colors. The pink dot mark the location of the well 7220/6-1. The reference map in the 
lower right corner displays an overview of the Pcable survey area (blue outline). See figure A1 for the 
entire study area.
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Figure C13 - C15: Amplitude maps (RMS) of the Lower Pleistocene 2, Lower Pleistocene 1 and the Trias-
sic reflector 1, generated from the Pcable area B PL609 survey area. Amplitude anomalies are illustrated 
in red to yellow colors. The pink dot mark the location of the well 7220/6-1. The reference map in the 
lower right corner displays an overview of the Pcable survey area (blue outline). See figure A1 for the 
entire study area.
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Figure C16 - C18: Isopach maps showing the time-depth differences between two layers, generated from 
the Pcable area B PL609 survey area. The thickness is presented in seconds and the contour lines in each 
map illustrate elevation changes for every 0.01 s. The pink dot mark the location of the well 7220/6-1. 
The reference map in the lower right corner displays an overview of the Pcable survey area (blue out-
line). See figure A1 for the entire study area.
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Figure C19 - C21: Isopach maps showing the time-depth differences between two layers, generated from 
the Pcable area B PL609 survey area. The thickness is presented in seconds and the contour lines in each 
map illustrate elevation changes for every 0.01 s. The pink dot mark the location of the well 7220/6-1. 
The reference map in the lower right corner displays an overview of the Pcable survey area (blue out-
line). See figure A1 for the entire study area.
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Figure C22 & C23: Isopach maps showing the time-depth differences between two layers, generated 
from the Pcable area B PL609 survey area. The thickness is presented in seconds and the contour lines 
in each map illustrate elevation changes for every 0.01 s. The pink dot mark the location of the well 
7220/6-1. The reference map in the lower right corner displays an overview of the Pcable survey area 
(blue outline). See figure A1 for the entire study area.
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Figure C24: A seismic profile of the Pcable area B PL609 survey area, striking WNW-ESE. Red lines mark 
the horizontal depth for generated time slices. Two major fault are highlighted in the center by black 
lines. The map in the lower left corner displays an overview of the Pcable survey areas (blue outline), 
with the orientation of the 2D seismic profile (dark red line). See figure A1 for the entire study area.

Figure C25 & C26: Time slice velocity maps cutting the Pcable area B PL609 survey area horizontally at 
0.500 s and 0.520 s. Red color reflect areas of high permeability and black areas of low permeability. The 
pink dot mark the location of the well 7220/6-1. The reference map in the lower right corner displays an 
overview of the Pcable survey area (blue outline). See figure A1 for the entire study area.
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Figure C27 - C29: Time slice velocity maps cutting the Pcable area B PL609 survey area horizontally at 
0.540 s, 0.560 s and 0.580 s. Red color reflect areas of high permeability and black areas of low permea-
bility. The pink dot mark the location of the well 7220/6-1. The reference map in the lower right corner 
displays an overview of the Pcable survey area (blue outline). See figure A1 for the entire study area.
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Figure C30 - C32: Time slice velocity maps cutting the Pcable area B PL609 survey area horizontally at 
0.600 s, 0.650 s and 0.700 s. Red color reflect areas of high permeability and black areas of low perme-
ability. Faults are highlighted using color coded orientations. The pink dot mark the location of the well 
7220/6-1. The reference map in the lower right corner displays an overview of the Pcable survey area 
(blue outline). See figure A1 for the entire study area.
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Figure C33 & C34: Time slice velocity maps cutting the Pcable area B PL609 survey area horizontally 
at 0.750 s and 0.801 s. Red color reflect areas of high permeability and black areas of low permeabil-
ity. Faults are highlighted using color coded orientations. The pink dot mark the location of the well 
7220/6-1. The reference map in the lower right corner displays an overview of the Pcable survey area 
(blue outline). See figure A1 for the entire study area.
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Data Filename/Survey Source

Well data 7220/5-1 Norwegian Petroleum
Directorate (NPD)

Well data 7220/6-1 Norwegian Petroleum
Directorate (NPD)

Layer-file (.lyr) structural_elements Norwegian Petroleum
Directorate (NPD)

Seismic reflection (2D) NBRD07-234838 Lundin Norway AS

Seismic reflection (2D) NBR10-338364 Lundin Norway AS

Seismic reflection (3D) LN12M01 Lundin Norway AS

Seismic reflection (3D) NH0372 Lundin Norway AS

Seismic reflection (3D) Pcable area B PL609 Lundin Norway AS

Shape-file (.shp) Barents_CarbonateCrust_and_BacterialMats Lundin Norway AS

Shape-file (.shp) Licenses_Lundin_do_not_edit Lundin Norway AS

Shape-file (.shp) v_geo_wlbpoint (well locations) Lundin Norway AS

Shape-file (.shp) COASTLINE Lundin Norway AS

Multibeam bathymetry Barents_Bath_Lund_North_3m Lundin Norway AS

Multibeam bathymetry Barents_Bath_Lund_South_2 Lundin Norway AS

Multibeam bathymetry Barents_Bath_Lund_South_3 Lundin Norway AS

Multibeam bathymetry Barents_Bath_Lund_South_4 Lundin Norway AS

Multibeam bathymetry FFI_EM710_2012_1m_UTM34 Lundin Norway AS

Water column data (.wcd) 0042_20120425_112310_sverdrup Lundin Norway AS

Water column data (.wcd) 0043_20120425_122305_sverdrup Lundin Norway AS

Water column data (.wcd) 0044_20120425_132305_sverdrup Lundin Norway AS

Water column data (.wcd) 0046_20120425_054005_sverdrup Lundin Norway AS

Water column data (.wcd) 0047_20120425_064005_sverdrup Lundin Norway AS

Water column data (.wcd) 0048_20120425_103149_sverdrup Lundin Norway AS

Water column data (.wcd) 0049_20120425_112141_sverdrup Lundin Norway AS

Water column data (.wcd) 0001_20120426_083212_sverdrup Lundin Norway AS

Water column data (.wcd) 0002_20120426_093211_sverdrup Lundin Norway AS

Water column data (.wcd) 0004_20120426_115641_sverdrup Lundin Norway AS

Water column data (.wcd) 0005_20120426_123817_sverdrup Lundin Norway AS

Water column data (.wcd) 0006_20120426_130522_sverdrup Lundin Norway AS

Water column data (.wcd) 0007_20120426_132933_sverdrup Lundin Norway AS

Water column data (.wcd) 0008_20120426_140235_sverdrup Lundin Norway AS

Appendix D - Table 1 with the various sets of data used in this project.
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Data Filename/Survey Source

Water column data (.wcd) 0009_20120426_150152_sverdrup Lundin Norway AS

Water column data (.wcd) 0010_20120426_152513_sverdrup Lundin Norway AS

Water column data (.wcd) 0011_20120426_160304_sverdrup Lundin Norway AS

Water column data (.wcd) 0012_20120426_170305_sverdrup Lundin Norway AS

Water column data (.wcd) 0013_20120426_170342_sverdrup Lundin Norway AS

Water column data (.wcd) 0014_20120426_173504_sverdrup Lundin Norway AS

Water column data (.wcd) 0016_20120426_175524_sverdrup Lundin Norway AS

Water column data (.wcd) 0017_20120426_185525_sverdrup Lundin Norway AS

Water column data (.wcd) 0018_20120426_191509_sverdrup Lundin Norway AS

Water column data (.wcd) 0019_20120426_194901_sverdrup Lundin Norway AS

Water column data (.wcd) 0020_20120426_204901_sverdrup Lundin Norway AS

Water column data (.wcd) 0021_20120426_212318_sverdrup Lundin Norway AS

Water column data (.wcd) 0022_20120426_215939_sverdrup Lundin Norway AS

Water column data (.wcd) 0023_20120426_225939_sverdrup Lundin Norway AS

Water column data (.wcd) 0024_20120426_235938_sverdrup Lundin Norway AS


