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Preface

von der Fakultät VI - Planen Bauen Umwelt

der Technischen Universität Berlin

Author: Ilya Ostanin

This thesis represents the conclusion of the Ph.D project carried out at the Section 4.3

Organic Geochemistry at the GFZ Helmholtz-Zentrum Potsdam, German Research Centre

For Geosciences and the Technical University Berlin, under the supervision of Dr. Zahie

Anka and Prof. Dr. Rolando di Primio. This research has been funded by the Helmholtz

Association’s Initiative and Networking Fund in the framework of Dr. Z. Anka’s Helmholtz-

University Young Investigator Group. The study was initiated in January 2010 and was

submitted to the Faculty VI - Planning, Construction and Environment of the Technical

University Berlin on 09/05/2015.

The Ph.D Project is entitled Hydrocarbon plumbing systems and leakage phenomenon in the

Hammerfest Basin, southwest Barents Sea - Integration of seismic data analysis and numer-

ical modelling and has been designed to quantitatively assess the hydrocarbon generation,

migration, leakage and sequestration dynamics through geological time in the Hammerfest

Basin by integration of geophysical and numerical basin modelling methods. In particular

one of the main aims was to elucidate the effects of glacial loading and unloading on the

timing and extent of the hydrocarbon gas leakage and sequestration during the interglacials

following the Last Glacial Maximum. The first part of the project focused on the identi-

fication of thermogenic fluid migration pathways that link the deep Jurassic hydrocarbon

reservoirs with the Cenozoic strata as well as the characterisation of the manifestations of

leakage of thermogenic fluids, such as pockmarks, gas chimneys, seismic blow out pipes and

gas hydrates. The second part of the project was to quantify volumes of generated and

leaked hydrocarbons by means of 3D numerical basin modelling.

The Ph.D project has run in parallel with two other Ph.D projects to investigate the areal

extent of hydrocarbon leakage and impact of Quaternary glaciations on thermogenic reser-

voirs, petroleum systems and microbial communities in the SW Barents Sea using differ-

ence disciplines. Julia Nickel has investigated the microbial communities using geochemical

biomarker analysis of shallow sediments within pockmarks. Enmanuel Rodrigues investi-

gated petroleum systems and impact of glacial cycles in the SW Barents Sea with focus on

Hammerfest Basin using 3D Petroleum System Modelling and geochemical analyses. The

results of this and aforementioned Ph.D projects have contributed to the Methane on the

Move (MOM) programme, initiated by Prof. Dr. Brian Horsfield in 2004, running more

or less continuously since then to assess and quantify emissions of methane in sedimentary

basins over geological time. Additionally, the results were also presented and published

in the The Helmholtz Climate Initiative REKLIM, a consortium of nine research centres

within the Helmholtz Association, which use regional in situ observations and simulations
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to constrain and improve climate models. Furthermore, this project has been conducted

in cooperation with industry partners: Statoil AS (Asdrubal Bernal and Jan Erik Skeie)

and Lundin AS (Daniel Stoddard). As a result of this work, four peer reviewed papers

have been produces and a number of conference abstracts listed below. During the Ph.D

project, two trainee students from University of Jena (Thomas Grau) and University of

Bremen (Florian Sturm) have also been working on the seismic interpretation and basin

modelling in the SW Barents Sea at GFZ section 4.3 Organic Geochemistry under the

supervision of I. Ostanin, Dr. Z. Anka and Prof. Dr. R. di Primio.

Contributions to the Ph.D project by academic and industry partners

The Ph.D project of I. Ostanin was funded by the Helmholtz Association’s Initiative and

Networking Fund in the framework of Z. Anka’s Helmholtz-University Young Investigator

Group. Statoil ASA provided the 3D Seismic dataset, borehole information (checkshots,

logs, well reports). Lundin Petroleum ASA provided additional 3D seismic datasets and

2D regional seismic datasets, which are shown in figure 3.2 in Chapter 3.

The PVT predictions of the Snøhvit gas composition at the depth of the Bottom Simulating

Reflector in Chapter 6 on page 150 have been carried out by Prof. Dr. Rolando di Primio.

Compositional kinetic models for the source rocks in the Hammerfest Basin have been

provided by GeoS4 GmbH, Germany which were used as input for the 3D Petroleum System

Modelling, presented in Chapter 7.2.

Publications

The following section summarises the publications that have been produced based on the

results of this Ph.D project.

• Paper I - Ostanin I., Anka Z., Di Primio R., Bernal A., 2012. Identification of a large

Upper Cretaceous Polygonal Fault network in the Hammerfest Basin: Implications

on the reactivation of regional faults and gas leakage dynamics, SW Barents Sea,

in: Anka, Z., Berndt, C., Gay, A. (Eds.), Hydrocarbon leakage through focused

fluid flow systems in continental margins, Marine Geology v. 332-334, pp. 109-125,

http://dx.doi.org/10.1016/j.margeo.2012.03.005.

• Paper II - Ostanin I., Anka Z., Di Primio R., Bernal A., 2012. Hydrocarbon leakage

above the Snøhvit Gas Field, Hammerfest Basin SW Barents Sea. First Break, 30

(11), 55-60 p.

• Paper III - Ostanin I., Anka Z., Di Primio R., Bernal A., 2013. Hydrocarbon plumb-

ing systems above the Snøhvit gas field: structural control and implications for ther-

mogenic methane leakage in the Hammerfest Basin, SW Barents Sea. Marine and

Petroleum Geology, 43, 127-146 p.
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• Paper IV - Ostanin I., Anka Z., Di Primio R., Role of faults and glaciations in

thermogenic leakage of HCs, Snøhvit Gas field, Hammerfest Basin. (Submitted to

G-Cubed).

Invited talks

Ostanin, I, Anka Z., Di Primio R., Identification and seismic attribute analysis of hydro-

carbon leakage above the Snøhvit Gas field, Hammerfest Basin, SW Barents Sea. Invited

talk, Freie Universität Berlin, 22 November, 2012, Department of Earth Sciences, Tectonics

and Sedimentary Geology, Campus Lankwitz, Berlin.

Other publications

• Anka, Z, Rodrigues E., Ostanin, I., di Primio, R., Stoddart, D., and Horsfield, B.,

2012. Release of thermogenic-methane in the Hammerfest Basin after the Last Glacial

Maximum. Indications from numerical modelling and 3D seismic reflection data.

Geophysical Research Abstracts vol. 14, EGU2012-2987.

• REKLIM News letter, 2012, Regionale Klimaanderungen in der Arktis: Steuerung

und Langzeiteffekte am Übergang Land-Ozean (in German), Regionale Klimaan-

derungen Ursachen und Folgen, Helmholtz Gemeinschaft. Topic 3, September 2012,

Nr.2. www.reklim.de/de/dienste/

• Ostanin I., Anka Z., Di Primio R., Bernal A., 2012. Hydrocarbon Plumbing System

above the Snøhvit Gas Field, Hammerfest Basin SW Barents Sea - Evidence of Struc-

tural Control. 74th EAGE Conference & Exhibition, Copenhagen, SPE EUROPEC

2012 Copenhagen, Denmark, 4-7 June 2012, (Poster presentation).

• Anka, Z., Lögering, M., Ostanin, I., Baristeas, N., Marcano, G., Rodriguez, E., di

Primio, R., 2011. Controls on Natural Gas Seepage and Focused Fluid Flow on the

South Atlantic and the Barents Sea. American Association of Petroleum Geologists,

European Region Newsletter, Search and Discovery Article no. 40803, 8 pp.

• Ostanin I., Anka Z., Di Primio R., Bernal A. Hydrocarbon Plumbing System above

the Snøhvit Gas Field, Hammerfest Basin SW Barents Sea - Evidence of Structural

Control, European Association of Geologists and Engineers (EAGE), Copenhagen

2012, publication no. 59595, http://earthdoc.eage.org/publication

• Ostanin I., Rodrigues E., Nickel J., Anka Z., di Primio R., Mangelsdorf K., Horsfield

B. Effects of glaciations on thermogenic methane release in the SW Barents Sea: an

interdisciplinary approach. REKLIM (Regional Climate Change) Workshop, 19. -

21. March 2012, Lüneburg (Poster presentation).

• Anka, Z., Rodrigues, E., di Primio, R., Ostanin, I., Stoddart, D., Horsfield, B.A.,

2011. A large thermogenic-methane release event in the SW Barents Sea, during the

http://earthdoc.eage.org/publication
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Last Glacial Maximum. Indications from numerical modelling and seismic reflection

data, American Geophysical Union, Fall Meeting 2011, abstract no. GC51I-08.

• Ostanin I., Anka Z., Di Primio R., Skeie J. E., Bernal A. Analysis of fluid migration

and leakage in the Hammerfest Basin, South Western Barents Sea, from 3D seismic

reflection data. Geophysical Research Abstracts, VOL 13, EGU2011-488. European

Geoscience Union (EGU) General Assembly 2011. Vienna, Austria (Poster presenta-

tion).

• Ostanin, I., Anka, Z., di Primio, R., Skeie, J. E., 2010. Identification of a large

polygonal-fault network in the Hammerfest Basin: implications on migration and

leakage of hydrocarbons in the South Western Barents Sea. 2nd Potsdam ILP Con-

ference ”Solid Earth - Basic Science for the Human Habitat”, Potsdam, 6-8 October,

2010, (Poster presentation)

Thesis Summary

This thesis reviews the results of the study on the thermogenic fluid leakage in the Hammer-

fest Basin as well as a wider context of glacially induced thermogenic fluid flow. The thesis

presents a holistic research approach by integration of prospect scale seismic data analysis

and basin scale numerical modelling to characterise hydrocarbon leakage through geological

time. The results of this thesis can be applied to other glacially influenced areas around

the world and thus may be of interest for both the academic research and the petroleum

industry communities. The main findings of the research are summarised in four articles,

which have been written during the duration of the project. From these articles, three are

accepted and published and one paper is currently in preparation to be submitted. Below

is a brief summary of each chapter in this thesis.

Chapter 1 presents the scientific questions and problems as well as the main goals. This

is then followed by a short introduction to petroleum prediction, occurrence and the phe-

nomenon of hydrocarbon leakage in sedimentary basins. A short review is also presented

on the seismic reflection and seismic interpretation methods.

The following Chapter 2 gives an overview of the study area, SW Barents Sea in terms of

geological history, petroleum system elements from Permian to present day with a short

review of the Quaternary glaciations.

Chapter 3 presents the main summary of the methods used during the course of the Ph.D

project, which includes the database and description of the workflows used in the interpre-

tation, analysis and modelling processes.

Chapter 4 presents the results of paper I, which provides an insight into the general stratig-

raphy and structural setting of the study area. The main objectives in this paper were

to analyse and discuss the potential migration avenues for thermogenic fluids from the

Jurassic reservoirs of the Stø Fm to the shallow subsurface. Additionally, paper I describes
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a previously unpublished polygonal fault interval found in three distinct areas within the

Cenomanian-Campanian interval in the study area. Classical theories for polygonal fault

formation include amongst many others a lithological and rapid dewatering control on their

formation. Here we present a rare occurrence of a thin polygonal fault interval whose devel-

opment has been controlled by regional tectonic faults. Due to high vertical and horizontal

resolution of the data, it was possible to analyse the interaction between the deep reacti-

vated tectonic faults, polygonal faults and shallow Paleocene- Early Eocene faults overlying

the polygonally faulted Cenomanian-Campanian interval. The focus of the paper was then

to describe the relationship between the interacting fault networks, relative timing of fault

reactivation and the relationships of fault networks to shallow fluid leakage indicators.

Chapter 5 presents results of Paper II, a peer-reviewed manuscript which focuses on the

description of the methodological workflows and application used for detection of the fluid

flow features. Additionally, Paper II presents a database of fluid leakage indicator distri-

bution in the Hammerfest Basin based on a compilation from 2D and 3D seismic datasets.

As a case study, a gas cloud anomaly is presented and investigated in detail by means of

the proposed seismic attribute analysis.

Chapter 6 presents results of Paper III, which builds upon the previous findings of the

mapped fluid migration avenues and focusses on the shallow stratigraphic units of the

study area: the seabed and the Upper Regional Unconformity (URU) horizons. Fluid flow

features, in particular pockmarks of various dimensions are analysed and classed based

on their dimensions. Besides building a database of the different leakage indicators, the

complete underlying plumbing system is investigated in terms of migration avenues and

possible fluid sources. Moreover, this paper investigates a gas hydrate related bottom

simulating reflector (BSR) found in the study area and discusses the possible fluid source

for the BSR in addition to the potential triggers and mechanisms for destabilization of

marine gas hydrates in the study area. As a summary, a conceptual model for the fluid

flow history is provided, which integrates the elements of hydrocarbon leakage and past

geological events. This includes the formation-destabilisation of gas hydrates and resulting

hydrocarbon leakage indicators on the URU and present day seabed. The role of Quaternary

glaciations in the hydrocarbon leakage dynamics is documented with estimated timings of

each leakage event based on corresponding glaciation-deglaciation cycle.

Chapter 7, section 7.1 presents the main steps used for basin modelling input data, model

building, calibration and results. This includes construction of temperature ranges and

erosion maps and calibration of the heat flow maps using temperature ranges derived from

the Bottom Simulating Reflectors (BSRs) that have been discussed in Chapters 5 and 6.

Section 7.2 presents the results of the holistic investigation into the hydrocarbon plumb-

ing systems and basin scale hydrocarbon leakage. This is done by integrating the results

of the regional interpretation based on seismic data analysis, namely surfaces and faults,

to construct a 3D numerical model to simulate the generation, migration, accumulation

and leakage of hydrocarbons over geological time, with focus on the possible effects of
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Quaternary glacial cycles on these processes. Hence, the impact of faults on leakage of hy-

drocarbons during the deglaciation of the ice sheets is rigorously analysed. The modelling

results are compared against the observations on the seismic data, which lead to construc-

tion of a conceptual model for fluid leakage history based on the overall conclusions from

the seismic data interpretation and analysis, as well as numerical modelling efforts.

The final Chapters 8 and 9 outline the main conclusions of this research and provides

further work which can benefit the understanding of the hydrocarbon leakage dynamics in

this and other areas.
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Abstract

The Barents Sea is a frontier for hydrocarbon exploration where activity has been re-

newed after recent oil discoveries. However, previously this province has been dominated

by gas finds, with the largest discoveries being Snøhvit, Albatross and Askeladd gas fields,

located in the Hammerfest Basin. Cenozoic erosion and high latitude Quaternary glacia-

tions are thought to have driven the hydrocarbons out of the traps and contribute thus to

the lack of significant oil discoveries. Hydrocarbon leakage is a widespread phenomenon

and has significant impact on climate, marine ecosystem, geotechnical installations and

petroleum exploration. In this study, we aim to elucidate the impact of Cenozoic erosion

and Pliocene-Pleistocene glaciations on the dynamics of hydrocarbon leakage from the ther-

mogenic reservoirs. We use high resolution and vintage 3D seismic reflection datasets to

analyse the hydrocarbon plumbing system above the Snøhvit and Albatross gas fields to

investigate the geo-morphological manifestation and the dynamics of leakage from the reser-

voir. We then use 3D Petroleum Systems Modelling (PSM) to simulate the basin history

in terms of generation, migration and leakage of hydrocarbons through time in response to

erosion, glacial loading and deglaciations. Based on this integrated approach, we reproduce

results of the main seismically observed leakage indicators using 3D numerical modelling

(PSM).

Numerous EW trending reactivated faults are present in the study area which link the

Jurassic hydrocarbon reservoirs of the Snøhvit and Albatross field with the shallow Pa-

leocene strata. Reactivation of polygonal fault networks has formed an interconnected

network of Paleocene faults, which served as migration avenues for thermogenic fluids in

the vicinity of deep reactivated tectonic faults. Numerous pockmarks and mega pockmarks

on the seabed and buried pockmarks on the base Quaternary Upper Regional Unconformity

(URU) provide evidence of migration pathways as they are connected to seismic blow out

pipes, Paleocene fault networks and deep reactivated tectonic faults.

A gas cloud anomaly has been interpreted as a Bottom Simulating Reflector (BSR), whose

depth coincides with the estimated base of the hydrate stability field for a thermogenically-

derived gas hydrate with around 90 mol % methane. At least two fluid venting episodes have

been inferred based on seabed and URU pockmark distributions, following the Last Glacial

Maximum ∼17-16 ka and prior to the Late Weichselian, older than ∼0.7 Ma. Results of

the 3D PSM modelling show that hydrocarbon leakage from the Jurassic reservoirs takes

place through faults during each deglaciation, with most of accumulated mass lost (60-

80 %) during the first instance of fault dilation. Subsequent leakage during deglaciations

results in a sequential loss of remaining accumulated mass in the Snøhvit reservoir. The

first modeled leakage event (0.8-0.78 Ma) coincides with a major fluid escape event at the

time of a major regional unconformity (URU older than ∼0.7Ma), and is in agreement with
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shallow subsurface hydrocarbon leakage indicators such as pockmarks, shallow gas clouds

and blow out pipes observed in the seismic data analysis.
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Zusammenfassung

Die Barentssee ist derzeit eines der aktivsten Explorationsgebiete für Kohlenwasserstoffe

in Europa. Frühere Explorationsaktivität führte hauptsächlich zur Entdeckung von Gas-

feldern, wobei die drei größten, das Snøhvit-, Albatross- und Askeladdfeld, allesamt im

Hammerfest Sedimentbecken zu finden sind. Die neusten Entdeckungen sind hingegen meist

Ölfelder, welches zu einer Neubewertung des Gebietes führte. Die Abwesenheit von größeren

Ölfeldern wird hauptsächlich der Erosion im Känozoikum sowie der glazialen Vereisun-

gen im Quartär zugeschrieben. Hierbei kam es zum Verlust von Kohlenwasserstoffen aus

den Lagerstätten. Ein solcher Austritt von Kohlenwasserstoffen ist ein weitverbreitetes

Phänomen und hat einen entscheidenden Einfluss auf das Klima, marine Ökosysteme, geo-

technische Installationen und die Erschließung von Erdölvorkommen.

Das Ziel dieser Studie ist es den Einfluss von känozoischer Erosion und pliozäner - pleis-

tozäner Vergletscherung auf die Dynamik von thermogenen Kohlenwasserstoffen auszu-

machen die aus den Lagerstätten austreten. Hierzu wurden moderne hochauflösende 3D

Datensätze mit älteren seismischen Datensätzen kombiniert um geomorphologische Beson-

derheiten und die Dynamik des Kohlenwasserstoffaustrittes aus dem Reservoir zu unter-

suchen. Anschließend wurde ein dreidimensionales Beckenmodell erstellt um die Geschichte

des Beckens im Hinblick auf die Generierung, Migration und den Austritt von Kohlen-

wasserstoffen über geologische Zeiträume zu simulieren. Insbesondere die Abhängigkeit

von Erosion und dem Wechsel zwischen Eislast und abschmelzendem Gletscher wurde un-

tersucht. Basierend auf diesem integrierten Ansatz sind wir in der Lage die Ergebnisse

des numerischen Beckenmodells mit Kohlenwasserstoffaustrittsindikatoren in Seismiken zu

vergleichen. Im Untersuchungsgebiet sind zahlreiche Ost-West-verlaufende reaktivierte

Störungen vorhanden, die die Jurassischen Kohlenwasserstoffreservoire des Snøhvit und

Albatross Feldes mit den paleozänen Sedimenten verbinden. Die Reaktivierung eines polyg-

onalen Störungsnetzwerkes bildete ein in sich verbundenes Netzwerk paleozäner Störungen

die in der Nähe von tiefen reaktivierten tektonischen Störungen als Migrationswege für

thermogene Fluide dienen. Zahlreiche Pockmarks und Megapockmarks auf dem Meeresbo-

den, sowie Paleopockmarks unterhalb der jüngsten regional ausgeprägten erosiven Diskor-

danz (Upper Regional Unconformity - URU), einhergehend mit Eruptionsschloten, einem

paleozänen Störungsnetzwerk und tiefen reaktivierten tektonischen Störungen, sind Indika-

toren für eine ausgeprägte Kohlenwasserstoffmigrationsaktivität.

Eine in dem seismischen Datensatz zu erkennende Gasanomalie wurde als bodensimulieren-

der Reflektor interpretiert. Die Tiefe dieser Anomalie stimmt mit der prognostizierten

Tiefe des Gashydratstabilisierungsfeldes für thermogene Gashydrate überein, die einen An-

teil von rund 90 mol% Methan enthalten. Basierend auf der Verteilung der Pockmarks,

sowohl auf dem Meeresboden als auch an der URU, kann auf mindestens zwei Episo-

den von Fluidaustritten geschlossen werden; eine im Anschluss an das Letzteiszeitliche
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Maximum (∼ 17-16 ka) und eine vor dem Weichsel Spätglazial (>∼0.7 Ma). Die Ergeb-

nisse des dreidimensionalen Beckenmodells zeigen, dass der Austritt von Kohlenwasser-

stoffen entlang der Störungen aus den jurassischen Reservoiren jeweils während des Ab-

schmelzens der Gletscher stattgefunden hat. Der größte Kohlenwasserstoffverlust (60-80

%) hat dabei während der ersten Phase der Ausdehnung der Störungen stattgefunden. In

Folge des späteren Gletscherrückgangs kam es zu weiteren Austrittsereignissen und einem

fortlaufenden Verlust der verbleibenden Kohlenwasserstoffe des Snøhvit Reservoirs. Das

erste errechnete Austrittsereignis (0.8-0.78 Ma) korreliert mit dem Hauptfluidaustritte und

fällt in den Zeitraum der Entstehung der jüngsten regional ausgeprägten erosiven Diskor-

danz (URU älter als ∼0.7Ma). Diese Beobachtungen stimmen mit Kohlenwasserstoffaus-

trittsindikatoren wie Pockmarks, flachen Gasakkumulationen sowie Eruptionsschloten im

flachen Untergrund überein, welche in den seismischen Daten erkannt wurden.
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Chapter 1

Introduction

1.1 Research Questions & Project Objectives

1.1.1 Hydrocarbon Leakage in the Barents Sea

Over the last 30 years, numerous hydrocarbon leakage indicators have been mapped and

analysed in the Barents Sea (Fig. 1.1). Some of the key case studies on the identification of

hydrocarbon leakage indicators, their locations and their association with Cenozoic uplift

and glaciations are highlighted in table 1.1 and figure 1.2.

The first reported evidence of hydrocarbon leakage indicators has been documented by Sol-

heim and Elverhøi (1985) as a pockmark field on side scan sonar data. Bottom simulating

reflectors (BSR) and evidence of gas hydrates have been reported by Andreassen et al.

(1990) and Løvø et al. (1990) in the Cenozoic strata in the proximity of faults. Large mega

pockmarks (300-700 m wide) have been reported by Elverhøi et al. (1993), suggesting an

episode of blow out, reported as the dissociation of shallow gas hydrates, which were trapped

beneath grounded ice. Several further studies (Laberg and Andreassen, 1996; Laberg et al.,

1998) have investigated the BSR anomaly west of the Loppa High (fig. 1.2), which pointed

to a possible leakage of thermogenic fluids along deep-seated faults, due to Cenozoic erosion

and glaciations in the area. The H̊akon Mosby Mud volcano (Crane and Solheim, 1995;

Hjelstuen et al., 1999) was also thought to have been triggered by mass transport deposits

in response to a history of glacial sedimentation. Andreassen et al. (2007a) showed on a

dataset from the Sørvestsnaget Basin in the SW Barents Sea (fig 1.2) that the fluid migra-

tion in this part of the study is cyclic, with possible thermogenic fluids migrating through

a complex fault and fracture network into high porosity glacigenic debris flow fans. As

a result of the previous studies, many questions highlighted the importance of glaciations

on fluid flow. Past research has been focused on developing a better understanding of the

Pliocene-Pleistocene glacial history of the Barents Sea and its surrounding areas (Solheim

1
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Figure 1.1: Map showing the Arctic Circle, bathymetry and the elevation of surround-
ing land masses (GEBCO, 2008). The red box highlights the location of the study area,

Hammerfest Basin, SW Barents Sea

and Kristoffersen, 1984; Faleide et al., 1993; Elverhøi and Solheim, 1983; Siegert and Mar-

siat, 2001; Svendsen et al., 2004; Andreassen et al., 2007b; Winsborrow et al., 2010; Rüther

et al., 2011). Several recent publications on the Hammerfest and Nordcap, as well as Nor-

wegian North Sea basins, pointed to a relationship between pockmarks, regional faults and

potential cyclic leakage of thermogenic fluid during the glacial cycles (Chand et al., 2008,

2009, 2012; Plaza-Faverola et al., 2011; Nickel et al., 2012).

The results of these studies revealed that inferred and sampled gas hydrates (Andreassen

et al., 1990; Laberg and Andreassen, 1996; Laberg et al., 1998; Chand et al., 2008), pock-

marks and seabed craters, (Solheim and Elverhøi, 1993; Chand et al., 2009) implied that
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hydrocarbon leakage is ubiquitous over the Barents Sea Shelf, controlled by local migra-

tion pathways from deeper structures (Laberg et al., 1998; Knies et al., 2004; Chand et al.,

2012). Severe erosion and uplift of the Barents Sea Shelf has led to a switching off of the hy-

drocarbon kitchen areas and a remigration and redistribution of hydrocarbons (Ohm et al.,

2008; Dore et al., 2002; Corcoran and Dore, 2002). Several Hammerfest Basin numerical

models show that Cenozoic uplift, erosion as well as glacial loading and unloading had a

significant effect on the hydrocarbon reservoir in terms of overpressure (Cavanagh et al.,

2006) and cyclic methane leakage episodes during deglaciations (Rodrigues-Duran et al.,

2013).

1.1.2 Scientific Questions

Prior to the start of this project in January 2010, the nature of the fluid transport systems

in the Hammerfest Basin and above the Snøhvit Field had not been discussed in detail,

with the exception of studies that revealed that the deep faults possibly acted as the main

migration pathways between the Jurassic thermogenic reservoirs and the subsurface, whilst

two gas chimneys were pointing to leakage from the thermogenic reservoirs (Linjordet et al.,

1992; Judd and Hovland, 2007; Bernal, 2009).

So far, several authors proposed migration of deeper thermogenic fluids through faults (see

table 1.1) as well as inferred gas hydrates through identification of BSRs, which indicated

potential for gas hydrate stability at present day and during glacial loading (see table 1.1).

Nonetheless, so far there has been no direct analysis of hydrocarbon leakage from a known

source, i.e. where the thermogenic reservoir and trap are known and what additional

mechanisms are involved in transport of thermogenic fluids to the surface. The studies

of Andreassen et al. (2007a) and Plaza-Faverola et al. (2011) did not address the gas

source, since there are no discoveries or proven gas fields in their areas of study (NPD,

2011). Chand et al. (2012) show bathymetry above the recent Skrugard discovery (Johan

Castberg in fig. 1.3) but no seismic profiles across the leakage sites leaving the subsurface

source and plumbing systems unaddressed.

What makes this study unique is that the complete hydrocarbon plumbing system is anal-

ysed bottom up: hydrocarbon source to sink at the seabed. The relationship between the

thermogenic gas source (the Snøhvit reservoir) and its composition, the fluid migration

pathways in the shallow strata and hydrocarbon leakage indicators, namely BSRs, pock-

marks, pipes and chimneys, are investigated. A detailed interpretation and visualisation

by means of high resolution 3D seismic attribute analysis allows a comprehensive under-

standing of the elements in the whole plumbing system, which has not been performed nor

documented in this area before. Additionally, we have integrated the glacial history into the

plumbing system and investigated the impact of glaciations-deglaciations on hydrocarbon

leakage for a state of the art conceptual geological model.
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Table 1.1: Review of key references on the fluid flow and hydrocarbon leakage indicators
in the Barents Sea. For location of these studies, see figure 1.2.

Publication Fluid flow feature
identified

Potential Origin and Trigger Mechanisms

1 Solheim and Elverhøi
(1985)

Pockmarks field Gas hydrate vs. thermogenic gas

2 Hovland et al. (1988) Pockmark field Iceberg scouring and pockmark formation

3 Andreassen et al. (1990) BSR Fluid flow along reactivated faults

4 Løvø et al. (1990) BSRs, diagenetic
fronts

Distribution of gas hydrates, shallow gas and di-
agenetic fronts

5 Solheim and Elverhøi
(1993)

Sea floor craters
(≥100m wide)

Thermogenic fluids trapped as gas hydrates be-
neath grounded ice

6 Linjordet et al. (1992) Gas Chimney/Shal-
low gas anomalies

Leakage from Snøhvit thermogenic reservoir
through faults during Cenozoic uplift and erosion

7 Lammers et al. (1995) 300-700 m diameter
pockmarks

Active methane seepage through fractures/faults.
Destabilisation and blow out of gas hydrate de-
posits during glacial-interglacials

8 Laberg and Andreassen
(1996)

BSR and free gas Fault controlled leakage of deep thermogenic flu-
ids migrating into gas hydrate stability zone,
reservoir leakage during erosion and deglaciations

9 Long et al. (1998) Hydrate mounds and
300-700 m diameter
pockmarks

Fluid flow through faults post deglaciation. Ac-
tive gas hydrate dissociation

10 Lerche et al. (1997) 2D numerical models of gas hydrate stability dur-
ing glaciations

11 Laberg et al. (1998) BSR and free gas Inferred BSR due leakage of deeper thermogenic
fluids

12 Crane and Solheim
(1995); Hjelstuen et al.
(1999)

Mud Volcano Over pressuring, mass movements during glacial
sedimentation history

13 Bugge et al. (2002) in
Chand et al. (2008)

Sampled gas hydrate Validation of present day gas hydrate stability

14 Cavanagh et al. (2006) Over-pressure devel-
opment

Quantitative 2D numerical basin model: effects
of Cenozoic erosion and exhumation as well as
glaciations on the petroleum systems

15 Andreassen et al.
(2007a)

Shallow gas anoma-
lies, polygonal faults,
chimney and seismic
pipes

focused fluid migration system via fault and
fracture networks into fan shaped high porosity
glaciogenic debris flows/sedimentary blocks: dis-
equilibrium compaction due to rapid sediment
loading and glacial-interglacial cycles

16 Chand et al. (2008) Pockmarks Pockmarks linked to faults, gas hydrate formation
during glaciations

17 Chand et al. (2009) Pockmarks Thermogenic fluid migration through regional
faults to diffusive flow forming pockmarks

18 Nickel et al. (2012) Pockmarks Fossil inactive pockmarks due to glacial retreat
and possible hydrate dissociation

19 Chand et al. (2012) Gas flares, pock-
marks, gas hydrate

Episodes of fluid flow during erosion and glacia-
tions

20 Vadakkepuliyambatta
et al. (2013)

Gas anomalies, BSR
and Chimneys

Possible relation to deep seated faults and glacia-
tions

21 Rodrigues-Duran et al.
(2013)

Leakage from HC
reservoirs during
deglaciations

3D numerical model: Impact of erosion and
glaciation on HC migration and leakage due to
reservoir tilt, gas expansion and over pressure de-
velopment during glacials-interglacials.
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Figure 1.2: Map showing the location of the key studies focusing on the hydrocarbon leak-
age in the Barents Sea area (see Fig. 1.1 for location). Structural elements and petroleum
field locations are based on NPD (2011), bathymetry is from GEBCO (2008). The num-

bering of each study highlighted by red rectangles can be found in table 1.1

1.1.3 Project Objectives

The main goals of this Ph.D work are: 1) identification, classification and mapping of the

character of paleo- and present-day hydrocarbon leakage and sequestration indicators, and

compilation of a high-resolution distribution database of these features in order to anal-

yse the hydrocarbon plumbing systems in detail. 2) To constrain the timing, triggers and

sources of thermogenic fluids in order to study the possible effect of Quaternary glacia-

tions on the processes and dynamics of hydrocarbon leakage. 3) Finally, they are to study

the impact of faults on hydrocarbon leakage by means of a high resolution 3D Petroleum

Systems Modelling, investigating the drainage and the kitchen area of the Snøhvit and Al-

batross gas fields, quantifying volumes of generated, accumulated and leaked hydrocarbons

over geological time. The latter goal also aimed at addressing the processes associated with
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leakage along faults during Pliocene-Pleistocene glacial cycles in the model, which yield

novel results with implications for climate models and petroleum exploration.

1.2 Study Area

A more extensive geological history of the Barents Sea is presented in Chapter 2 and the

following is a brief introduction to the study area. The Barents Sea, located above the 62◦N

(figure 1.1) has a significant impact on society due to the existence of large fossil energy

resources and commercial fisheries. The Barents Sea is an active area for hydrocarbon

exploration and an excellent setting for scientific research due to its complex geological

evolution and data availability, with 90 offshore wells drilled in the southern Barents sea,

a third of these located in the Hammerfest Basin (NPD, 2011).

The exploration history in the SW Barents Sea begun in the 1960s with the first geophysical

aeromagnetic survey shot by the Geological Survey of Norway over the Norwegian conti-

nental shelf (Heier, 1984). Following the exploration successes in the Norwegian North Sea,

hydrocarbon exploration activity has been extended to the Barents Sea with the acquisi-

tion of seismic reflection survey between 1969 to 1975 (Rønnevik et al., 1975; Dore, 1995),

with the main focus on the Hammerfest and Tromsø Basins as the petroleum systems were

thought to be analogous to the Norwegian North Sea hydrocarbon plays (Worsley et al.,

1988; Dore, 1995). The first wildcat wells (7120/12-1 and 7119/12-1) were spudded in the

1980 by Norsk Hydro and Statoil on June the 1st and 14th respectively, having proven shows

(7120/12-1) and oil shows (7119/12-1) (NPD, 2011). In 1981, the first gas discoveries of

Alke and Askeladd (fig. 1.3) were made (Westre, 1984). The following year, the Albatross

gas field (fig. 1.3) was discovered, which was followed by the main Snøhvit gas field discov-

ery in 1984, Snøhvit North in 1985 and Snøhvit Beta in 1986 (NPD, 2011). Snøhvit was a

tribute to the German fairy tale entitled the “Snow White and the seven Dwarfs”, as during

the early phases of exploration, one main and seven smaller traps had been identified in

the Hammerfest Basin (Linjordet et al., 1992).

Surprisingly, most of the reserves were found to be gas with the exception of the Goliat oil

find, currently under development, the recent Skrugard oil and gas discovery (now Johan

Castberg) and a small oil find in well 7120/2-1, figure 1.3 (NPD, 2011). The lack of

significant oil discoveries is thought to be a consequence of several phases of tectonic and

glacially related uplift and erosion, causing tilting of traps and reservoir exhumation (Doré

and Jensen, 1996; Corcoran and Dore, 2002; Cavanagh et al., 2006).

Hydrocarbon leakage has been proposed to have occurred from the Snøhvit field (Linjordet

et al., 1992) due to: 1) the existence of several gas chimneys, 2) seabed pockmarks 5-15 m

in diameter above the Snøhvit field (Hovland et al., 1988) 3) under-filled structures, 4) a
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paleo oil-water contact in the main Snøhvit reservoir and 5) regional prevalence of gas over

oil in discoveries (Ohm et al., 2008).

The SW Barents Sea therefore has been chosen as one of the natural laboratories to ad-

dress the questions of 1) severity and impact of Cenozoic uplift and Pliocene-Pleistocene

glaciations on hydrocarbon migration and leakage, 2) sources of gas for the gas hydrate

deposits and its stability and 3) what is the bottom up hydrocarbon plumbing system be-

tween deep thermogenic reservoirs and the seabed and what are the main elements of fluid

migration and sequestration. The numerous hydrocarbon discoveries in the greater SW

Barents Sea reflect the long history of hydrocarbon exploration. We focus our investigation

on the contemporary and actively developed Snøhvit gas field due to its location in the

prominent petroliferous Hammerfest Basin affected by erosion and glaciations, where the

petroleum system has been documented in the literature, and as an abundance of vintage

and contemporary seismic surveys as well as borehole information exist. The results of this

study are directly applicable to the Carbon Capture and Storage (CCS) project, which has

been launched in the Snøhvit field in 2008, thus, any past and present day leakage has to

be taken as warning flags during CCS operations. Moreover, the area has had a complex

geological history, with prominent Pliocene-Pleistocene glacial cycles (Laberg et al., 2010)

and Cenozoic uplift and erosion (Green and Duddy, 2010), which had a significant impact

on the present day petroleum systems and can serve as analogue for other circumpolar

frontiers where hydrocarbon leakage, cenozoic exhumation and glaciations are a major risk

for petroleum exploration.

1.3 Petroleum Formation and its Prediction

There are numerous in depth publications that outline in detail the full subsurface carbon

cycle from preservation of organic matter to generation and migration of petroleum in

sedimentary basins such as Tissot and Welte (1984); Hunt (1995); Allen and Allen (2005)

and Bjørlykke (2010). The main processes involved can be summarised as follows.

Petroleum is formed by the thermal degradation of sedimentary organic matter, thus ulti-

mately the formation of petroleum depends on the formation, deposition and preservation

of sedimentary organic matter. In continental settings high organic productivity and good

preservation conditions occur in lakes and lagoons, where the main sources are dominated

by algae, whereas in oceans, organic matter is derived from photosynthesising phytoplank-

ton (Tissot and Welte, 1984; Tyson, 1995). The total organic matter production in the

oceans is somewhere between 2 − 5 × 1010 tonnes/y (Allen and Allen, 2005; Bjørlykke,

2010), however only around 0.4 % is preserved once it reaches the bottom of the ocean sed-

iments (Romankevich, 1984). Organic compounds consist of proteins, carbohydrates, lipids

and lignin derived from cellulose, shells, plankton/spores and tree bark/algea respectively
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Figure 1.3: Map showing the location of the study area, structural elements, location of
the main exploration wells fields and discoveries in the SW Barents Sea (modified from

(NPD, 2011)).

(Allen and Allen, 2005). Under anoxic conditions and restricted bottom water circulation,

there is no oxidation, thus organic matter is preserved and a potential source rock can be

formed. During burial and diagenesis, original organic matter undergoes a series of reactions

to form insoluble compound structures termed kerogen (Trager, 1924; Forsman and Hunt,

1958) and can occur in reactive or inert form (Mackenzie and Quigley, 1988). Inert kerogen

eventually turns to graphite, whereas at high temperatures, reactive kerogen transforms to

petroleum, where labile kerogen contributes to oil formation and refractory kerogen mainly

breaks down to gas by secondary cracking (Mackenzie and Quigley, 1988). Kerogen can be

classified into three types based on the oxygen and hydrogen content, which can indicate

environment of deposition and type of petroleum that it can produce (Van Krevelen, 1963;

Tissot et al., 1973; Tissot and Welte, 1984). Type I is derived from lacustrine algal material
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and is predominantly oil prone. Type II is derived from marine environments (phytoplank-

ton and zooplankton) and is oil as well as gas prone. Type III kerogen is derived from

continental plant material and is generally gas prone (Tissot et al., 1973). Generally, oil is

generated between temperatures of 95-175 ◦ C, whereas the gas window is between 105-220

◦ C (Tissot and Welte, 1984; Pepper and Corvi, 1995) The rate of petroleum generation

during burial and thermal alteration can be modelled by temperature dependent parallel

sequential reactions, described by the rate of degradation of kerogen (e.g. Pepper and Corvi

(1995)):

δc

δt
= −kc, (1.1)

where c is the concentration of kerogen at a time t and k is the reaction rate constant,

described by the Arrhenius equation:

k = Ae−
E
RT , (1.2)

where A is the frequency factor (s−1), E is the activation energy (Jmol−1): typically

between 159-310 kJmol−1 centered on 226 kJmol−1 (Burnham and Sweeney, 1989), R

is the universal gas constant (8.31441 Jmol−1K−1), and T is the absolute temperature

(Kelvin). Activation energy plots against yield may be indicative of the type of spreads

of activation energies, which may describe how readily and at what range of temperatures

kerogen within a source rock interval can generate petroleum, based on the widths of the

distribution curves.

Kerogen maturation generally depends on the degree of burial that a respective source rock

interval has undergone and is strongly dependent on the type of kerogen, geothermal gra-

dient, burial history and the amount of uplift (Tissot and Welte, 1984). At shallow depths

(<1 km), diagenesis of relatively young, organic rich sediments by means of bacterial oxi-

dation can produce only methane (Tissot and Welte, 1984), which can also form significant

commercial gas reserves (Shurr and Ridgley, 2002). As the temperature and depth increase

up to ∼3 km, catagenetic reactions result in the breakdown of atomic bonds producing

higher order hydrocarbon chains, mainly dominated by generation of liquid hydrocarbons

as well as gas (Vassoyevich et al., 1970), at maturities around 0.5 - 0.7% vitrinite reflectance

denoted as R0 (Tissot and Welte (1984), shown in Fig. 1.4). Wet gas/condensate zone

(catagenesis) starts between 1.3 - 2% R0, where further cracking of carbon bonds results in

degradation of the remaining kerogen, as well as, previously generated hydrocarbons, thus

resulting in lighter hydrocarbons being generated, progressively dominated by methane. At

values of >2% R0 the dry gas stage (metagenesis) dominates. Higher temperatures yield

production of predominantly methane, and secondary cracking may also produce methane

from residual petroleum in the source rock (Tissot and Welte, 1984).
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Figure 1.4: Diagram showing maturation of kerogen and generation of hydrocarbon prod-
ucts as a function of temperature and depth, based on pyrolysis gas chromatography analysis

of a Type II, 1% TOC source rock (modified from Cornford (1990)).

Once hydrocarbons are generated within the source rock, volume increases and once the

maximum saturation of the source rock is achieved (>20 % volume), primary migration

and expulsion takes place and hydrocarbons migrate outwards and upwards from the source

rock by a process termed secondary migration in a single or two phases (McAuliffe, 1979).

Hydrocarbons migrate as dendritic fingers through porous media (England et al., 1987),

driven by the buoyancy forces and controlled by the capillary entry pressures and perme-

ability of the overburden (Schowalter, 1979; Watts, 1987). Finally, when a flow barrier

such as a structural closure, stratigraphic or a fault trap is encountered, petroleum is able

to accumulate (Bjørlykke, 2010). Any further transport of petroleum out of the trap is

referred to as tertiary migration or leakage and is discussed below.

1.4 Petroleum and Fluid Flow in Sedimentary Basins

Petroleum leakage associated to focused fluid flow (Berndt, 2005; Anka et al., 2012a), both

in the subsurface and on the seabed, is a widespread phenomenon in many sedimentary

basins worldwide (e.g. Judd and Hovland (2007); Cartwright et al. (2007); Løseth et al.

(2009); Huuse et al. (2010)). The process may be expressed on the seabed as pockmarks,

mud volcanoes, carbonate mounds and pingoes, whilst in the subsurface it is manifested
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as seismic blow out pipes, gas chimneys, sediment intrusions, mud volcanoes, diagenetic

fronts, amplitude anomalies and gas hydrate systems (Løseth et al., 2009; Cartwright et al.,

2007; Huuse et al., 2010; Judd and Hovland, 2007). Hydrocarbon leakage indicators act as

markers for processes in sedimentary basins on geological and human timescales (usually

years, e.g. Judd and Hovland (2007), Field and Jennings (1987)), whilst their distribu-

tion, abundance and formation processes help to further our understanding in their impact

on formation and destabilization of gas hydrate systems (Kvenvolden, 1993; Maslin et al.,

2010) as well as slope instability, mass transport complexes and related tsunamis (Davies

and Clark, 2006; Mienert and Posewang, 1999; Berndt et al., 2009; Bünz et al., 2003).

Additionally, hydrocarbons have a direct impact on the deep sea marine environments and

the benthic fauna, as seabed petroleum seep sites attract a diverse range of chemosynthetic

communities (Hovland et al., 2010; Webb et al., 2009b). Furthermore, seep sites provide

an input of potent greenhouse gases into the hydro- and atmosphere, which may influence

the atmospheric carbon budget and feed back on past and future climate (Judd, 2004;

Etiope and Klusman, 2002; Etiope, 2012; Berbesi et al., 2014). Hydrocarbon leakage and

shallow gas pockets can additionally be geohazards for offshore infrastructure and installa-

tions (pipelines, cables, wind farms and drilling platforms), as drilling through unexpected

shallow gas pockets may result in blowouts. Detection of fluid flow indicators represents

a potential petroleum exploration tool indicating evidence of migration and remigration of

petroleum, active kitchen area and presence of a petroleum system or seal failure (Link,

1952; Heggland and Heggland R, 1998). Accumulations of shallow gas and gas hydrates

also form potential energy sources, which could be exploited commercially (Sloan, 1999;

Makogon, 2010). Understanding of the present-day and paleo gas seepage is essential when

reconstructing the basin evolution in terms of its thermal, pore pressure and burial histories

(Bjørlykke, 2010).

The petroleum systems in sedimentary basins generally involve maturation of kerogen dur-

ing burial of organic rich source rocks (Tissot et al., 1987), generating petroleum, which

migrates and accumulates in the reservoirs (Schowalter, 1979; Watts, 1987; England et al.,

1987).

One collective terminology for the expression and the framework for thermogenic focused

fluid flow in the subsurface is the Hydrocarbon Plumbing Systems (HPSs) aimed at identi-

fication and characterisation of the subsurface thermogenic fluid migration pathways (root

and origin of leakage), their expression, interaction with the subsurface and potential driv-

ing mechanisms (eg. Judd and Hovland (2007); Cartwright (2007); Andresen et al. (2011)).
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Figure 1.5: Schematic representation of the petroleum systems, generation, migration,
accumulation and leakage, depicting the concept of the hydrocarbon plumbing systems

(adapted from Anka et al. (2012a)).

1.5 Review of Focused Fluid Flow And Hydrocarbon Leak-

age Indicators

There are a number of papers reviewing the manifestations of fluid flow phenomenon and

their signatures (eg. Hovland et al. (1988); Judd and Hovland (2007); Cartwright (2007);

Løseth et al. (2009); Huuse et al. (2010); Andresen (2012)), which together form the hy-

drocarbon plumbing systems in individual sedimentary basin. Andresen (2012) classifies

and categorises the hydrocarbon plumbing systems into groups, namely, laterally extensive

systems (polygonal faults and gas hydrate and Bottom Simulating Reflectors (BSRs)) as

well as focused fluid flow systems (eg. pockmarks, gas chimneys, mud volcanoes, blow out

pipes, carbonate mounds and sand remobilisation structures). Fluid saturated sediments

(gas or oil) in the subsurface produce anomalies based on their intrinsic properties (ve-

locity and density) which differ from the surrounding rock (saline water or brine in the

pore spaces fill). This would be manifested by acoustic impedance contrasts between the

hydrocarbon saturated rocks and water/brine saturated zone of the host lithology, pro-

ducing Direct Hydrocarbon Indicators (DHIs) (Brown, 2004; Veeken, 2007). Flatspots are

sub-horizontal seismic reflection events representing fluid contacts (gas/oil, gas/watercon-

tacts) depending on acoustic impedance contrast, generally appearing flat relative to the

host reservoir layers. As sound travels slower through gas saturated layers, reflectors un-

derneath the gas reservoir appear sagged, accompanied by frequency shadows below the

gas zone, caused by local increase in the height of gas column, with seismic amplitude loss

due to attenuation, frequency absorption and scattering of P-waves in low velocity gas zone
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(Gregory, 1976). Dim spots are low amplitude reflection caused by low acoustic impedance

contrasts in cases where impedance of the overlying lithology is slightly higher than that

of the underlying lithology. Brightspots or enhanced reflections on the other hand are high

positive or negative amplitude events, where the acoustic impedance contrast between two

media is high, typical for shale to gas sand, although this may also depend on porosity and

lithology type (Brown, 2004; Veeken, 2007; Bacon et al., 2003). Polarity reversals result

due to phase rotation of 180◦ along the same reflector and may indicate changes in porefill.

Amplitude fit to structure, where the amplitude anomaly along a reflector conforms to the

structural contours or bounded by faults is another indicator of potential change in fluid

porefill within a trap (Luchford, 2001). Examples of DHIs are presented in figure 1.6a, b,

e.

1.5.1 Laterally Extensive Fluid Flow Systems

Polygonal Faults

In the last two decades, a special class of normal non-tectonic, non-gravitational faults,

termed polygonal faults due to their distinct honeycomb, intersecting structure pattern

(Fig. 1.6), affecting the slope and basin floor sedimentation has been described (Lonergan

et al., 1998; Dewhurst et al., 1999; Cartwright et al., 2003). Polygonal faults (PFs) were

first reported based on 3D and 2D seismic data from the North Sea (Henriet et al., 1989;

Cartwright, 1994) and have been found since in a number of sedimentary basins around the

world (Watterson et al., 2000; Sun et al., 2009; Cartwright, 2011). Hydrocarbon exploration

of shallow plays may depend on the presence of PF systems, as they form in sequences

mainly having good sealing potential (Dewhurst et al., 1999), however they may act as

fluid flow conduits during active slip and thus represent zones of potential overpressure.

However their interaction with regional faults (Hansen et al., 2004; Ostanin et al., 2012)

and the reactivated counterparts being related to fluid flow (Hustoft et al., 2007; Ostanin

et al., 2012), still suggests their role in fluid flow needs to be further understood as they

play a significant role in the focused fluid systems of sedimentary basins (Lonergan and

Cartwright, 1999; Stuevold et al., 2003; Berndt, 2005; Cartwright et al., 2007).

PFs develop in passive margin basins, in sequences that are controlled by lateral and vertical

lithological variations within very fine grained, clay sequences containing smectite, as well

as in carbonate chalks (Cartwright and Dewhurst, 1998; Dewhurst et al., 1999; Cartwright

et al., 2003, 2004). PF formation mechanisms have been intensely debated, with multiple

mechanisms having been proposed, such as: (1) syneresis (expulsion of liquid from gel-

like substances) and volumetric contraction (Cartwright and Lonergan, 1996; Dewhurst

et al., 1999), (2) thermal and chemical contraction due to diagenesis, opal A to opal CT

reaction (Davies et al., 2009; Davies and Ireland, 2011; Cartwright, 2011), (3) density

inversion (Henriet et al., 1989) and (4) low coefficients of residual friction (Goulty, 2008) .
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Moreover, polygonal faulting has been directly linked to dewatering and fluid transport into

the overlying units forming pockmarks on the seafloor (Cartwright et al., 2004; Gay et al.,

2006; Hustoft et al., 2007). PFs have also played an important role in focusing fluid flow

into hydrate stability zones and providing pathways for sediment mobilisation structures,

such as sand injections (Berndt et al., 2003; Bünz et al., 2005; Gay et al., 2006; Hustoft

et al., 2007; Shoulders et al., 2007).

Bottom Simulating Reflectors And Gas Hydrates

Gas hydrates or gas clathrates are solid, ice like, crystalline substances, which consist of

low molecular weight gases, typically methane and water, forming a structure where the

gas molecule is enclosed in a lattice of water molecules without chemical bonds between

the guest gas molecule and the host water (ice) molecule (Kvenvolden, 1993). Gas hydrates

are found in many locations worldwide (Fig. 1.7), both marine and onshore environments

with adequate conditions: under high pressure, low temperature and sufficient supply of

water and gas (Fig. 3.20). Gas hydrate estimates vary significantly from 10,000 Gt of

carbon stored (Kvenvolden, 1988) to 500-2000 Gt of carbon locked in gas hydrates (Milkov,

2004). The carbon stored in gas hydrates is almost double that of the carbon stored in

fossil fuels, including coal, oil and gas (Kvenvolden, 1988). Moreover, the cage structure

ensures an effective packing of gas molecules, however it is unstable at room temperature,

breaking down to water and gas, which upon being released expands to 150-180 -fold the

volume (Kvenvolden, 1993; Collett et al., 2009), making it a substantial fossil fuel source

(Kvenvolden, 1993; Maslin et al., 2010) as well as a source of high impacting greenhouse

gases, once reaching the atmosphere (Kennett et al., 2000; Kvenvolden and Rogers, 2005).

Onshore and offshore gas hydrates act as an impermeable seal, trapping migrating gas

underneath the hydrate layer, whilst in some locations the trapped free gas is already

produced (Makogon, 2010) or evaluated for production (Boswell, 2010).

Gas hydrates occur in three structure forms, depending of the type of gas molecule present

in the ice lattice, methane from a thermogenic dry gas source or of biogenic origin (Kven-

volden, 1995) forms structure I, sI (Sloan and Koh, 2008). Structure type sII generally

consists of methane in combination with ethane, and higher order hydrocarbon gases, such

as isobutane, butane and propane (Sloan and Koh, 2008). Larger hydrocarbon molecules

from C5 to C9 form structure H, sH type clathrates (Ripmeester and Ratcliffe, 1988; Sloan

and Koh, 2008). Generally the type of structure will depend on the setting, the basin and

the type of gases and water salinity present within the basin. In compressional settings,

gas hydrates originate from biogenically derived methane in combination with shallow pore

water expulsion and circulation, thus producing structure sI hydrates (eg. Minshull et al.

(1994)). Thermogenic gases often contain higher order hydrocarbon gases due to kerogen

maturation, expulsion and cracking under a thermal regime and will yield structure sII gas

hydrates. Additional gases such as nitrogen, carbon dioxide, hydrogen sulfide also affect
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Figure 1.7: Map showing the global distribution of the gas hydrate, inferred and sampled
(modified from Collett et al. (2009) and Kvenvolden (1993)). Green polygon denotes the

location of the study area.

the stability and structure of gas hydrates where they form at higher temperatures for

a given pressure. The salinity of porewater inhibits hydrate formation (Sloan and Koh,

2008), which shows variation within different basin and generally increases as a function

of depth (Batzle and Wang, 1992), in particular when salt is present in the basin. Seabed

depth and temperature as well as geothermal gradient also affect the gas hydrate stability

phase curves (Fig. 3.20) thus as many as possible known input parameters should be used

to construct a reliable prediction of gas hydrate stability zone. The host lithology for gas

hydrate formation typically involves sandstones, and coarse grain sediments, e.g. contourite

deposits (Sloan and Koh, 2008; Berndt et al., 2004).

On seismic reflection data, the base of the gas hydrate stability can often be identified by

a high amplitude reflection of the opposite polarity to the seabed reflection, crosscutting

dipping stratigraphy, representing a phase boundary and not a geological boundary (Kven-

volden, 1993; Holbrook et al., 1996; Bünz and Mienert, 2004). This reflector termed the

Bottom Simulating Reflector (BSR) mimics the seabed bathymetry (Kvenvolden, 1993),

whilst not having characteristics of a multiple reflection (Fig. 1.6 f). Seismic P-wave ve-

locities show an increasing trend with increasing gas hydrate saturation down to the BSR

(Chand and Minshull, 2003) and low velocities are present below the BSR where high gas

concentration exists, marked by enhanced reflections on seismic data (Andreassen et al.,
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1990; Singh et al., 1993; Bünz and Mienert, 2004). Double BSRs also exist, which indicate

re-equilibration of hydrate stability boundary in response to changes in environment (tem-

perature or pressure) (Posewang and Mienert, 1999; Bünz et al., 2005; Geletti and Busetti,

2011). Additionally, gas hydrate occurrence is possible without expression of a BSR (Hol-

brook et al., 1996). Diagenesis related processes can also produce BSRs which are the same

polarity as the seabed reflection, caused by the Opal A to Opal CT transformation, and can

therefore be mistaken for gas hydrate related BSRs (Løvø et al., 1990; Berndt et al., 2004).

Furthermore, the effects of temporal variation of climate play a major role in gas hydrate

dissociation, which can lead to slope failure, submarine mass movement an release of vast

amounts of methane into the hydrosphere and potentially even into the atmosphere (Kven-

volden, 1993; Kvenvolden and Rogers, 2005; Mienert and Posewang, 1999; Westbrook et al.,

2009), having a feedback on climate change (Leynaud et al., 2009; Milkov, 2004; Nisbet,

2002; Etiope, 2012).

Diagenetic Reaction Fronts

Diagenetic reaction boundaries form during burial and diagenesis of siliceous sediments,

which can form kilometre-scale boundaries causing irregular topographies of highs and

circular lows, accompanied by dewatering, elevated pore pressures and fracturing (Davies

and Cartwright, 2007). There are two diagenetic boundaries of amorphous silica, one for

Opal-A to Opal-CT (at temperatures 25 to 55 ◦C), and a second boundary of transformation

from opal-CT to quartz (at temperatures between 37 to 77 ◦C) (Pisciotto, 1981). Diagenetic

reaction boundaries have been documented in the North Sea and the Barents Sea (Løvø
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et al., 1990; Berndt et al., 2004; Davies et al., 2008, 2009; Ireland et al., 2010), which can

be mistaken for BSRs (Berndt et al., 2004), however, they can be distinguished by their

geometry and the temperatures at which they form.

1.5.2 Focused Fluid Flow Systems

On continental margins, dynamic processes within offshore sedimentary basins produce a

fluid flux towards the surface, resulting from generation of hydrocarbons, magmatic intru-

sions, fluid expulsion from sediment compaction and gas hydrate system formation. Fluids

expelled from focused fluid flow systems on such continental margins (Berndt, 2005) impact

the shallow ecosystems, may indicate variation in past climate and can be used to locate

prospective petroleum bearing provinces (Berndt, 2005; Judd and Hovland, 2007). Some of

the examples of localised focused fluid flow systems such as pockmarks, carbonate mounds,

blow out pipes, fault networks, gas chimneys, mud volcanoes and sandstone remobilisation

are discussed below.

Pockmarks

Cone shaped circular depressions termed pockmarks were first reported offshore Nova Sco-

tia by King et al. (1970), and they were stated to be controlled by seabed stratigraphy

and attributed to be a result of gas/water escape through unconsolidated sediments. Pock-

marks occur in numerous sedimentary basins worldwide (Hovland et al., 1988; Judd and

Hovland, 2007) as unit/isolated pockmarks, groups and chains (Judd and Hovland, 2007;

Hovland et al., 2010), ranging in diameter from metres, to hundreds of metres (Fig. 1.6)

and even kilometres, with depths ranging from metres, to tens of metres up to 100 m

(Pilcher and Argent, 2007; Ostanin et al., 2013; Sun et al., 2011). Pockmarks can also

be modified by current activity forming elongate depressions indicating current direction

(Webb et al., 2009a; Andresen et al., 2008). Pockmarks may form as a result of gas escape,

with their location controlled by location of faults and gas chimneys (Sun et al., 2011;

Lavoie et al., 2010; Ostanin et al., 2013; Andresen, 2012) as well as controlled by seabed

lithology/stratigraphy (Vogt et al., 1999; Forwick et al., 2009).

Paleo or buried pockmarks also can be found in a number of sedimentary basins, indicating

past events of fluid escape (Cole et al., 2000; Hartwig et al., 2012; Ostanin et al., 2013) and

thus can be used together with stratigraphic and well information to constrain the timing

of fluid venting. Pockmarks have important implications for marine environmental studies

as well as ecological studies (Etiope and Ciccioli, 2009; Etiope, 2012; Webb et al., 2009a;

Paull et al., 2002), since pockmarks and seeps are areas of increased biological activity on

the seabed (Foucher et al., 2009).
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Several mechanisms may cause formation of pockmarks: fresh water expulsion (Whiticar

and Werner, 1981), fresh water ice rafting (Paull et al., 1999), iceberg grounding (Hovland

et al., 2002), and gas expulsion (Hovland, 1992; Kelley et al., 1994), however, gas and

fluid expulsion is generally a commonly accepted mechanism. The triggering mechanisms

for pockmark formation can include earthquakes and tsunamis (Field and Jennings, 1987;

Hovland et al., 2002), glacial cycles (Plaza-Faverola et al., 2011; Ostanin et al., 2013; Chand

et al., 2012), gas hydrate dissociation (Judd and Hovland, 2007; Sultan et al., 2010; Davy

et al., 2010; Bangs et al., 2010) as well as human influence during hydrocarbon production

and seabed installations (Holbrook et al., 2002).

The most accepted model for pockmark formation involves ascension of gas to the shallow

depths, where a gas pocket builds up until fracture pressure is overcome, at which point,

hydrofractures develop, sediment is fluidised and overpressure is relieved by discharge of

fluids (Cathles et al., 2010), gases and sediment through the shallow strata with sediment

ejected in suspension into the water column, thus forming a local depression (Judd and

Hovland, 2007).

Pockmarks are able to be kept free from filling sediment by means of converging and up-

welling ocean bottom currents (Hammer et al., 2009), resulting in preservation of original

geomorphology. However, pockmarks will be filled once the sediment supply rate exceeds

the threshold value. Active pockmarks show evidence of methane and higher order thermo-

genic fluids, imaged on echosounder profiles as vertical to subvertical rising bubble plumes

of high backscatter (Westbrook et al., 2009; Greinert et al., 2010; Lavoie et al., 2010), whilst

composition of such fluids can provide an insight into origin of these fluids (Knies et al.,

2004).

Pockmarks have been also reported above gas hydrate reservoirs indicating vertical migra-

tion of methane through the gas hydrate stability zone (Vogt et al., 1994; Chand et al.,

2009; Hustoft et al., 2009). Seeps emanating above pockmarks are important indicators of

focused fluid flow as they can help to determine: 1) whether pockmarks are active, 2) the

composition of gas may indicate thermogenic or biogenic origin, and 3) potential existence

of hydrocarbon plumbing systems, active petroleum system and risk of seal failure. Addi-

tionally, pockmarks are considered as a seabed geohazard for offshore infrastructure and

are used in calculations of global methane contribution to the atmosphere (Judd, 2004).

Flow Along Faults

Fluid flow along faults is primarily controlled by the intrinsic fault properties such as perme-

ability, fault zone structure, clay content, cementation and capillary entry pressure (Caine

et al., 1996; Yielding et al., 2010). Fault properties can be constrained by measurements

using fault rock core and fault zone outcrop studies (Yielding et al., 1997) as well as through
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Shale Gouge Ratio and clay content (Yielding et al., 2010) as well as transmissibility multi-

plier calculations (Manzocchi et al., 2010). Although a fault plane may be resolved as a thin

lineament on seismic data, hydrocarbon leakage may be enhanced by saturating juxtaposed

permeable rock units next to the fault plane by hydrocarbon fluids, resulting in enhanced

reflections along the fault plane (Løseth et al., 2009). Faults conduct fluids along zones of

weaknesses, having diapiric geometries (Ligtenberg, 2005) or focusing fluids preferentially

along fault intersections (Gartrell et al., 2003; Bernal, 2009). Leakage along fault planes

takes place in episodic pulses (Haney et al., 2005), governed by the hydrocarbon plumb-

ing and overpressure regime of the reservoirs (Schowalter, 1979; Watts, 1987; Sylta, 2005;

Vassenden et al., 2003).

Gas Chimneys & Seismic Pipes

Gas chimneys represent broad zones of deteriorated acoustic signals (Fig. 1.6) which usu-

ally occur above overpressured hydrocarbon reservoirs, whose cap rocks sealing properties

have been reduced by tectonic and hydraulic fracturing (Løseth et al., 2009). Vertical gas

chimneys are associated with inhomogeneous gas saturation in the overburden lithologies

by means of interconnected hydraulic fracture networks (Arntsen et al., 2007), resulting

in reduction in acoustic signal due to scattering and absorption, incoherent reflections,

dimmed/enhanced reflection at edges and about 25 % loss in P-wave velocity, resulting in

velocity push downs beneath the gas chimneys (Arntsen et al., 2007; Løseth et al., 2009).

Gas chimneys occur in various shapes such as obelisk, funnel, pipe and cigar (see Løseth

et al. (2009) for examples) and are rooted above the seal of the hydrocarbon reservoir or

above faults which differentiate them from shallow gas cloud anomalies (Løseth et al., 2009;

Rønholt et al., 2008).

Seismic blow out pipes differ from gas chimneys as they are represented by stacked enhanced

amplitudes within narrow vertical zones defined on seismic sections (Cartwright, 2007;

Huuse et al., 2010; Andresen, 2012). Several classifications of pipes exist in the literature

being: dissolution, hydrothermal, blowout and seepage pipes (Cartwright et al., 2007).

Blow out pipes usually terminate in pockmarks on the seabed (Løseth et al., 2001) and

can extend to over 1 km below the seafloor (Cartwright et al., 2007; Løseth et al., 2011)

and represent cyclic venting by evidence of stacked paleo pockmarks (Plaza-Faverola et al.,

2011). Whereas dissolution and hydrothermal pipes are related to underlying karst lithology

and igneous intrusions respectively, blow out pipes are associated with break through leak

off points for pore fluids and hydrocarbon reservoirs at crests of structures and faults

(Løseth et al., 2009; Cartwright et al., 2007; Huuse et al., 2010). Their nature is thought to

be due to dramatic leakage during overpressure buildup beyond the fracture gradient of the

sealing lithology (Clayton and Hay, 1994; Cathles et al., 2010; Huuse et al., 2010). Pipes

are generally seen as narrow discontinuities, sometimes mistaken for migration artifacts,

having circular to eliptical geometry in plan view (Andresen, 2012; Cartwright et al., 2007;
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Plaza-Faverola et al., 2011, 2010a; Løseth et al., 2011). Inside the pipe velocity pull up

and pull down effects can be observed on time migrated seismic sections due to high degree

of fracturing, presence of carbonate and gas hydrate cements (Løseth et al., 2011; Plaza-

Faverola et al., 2010a; Løseth et al., 2009; Hustoft et al., 2007; Judd and Hovland, 2007).

Mud Volcanism

Mud volcanoes (MVs) expel fluids, gases and sediment arising from deep sedimentary strata

at the surface, in a periodic manner (Kopf, 2002; Wagner-Friedrichs et al., 2008; Depreiter

et al., 2005; Huuse et al., 2010; Løseth et al., 2009). On the surface, MVs are defined

typically as cones (Fig. 1.6) of 3-4 km width and up to 400 m high (Løseth et al., 2009),

although MVs can occur as mud domes, gryphons, mud flows and mud pies (Kopf, 2002)

MVs are thought to have a strong impact on climate (Etiope, 2012). Although methane

emissions from seabed mud volcanoes are buffered by the processes in the ocean, their

onshore counterparts have a direct degassing pathway into the atmosphere (Sokol et al.,

2010). At the site of submarine MVs, gas hydrates are present in the surface sediments,

gas flares, evidence of gas in shallow sediments, authigenic carbonate crusts and bacterial

mats are also common features (Bohrmann et al., 2003; Foucher et al., 2009).

MVs are often rooted at great depths where overpressure due to hydrocarbon generation

exists (Huuse et al., 2010). For compressional settings, Kopf (2002) presents a review of

additional trigger mechanisms and fluid sources, which include pore fluid expulsion due to

compaction, biogenic methane production, lateral and vertical fluid flow through strata and

faults, fluids from internal deformation during mud remobilisation, mineral dehydration

and gas hydrate systems. Mud volcanoes also represent localised areas of elevated heat

flow, exceeding 1000 mW m−2 for the H̊akon Mosby mud volcano (Eldholm et al., 1999;

Perez-Garcia et al., 2009), which is the nearest MV to the study area.

Sandstone Remobilisation

Sandstone intrusions occur in numerous sedimentary basins, in the North Sea, onshore Scot-

land (Hurst et al., 2003) and onshore California (Huuse et al., 2010). Up to now, sandstone

injectites have not been encountered in the SW Barents Sea. Outcrop studies show that

sand injectite complexes have spatial extents from metres to kilometres, where sandstone is

fluidized and injected laterally and vertically next to the initial body of sand (Smyers and

Peterson, 1971; Parize and Fries, 2003; Hurst et al., 2003; Huuse et al., 2007; Cartwright,

2010). During remobilisation, sand injectites form dyke and sill shaped geometries (Hurst

et al., 2003), which occur as winglike intrusion (sills), conical intrusions (detached above

apex of parent sand body) and crestal intrusion complexes above parent sand bodies (Huuse

et al., 2007). On seismic datasets sandstone injectites are recognised as enhanced reflection
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winged or conical shape geometries crosscutting reflections (Andresen, 2012) and can be

encountered above faults (Hurst et al., 2003; Huuse et al., 2010) as well as within and above

polygonally faulted sequences, exploiting, densely interconnected fault networks (Lonergan

et al., 2001; Shoulders et al., 2007). Possible trigger mechanisms involve disequilibrium

compaction, tectonic faulting or earthquakes, lateral pressure transfer and hydrocarbon

buoyancy-related overpressure (Huuse et al., 2007; Cartwright, 2010). Sandstone injectites

are considered prominent hydrocarbon reservoirs (e.g. see Huuse et al. (2010) for a list of

sandstone intrusions as proven reservoir case studies), affect reservoir connectivity, serve as

fluid migration pathways and can be a drilling geohazard (Huuse et al., 2007; Cartwright,

2010).

Pingoes

Pingoes are typically found onshore, in northern latitudes and represent conical ice cored

hills and mounds, 10-40 m high and 100 m wide. They are thought to occur due to

expansion as a result of ground ice formation (Mackay, 1998). Submarine pingoes have

also been reported, larger than the terrestrial pingoes, having diameters of 1-2 km, distinct

moats, relating to submarine gas hydrate systems (Paull et al., 2007; Hovland and Svensen,

2006; Serié et al., 2012). In the past, collapsed submarine pingos were thought to be one

of the pockmark formation mechanisms, as the cone collapse due to the melting of the ice

inner core and subsequent erosion of the incohesive sediment can create a depression on

the seabed (Judd and Hovland, 2007). Pingoes are included in fluid flow systems as they

represent sites of methane seepage due to decomposition of gas hydrates (Paull et al., 2007;

Serié et al., 2012).

Carbonate Mounds

Methane Derived Authigenic Carbonates (MDACs) are localised hardgrounds (which can

be colonised by corals and sponges) on the seabed or paleo seabed resulting from anaero-

bic oxidation of methane and sulphur reduction by bacteria (Jorgensen, 1982; Jørgensen,

1992), occurring as slabs, crusts and lumps at seepage sites or inside pockmarks (Judd

and Hovland, 2007; Forsberg et al., 2007; Foucher et al., 2009), typically with evidence of

bacterial mats present at active seepage sites (Bohrmann et al., 2003). Evidence of MDACs

at seepage sites indicate active or past sites of gas seepage and can be found in numerous

locations worldwide (Hovland et al., 1988; Judd and Hovland, 2007; Lavoie et al., 2010;

Crutchley et al., 2010), having both microbial methane and thermogenic hydrocarbons as

sources for their formation. Additionally MDACs can be influenced by presence of H2S

(Lorenson et al., 2002; Judd and Hovland, 2007).
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Hydrocarbon Cementation Zones

O’Brien and Woods (1995) reported the Hydrocarbon-Related Diagenetic Zones (HRDZ)

- carbonate cementation zones related to the migration and seepage of petroleum through

shallow paleo sandstone aquifers and biodegradation forming localised sites of carbonate

cement (O’Brien et al., 2005). During biodegradation, CO2 is liberated as the hydrocarbons

are oxidized, and is incorporated into precipitating carbonate cement (O’Brien and Woods,

1995; Logan et al., 2010; Løseth et al., 2009). The HRDZs stand out as zones of high relative

change in acoustic impedance and are associated with enhanced reflections due increased

seismic velocities (O’Brien and Woods, 1995). The HRDZs can occur at the terminations

of vertical gas chimneys (O’Brien et al., 2005) and have distinct pull-up structures beneath

due to higher velocities relative to the host rocks. Chaotic enhanced reflections and acoustic

wipe out zones on seismic are also associated with seismic signals below the HRDZs (Van

Rensbergen et al., 2003; O’Brien et al., 2005). Therefore, the HRDZs can be used as

indicators of past or present sites of petroleum migration during regional exploration (see

Cowley and O’Brien (2000); O’Brien et al. (2005) and refs. therein.). The HRDZs are often

related to leakage along faults or at fault intersections, resulting in linear or localised point

seismic anomalies in map view (Gartrell et al., 2004; Ligtenberg, 2005).

1.6 Review Of 2D and 3D Seismic Reflection Data

1.6.1 Seismic Data Overview

Two dimensional seismic datasets are usually acquired during regional exploration, along

and across basin strike and are usually tens of km long, aimed to obtain gross trends in

structural and stratigraphic geometries (Brown, 2004; Bacon et al., 2003). Based on inter-

pretation of such profiles of variable density and coverage, general map trends of structural

and stratigraphic elements can be produced with an estimation of petroleum traps and

occurrences. Due to large spacing and 2D migration, seismic event positioning, vertical res-

olution and structural aliasing are some of the uncertainties that come with the 2D datasets

(Brown, 2004).

The 3D seismic technology, referred to as the geological “Hubble” by Cartwright and Huuse

(2005), has had significant impact upon many new developments in the field of Earth Sci-

ences over the last 30 years, in particular to the fields of structural and sedimentary geology,

fluid-rock interactions as well as igneous geology (Cartwright, 2007). The term “Hubble”

is used in this context due to a dramatic increase in quality of the subsurface imaging

due to higher spatial resolution. In comparison to the 2D regional seismic profiles with

spacing of 1 km, 3D seismic surveys offer a detailed view and ability to map and visualise

three dimensional geological structures over areas as large as 100000 km2 (eg. North Sea
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super 3D surveys, (Fichler C. et al., 2005)). When combined with borehole constraints and

geochemical surface data, 3D surveys can address regional scale basin dynamics, revealing

a detailed three-dimensional character of features in question. In numerous sedimentary

basins worldwide discoveries of previously unsuspected phenomena have been made due to

the availability of 3D seismic surveys. Some of these being polygonal faults (Cartwright,

1994), sediment mobilisation structures (Andresen, 2012), large fluid flow pipes (Huuse

et al., 2010) as well as diagenesic reaction boundaries (Davies and Clark, 2006). The de-

velopment of the P-Cable (Planke and Berndt, 2004) technology has also added valuable

insights into our understanding of the focused fluid flow features such as pipes and pock-

marks and in particular regarding the fluid flow through the gas hydrate stability zone

(eg. Petersen et al. (2010) and Plaza-Faverola et al. (2010a)). The 3D Chirp technology

is another tool used in geo-archaeological and geo-technical work, where the resolution is

on the decimetre scale, allowing even relatively small objects to be identified (Vardy et al.,

2011). Additionally, repeat 3D surveys over the same area, termed time-lapse 4D seismic

surveys are increasingly being used to monitor progress and effectiveness of production of

hydrocarbons, as well as during the migration and sequestration of injected CO2 during

Carbon Capture and Storage (CCS) projects (eg. Haney et al. (2005)). Whereas conven-

tional 2D seismic profiles are limited to vertical cross-sections, one of the advantages of the

3D technology is the possibility to display the data in vertical inlines, crosslines as well

as in map form, horizontal, non strata-parallel time slices, as well as dipping time slices,

which can be adjusted to follow stratigraphic horizons. This of course has the advantage

of analysis of the dataset without the need to pick individual seismic reflectors and strati-

graphic marker horizons. The main advantage of the 3D seismic datasets is a detailed 3D

volumetric image of the features of interest, with the only drawback that the seismic area

coverage is usually constrained over the main hydrocarbon reservoirs. In this section, we

discuss the key concepts in seismic interpretation, such as phase of the data, resolution

limitations and provide an overview on the techniques used in the interpretation of 3D

seismic data. These techniques can be applied to both 2D or 3D seismic data in other case

studies and datasets from other geographic locations.

1.6.2 Seismic Reflection Theory

The theoretical background for seismic amplitude interpretation has been established at

the beginning of the last century by the works of Knott (1899) and Zoeppritz (1919). The

Knott and Zoeppritz equations define the energy partitioning and wave conversion at an

interface for normal and non-normal incidence waves and more information can be found in

Sheriff and Geldart (1982). Consider an interface between two rock layers having different

physical properties, with contrasting propagational velocities and densities (Fig. 1.9).
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Figure 1.9: Reflection, transmission and energy partitioning at an interface between two
elastic media for an incident P-wave. Additionally, S-wave will be generated at the interface

resulting in reflected and transmitted S-waves (modified from (Sheriff, 2002))

When a wave incident on an interface crosses the boundary between two media having

different velocity and density contrasts, the wave will change its path following the Snell’s

law:

p =
sin θ1
VP1

=
sin θ2
VP2

=
sinφ1
VS1

=
sinφ2
VS2

, (1.3)

thus, assuming horizontal velocity layering, p is the ray path parameter, VP is the compres-

sional P-wave velocity, VS is the shear S-wave velocity and ρ is the density of the medium.

Amplitude variation with offset (AVO) and amplitude variation with angle of incidence

(AVA) are analyses aiming to extract rock property information from seismic data and

involve the Zoeppritz’s equations, which are generally approximated to two terms (Shuey,

1985) for angles less than 30◦ given by:

R(θ) ' R0 +G sin2 θ, (1.4)

Where R0 is the reflection at normal incidence, θ is the incidence angle in degrees and G is

the AVO gradient and refers to the reflectivity at intermediate offsets and moderate angles

of incidence and is given by:

G =
1

2

∆VP
VP
− 2

V 2
S

V 2
P

(
∆ρ

ρ
+ 2

∆VS
VS

)
, (1.5)

where ∆ρ, ∆VP and ∆VS are the differences in densities, P-wave and S-wave velocities across

an interface respectively. Poisson’s ratio relating P-wave to S-wave is also an important
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parameter as the Poison’s ratio is lower for a gas sand and the reflectivity is increased at

far offsets at the top and bottom of a gas saturated sand (Ostrander, 1984). The term R0

in equation 1.4 thus represents zero offset normal incidence reflectivity, which is controlled

by energy partitioning at an interface, between layers where the relative proportions of

transmitted and reflected energies are determined by the contrast in acoustic impedance (Z)

of each rock unit, given by: Z = ρV , where ρ is density and V is the P-wave velocity. High

contrasts in acoustic impedance across the rock interface will result in a stronger reflected

signal, giving rise to a prominent reflector on seismic sections. The water-seabed interface

is a good example of such prominent change in acoustic impedance. When the vertically

juxtaposed rock units are of similar acoustic impedance, more energy is transmitted thus

the contrast would be smaller.

The reflection at the interface between two media and its impact on wave propagation is

numerically measured by the reflection coefficient , which for a normally incident ray is

calculated as follows:

R =
A1

A0
, (1.6)

where A1 and A0 refer to the amplitudes of the reflected and incident rays respectively

(Kearey et al., 2002). The reflection coefficient thus depends on the physical properties at

the boundary and is given by:

R =
ρ2v2 − ρ1v1

ρ2v2 + ρ1v1
, (1.7)

where ρ1, v1 and ρ2, v2 are the densities and the P-wave velocities in the first and second

layers respectively (Sheriff and Geldart, 1982), with a value of R ranging between +1

and −1. The increase of acoustic impedance at the interface is termed a hard kick an

shows as a positive reflection coefficient. A soft kick is denoted by a negative reflection

coefficient and is a result of a decrease in acoustic impedance at the interface between two

media. The reflection coefficients on seismic section are then displayed depending on the

Society of Exploration Geophysicists (SEG) conventional standards as European polarity

or American polarity (Sheriff, 2002; Simm and White, 2002; Brown, 2004). A soft reflection

by the normal zero European polarity is represented by a positive (blue) peak, whilst a hard

reflection is represented by a negative (red) trough (In other words gas is red by American

polarity and blue by European polarity. A good quality check of the phase and polarity

is to observe the first reflection, which in marine seismic is usually the water-sediment

interface, which should mark the higher impedance (higher sediment velocity and density

compared to water) and should be represented by a hard reflection. If gas is present in the

subsurface sediments, its physical and thus acoustic properties will be drastically different

compared to non gas saturated sediments and in general will demonstrate, a decrease in bulk

modulus, bulk density and velocity (Hamilton, 1970; Anderson and Hampton, 1980). The
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propagation of compressional P-wave through a rock unit saturated with gas will therefore

lower the P-wave velocity, expressed as follows:

Vp =

√(
K + 4

3µ

ρ

)
(1.8)

where K and µ are the bulk and shear moduli respectively and ρ is the bulk density.

The porosity in turn depends on the overburden/effective stress, temperature and time, as

well as lithology, depositional environment, overpressure and diagenesis/cementation (Rieke

and Chilingarian, 1974; Bjørlykke, 2010). There are several compaction curves in literature

(eg. see Rieke and Chilingarian (1974), Mondol et al. (2007) and refs. therein), and for

normally pressured sediments, the most used model is the exponential compaction (see eq.

3.12 on page 75 (Athy, 1930; Hedberg, 1936).

According to the Gassmann’s equations (Gassmann, 1951; Avseth et al., 2005), if the fluid

saturating the sediment porespace were to change, then the bulk modulus is predicted to

alter, whereas the shear modulus would remain the same. The bulk moduli (dry, mineral

and saturated pore space) affect the P-wave velocity, S-wave velocity (Vs =
√

(µ/ρ)) and

together with the bulk density are used to predict the porefill fluid type (Avseth et al.,

2005). Overall, the acoustic impedance of sediments containing gas will be lower than if

the same sediment was water saturated.

Gas saturations less than 10 % can potentially cause a significant drop in P-wave velocity

and be detected by seismic methods, depending on the impedance contrast and the data

resolution (Gregory, 1976; Ostrander, 1984; Andreassen et al., 2007a). Assuming normal

European zero phase polarity, we would expect for gas saturated sediments to show a pos-

itive (blue) amplitude reflection and should be reversed compared to the seabed polarity

(eg. Evans et al. (2007)). Additionally, the high impedance contrast between the overlying

formation and the gas saturated layer would result in most of the energy being reflected

back, causing strong reflection from the top of the gas saturated layer, whereas little en-

ergy will be transmitted and will be severely attenuated and scattered causing acoustic

blanking of the underlying layers. Compressional wave propagation through the gas layer

results in the slower travel times through the gas saturated layer, compared to the con-

solidated surrounding rock, causing delayed arrivals, which after migration, will look as

velocity pulldown effects (incorrect velocity used during migration, slowed or faster than

the surrounding rock). This implies that although the gas accumulations may not be of

economic interest, they show up on seismic sections as high impedance contrasts and should

be considered during any seabed or subsurface installations.
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1.6.3 Phase and Polarity

An important step in interpretation of seismic data is the recognition of its phase and

polarity. The seismic response (i.e. wavelet, phase, polarity, bandwidth etc.) is the critical

link between the seismic signal and the geology, thus understanding of this complex response

is vital to extract meaningful information from the data. The first step is to identify the

phase of the wavelet, i.e. whether the data is minimum or zero phase. Usually the air gun

wavelet signature consists of that close to a minimum phase (causal, with an onset time).

However, zero phase wavelets are more desirable in interpretations as they are symmetrical

around 0 time, with the main lobe corresponding to the reflection from an acoustic boundary

(Simm and White, 2002). The second step (assuming we have a zero phase wavelet) is to

relate the polarity of the reflection (positive peak or negative trough) with the acoustic

interface (top salt or seabed). Most conventional seismic datasets are usually processed to

zero phase as part of the seismic processing sequence.

1.6.4 Seismic Resolution

Horizonal and vertical seismic resolution constraints the recognition of the fluid flow features

in seismic data volumes. Therefore, understanding the limitations in vertical and horizontal

resolution of the seismic data is essential during the conduct of seismic interpretation in

order to understand the scales and extents of the fluid flow features.

The resolving power of seismic data is measured in terms of the seismic wavelength λ (in

metres), given by:

λ =
v

f
, (1.9)

where v is the P-wave velocity (in ms−1) and f is the frequency (in Hz). Since the Earth

is a dispersive medium, higher frequencies will be attenuated at greater depths, whereas

wavelengths will be increasing as the compressional velocities increase due to increased

burial and compaction of older rocks (Brown, 2004). This implies a reduction in resolution

at greater depths.

The horizontal resolution of the seismic data has its limitations and will be affected by the

actual physical process of reflection and the detector spacing, which is typically between

12.5 - 50 m and will be dependent on the survey configuration (Kearey et al., 2002; Veeken,

2007). The physics of the propagating seismic wave will depend on the interval velocities,

depth to the reflecting unit and the frequency content of the seismic pulse (Veeken, 2007).

The Fresnel zone represents the absolute limit on the horizontal resolution of seismic sur-

vey, where any two individual deflectors separated by a distance smaller than the Fresnel

zone cannot be distinguished (Kearey et al., 2002). During seismic processing, the Fresnel

zone will be reduced to an eclipse perpendicular to the line using 2D migration (Fig. 1.10).
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Figure 1.10: The effect of 2D and 3D migration on the width of the Fresnel Zone, after
Brown (2004)

However, 3D migration collapses the diffraction hyperbola to a small circle, having a width

of approximately a quarter the dominant wavelength (Fig. 1.10) for a perfect migration

(Brown, 2004). In practice, however, small errors in migration velocity will degrade the

horizontal resolution, thus in practice, the width of the Fresnel zone will be half the domi-

nant wavelength (λ/2) or even equal to the dominant wavelength (λ) (Bacon et al., 2003;

Brown, 2004).

The vertical resolution of seismic data is the ability to distinguish between the properties

of two or more reflective interfaces and thus will depend on the frequency content of the

seismic signal, the interval velocities of the propagating media and the acoustic impedance

contrasts. For a given wavelet, formation velocity dominant frequency, the vertical resolu-

tion is typically expressed as λ/4 Brown (2004). Vertical seismic resolution depends on the

acoustic impedance contrast of the target layer, relative to the surrounding, signal to noise

(random vs. systematic) ratio and wavelet phase (minimum or zero-phase). Beds as thin as

λ/30 could be visible for high quality data with low signal to noise ratio, and high acoustic

impedance contrast (e.g. Gas sand). An example of such interfaces can be a sand wedge,

which will have a separate reflection from its top and its base (Fig. 1.11). As the wedge

thickness diminishes to less than λ/8, the energy reflected from each interface will become

a composite energy for both interfaces, thus losing the information about the interface and

difficulty to distinguish between the reflections (Fig. 1.11). For beds thinner than λ/8,

Widess (1973) showed that the reflection amplitude will be given by 4πAb/λ, where A is

the amplitude at the top of the interface for a thick sand where both the top and base are

resolvable and b is the thickness of the bed. Therefore, when calibrating the seismic with
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Figure 1.11: Tuning effects for a material whose acoustic impedance is lower than the
surrounding homogeneous material using a zero-phase wavelet. Example for a zero-phase
normal European polarity wavelet. Destructive interference occurs at thickness of λ/2
whilst constructive interference takes place at widths of λ/4. The top and base reflectors
are easily separated as two individual seismic events for thicknesses >λ/4 whilst it becomes
harder to separate between top and base for thicknesses <λ/4. The tuning thickness itself
depends on the frequency of the signal, where higher frequency being able to resolve thinner
beds better. The tuning thickness thus will shift to the left (closer to smaller thicknesses)
and become narrower with higher frequencies (modified from Widess (1973); Sheriff (2002);

Brown (2004)).

well data and assuming that the changes in amplitude occur due to bed thickness alone and

not due to lateral acoustic impedance variability, the seismic amplitude will be proportional

to the bed thickness. This effect it termed as the “tuning thickness”, generally at λ/4, and

describes the constructive or destructive interference arising from reflectors separates by

less than λ/2 where λ is the dominant wavelength. This is due to the time delays between

reflections, magnitude and polarity of the reflection coefficients as well as the shape of the

wavelet (i.e. zero-phase or minimum phase). In general the standard seismic method will

be able to resolve layers exceeding 6 m in thickness (Bacon et al., 2003).

Shallow velocity and density variation affect the lateral physical property variation with

offset and thus reflected and transmitted amplitudes in layers. Topography or reflector

curvature will include amplitude increase from concave structures where energy focusing

takes places, whereas energy will be dispersed from a convex reflector, which will result in

amplitude decrease (Sheriff, 1975).
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Regional Setting

2.1 Geological Setting

The geological evolution of the Barents Sea has been previously studied in detail by several

authors (Gabrielsen et al., 1990; Harland, 1998; Faleide et al., 2008; Ramberg et al., 2008;

Worsley, 2008). A generalised lithostratigraphic chart is shown in figure 4.2. The regional

stratigraphy of the Barents Sea has also been discussed widely (Knutsen et al., 1992; Dall-

mann, 1999; Knies et al., 2009), with formal nomenclature for the lithologies in the SW

Barents Sea defined by Worsley et al. (1988). This work will be focused upon the Triassic

and younger stratigraphy, tectonic features and events.

The epicontinental Barents Sea covers an area of 1.3 million km2 and comprises a series of

structural highs and sub-basins (Fig. 2.1), delineated by a passive continental margin to

the west, marking the transition between the continental crust and the oceanic crust below

the Greenland-Norwegian Sea (Faleide et al., 2008). The tectonic controls on sedimentation

involve the Uralide development to the east, the proto-Atlantic rifting to the west, northern

Polar-Euramerican basin opening and the Cenozoic opening of the Greenland-Norwegian

Sea along the western margin (Faleide et al., 2008; Worsley, 2008).

The Hammerfest Basin (HB) is a 150 km-long and 70 km-wide composite, asymmetric,

losange shaped sedimentary basin, striking ENE/WSW (Fig. 2.1). It is bounded by the

Loppa High to the north, the Finnmark platform to the south and a flexure against the

Bjarmeland platform to the NE (Larssen et al., 2002). The western boundary is defined from

the Tromsø Basin by the southern segment of the Ringvassøy-Loppa Fault Complex (RLFC)

and the southern border is separated from the Finnmark Platform by the Troms Finnmark

Fault Complex (Fig. 2.1). The Loppa high limits the HB along the Asterias Fault complex

and was uplifted, tilted and eroded several times impacting the sedimentation patterns,

and also acting as primary sediment source (Gabrielsen et al., 1990; Knutsen et al., 1992).

31
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Figure 2.1: Regional and physical setting of the study area showing bathymetry, topog-
raphy and structural elements: HB = Hammerfest Basin, FP = Finnmark Platform, LH
= Loppa High, BP = Bjarmeland Platform, TB = Tromso Basin. B) Ice stream and
ice divide locations Ottesen et al. (2005) and maximum ice sheet extent during the LGM
Svendsen et al. (2004). BITMF = Bear Island Trough mouth fan, STMF = Sorfjorden
Trough mouth fan. Red boxes show locations of the 3D seismic data used (modified from
Ostanin et al. (2013). C) Principal structural elements in the SW Barents Sea. Outlined
are the highs, platforms, basins and the main fault systems. RLFC = Ringvassøy-Loppa
Fault Complex, AFC = Asterias Fault Complex, TFFC = Troms-Finnmark Fault Complex,
BFC = Bjørnøyrenna Fault Complex. The transects are displayed in figure 2.2 on page 34.

The location of the main gas fields is adapted from NPD (2011).
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The HB can be dated back to the late Devonian-Early Carboniferous times, when it was

a N-E trending half-graben separated from the Finnmark Platform, and was a separate

depocentre in the Early Triassic (Ronnevick, 1981; Berglund et al., 1986; Gabrielsen et al.,

1990; Dengo and Røssland, 1992). The main development phases took place from the

mid Jurassic to Cretaceous times, with a prior continuous sag phase during the Permian

(Ronnevick, 1981; Sund et al., 1986; Berglund et al., 1986). During the last Hercynian move-

ments in Triassic times, the Barents Sea shelf reached northern latitudes, whilst increasing

subsidence due to siliciclastic sediment input from the East (Uralian Orogeny, Timan Pe-

chora and the Baltic shield) and interplay between tectonics and eustasy, produced several

deltaic progradational units: the Havert, Klapmyss, Kobbe, Snadd and Fruholmen Forma-

tions (Fig. 4.2 on page 105), with cyclic infill of marine shales and fluvio-deltaic sandstones

(Dallmann, 1999). Deltaic, near shore westward progradation continued during the Lower

Jurassic, with deposition of important reservoir units, namely the Tubæn, Nordmela and

Stø Formations (Fig. 4.2), comprising shallow marine and coastal reworked deltaic and

fluvio-deltaic sandstones, shales and siltstones (Dallmann, 1999).

During the Mid-Upper Jurassic times, Kimmeridgian transtensional strike slip movements

in the HB coupled with updoming along the Asterias Fault Complex produced the EW

oriented normal faults (Fig. 2.1) forming semi grabens acting as circulation barriers, as

well as the dome features along the HB basin axis (Berglund et al., 1986; Linjordet et al.,

1992). Uplift of highs, coeval with a transgressional event resulted in anoxic stagnating

conditions and deposition of the mudstone and limestone-rich Fuglen and the overlying

Hekkingen Formations (Fig. 4.2) comprised of mudstone, shale, siltstone, limestone and

sandstones (Dallmann, 1999). The shales and mudstones of this interval have been proven

to be a regional seal in the area and having excellent source rock potential (Dore, 1995;

Langrock et al., 2003; Ohm et al., 2008).

the dominant setting throughout the lower Cretaceous was a distal marine shelf environ-

ment with good circulation, accompanied by the Hauterivian-Barremian tensional events

and the activation of the NS fault trends (Ronnevick, 1981; Gabrielsen et al., 1990) includ-

ing the RLFC (Figs. 2.1 and 4.2), with the deposition of the Knurr and Kolje Formations,

comprising shales, mudstones, siltstones and limestones. Following a regional transgres-

sive pulse during Aptian time, shales, mudstones and siltstones of the Kolmule Formation

(Fig. 4.2) were deposited (Dallmann, 1999), with the top of the formation eroded by Upper

Cretaceous uplift (Worsley, 2008). The main basin geometry of the HB is shown in figure

2.2 (see Fig. 2.1 for location of profiles). Along a NS cross-section, the basin shows Jurassic

horst and graben structures segmented by the EW trending fault networks (Fig 2.1), with

several episodes of major fault reactivation, marked by Cretaceous and Cenozoic growth

packages (Berglund et al., 1986). Along the EW profile (Fig. 2.2), the main faults show

NS trends in the western part of the HB (southern segment of the Ringvassøy- Loppa Fault

Complex (RLFC) in Fig. 2.1).
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During Late Cenomanian-Campanian times, the HB experienced a marine environment

reflected in the deposition of the Nygrunnen group, consisting of the Kviting and Kveite

formations. In the HB, sea level transgression, shelf starvation and uplift became the prin-

cipal control on deposition of the Nygrunnen group, thickening westward into the Tromsø

Basin (Nøttvedt et al., 1993; Dallmann, 1999). The Kviting Formation consists of condensed

calcareous units, restricted to the central Hammerfest Basin. The Kveite Formation con-

sists of claystones and thickens westward into the RLFC. The depositional environment at

the time was marine, predominantly bathyal for the Kveite Fm, moving to deep to shallow

shelf towards the east for the Kviting Fm (Dallmann, 1999). The top of the group is man-

ifested by a regional seismic marker representing an unconformity, possibly related to the

late Cretaceous uplift, also marking the Cretaceous-Cenozoic boundary (Gabrielsen et al.,

1990; Nøttvedt et al., 1993; Worsley, 2008).

The Cenozoic stratigraphy in the HB is collectively termed the Torsk Fm, comprising

Paleocene-Early Eocene sediments. The depositional nature of the Paleocene and Eocene

units of the Torsk Fm are governed by the plate tectonic movements and uplift of highs,

prior and during the opening of the Norwegian-Greenland Sea 60-55 Ma (Faleide et al., 2008;

Ramberg et al., 2008; Green and Duddy, 2010). Sedimentation commenced during the mid

Paleocene and was dominated by prograding shingled clinoforms, dipping SSW, consisting

of thin bedded shales (Knutsen et al., 1992). Compressional uplift of the SW Loppa High

led to SSW dipping, progradational clinoforms, which downlap onto the shingled unit and

consist of shaly lithologies, with some coarse clastic material (Knutsen et al., 1992). The

compressional episode was the response to the opening of the Norwegian-Greenland Sea

in the West during the Late Paleocene-Early Eocene where transpression and uplift (36-

35 Ma) occurred along western margin whilst transtension took place along the RLFC

(Dimakis et al., 1998; Faleide et al., 2008; Green and Duddy, 2010). Subsequently, Miocene

exhumation led to further erosion from 11-5 Ma in the HB (Knutsen et al., 1992; Green

and Duddy, 2010).

2.2 Petroleum Systems of the SW Barents Sea

The anoxic Hekkingen Fm shale is a proven source rock in the SW Barents Sea with high

total organic carbon (up to 20 % TOC (Linjordet et al., 1992; Ohm et al., 2008; Worsley,

2008; NPD, 2011) as well as high hydrogen index (HI) and with potential to generate liquid

petroleum (Ohm et al., 2008; Dore, 1995). Other prominent source rocks include the Lower

Jurassic shales and coals of the Nordmela Fm (Table 2.1) with potential to generate waxy

oils and gas (Linjordet et al., 1992; Ohm et al., 2008). Additional source rocks in the SW

Barents Sea are Triassic shales, namely Kobbe, Snadd and Fruholmen Fms, with potential

to generate gas (Linjordet et al., 1992; Ohm et al., 2008; Rodrigues-Duran et al., 2013). The

sealing rocks for the Snøhvit and Albatross fields consist of the Upper Jurassic Fuglen and
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Hekkingen formations, 7-30 m and 60-80 m in thickness respectively (Linjordet et al., 1992;

Dallmann, 1999). Maturity of the Jurassic source rocks varies in three provinces: immature

in the Snøhvit and Albatross fields, within the oil window in the NW of the study where

the HB deepens and are in the gas window in Tromsø Basin, whereas the Triassic source

rocks are within the gas window (Linjordet et al., 1992; Ohm et al., 2008; Rodrigues-Duran

et al., 2013). The principle reservoirs of the Snøhvit, Albatross and Askeladd fields consist

of Lower to Middle Jurassic prograding coastal sandstones of the Stø Fm (Dallmann, 1999;

Dore, 1995). The traps in the study area of the Snøhvit, Albatross and Askeladd fields

consist of rotated fault blocks, sealed by the overlying Upper Jurassic shales of the Fuglen

and Hekkingen Formations (Linjordet et al., 1992; Dore, 1995).

Table 2.1: Definition of the main source rocks in the SW Barents Sea, based on Linjordet
et al. (1992). Triassic shales consist of Kobbe, Snadd and Fruholmen Fms (see figure 4.2.

HI = Hydrogen index (mg HC/g TOC).

Source rock Age Thickness TOC HI Kerogen Potential
(m) % type HCs

Hekkingen Fm L. Jurassic 10-50 8-20 100-475 II/III Oil/gas
Nordmela Fm E. Jurassic 10-15 1-4 130-250 III/II Waxy oil/gas
Triassic shales Triassic 0-60 2-8 200-590 III/II Gas/minor oil

2.3 Glacial History

The Pliocene-Pleistocene periods were influenced by glaciations that prevailed in the North-

ern Hemisphere from around 2.7 Ma (Knies et al., 2009). During the Weichselian glacia-

tions, the Barents Sea Ice Sheet (BSIS) covered an area over 5×106 km2, centered around

present-day Norway and Sweden, reaching ice thicknesses around 2.7 km (Svendsen et al.,

2004). The full extent of the BSIS during the Last Glacial Maximum (LGM) in Figure 2.1

shows that the study area was completely covered by the BSIS. Numerical modelling shows

that the ice volume sequentially increased during each glacial cycle using the maximum ice

volume model of Siegert et al. (2001). Numerous Megascale Glacial Lineations (MSGLs)

mapped along the seabed and the glacial surfaces indicate that the deglaciation was accom-

panied by fast flowing ice streams and sub-glacial sediment deformation, which controlled

the glacier drainage patterns (Ottesen et al., 2005; Andreassen et al., 2008). During the

last 2.7 Ma, over 1 km of sediments were eroded by fast moving ice streams (Laberg et al.,

2011), terminating in large sediment depocentres along the western margin (Fig. 2.1), eg.

the Bear Island Trough mouth fan (Andreassen et al., 2008; Faleide et al., 2008; Laberg

et al., 2010). The HB was covered by an ice cap at ∼17-16 ka and was ice free by ∼15 ka

(Fig. 2.4), whilst complete deglaciation of the Barents Sea is proposed around 12-12.5 ka

(Svendsen et al., 2004; Ottesen et al., 2005; Winsborrow et al., 2010). As the ice retreated

onshore, ice loss due to calving was no longer possible, slowing down the deglaciation. In

the Barents Sea, deglaciation was likely to have been coeval with rising sea level (Clark
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et al., 2009), whilst ice was quickly removed through calving (Vorren and Laberg, 1996).

The present-day morphology of the Barents Sea is characterised by relatively shallow water

depths of less than 500 m, with the deepest parts of the shelf defined by several troughs

(Fig. 2.1) created by paleo ice streams that operated during the deglaciation periods (Otte-

sen et al., 2005; Laberg et al., 2010). Low sedimentation rates followed the last glacial

maximum, with deposition of thin layers of glacial till and Holocene clays (Chand et al.,

2012) termed the Nordland Group (Dallmann, 1999).
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~19 cal ka BP 17 cal ka BP

16 cal ka BP 15 cal ka BP

12 cal ka BP

Figure 2.4: Reconstruction of the glacial history of the Barents Sea Ice Sheet (BSIS),
following the Last Glacial Maximum (modified from Winsborrow et al. (2010) with cali-
brated ages from Rüther et al. (2011)). Red rectangle corresponds to the location of the
study area. Insert A) shows the onset of deglaciation following LGM of the BSIS at 19
cal ka BP with ice sheet covering the study area with numerous ice streams active during
this time. B) Continued retreat of the BSIS uncovers parts of the shelf around 17 cal ka
BP, leaving the study area ice free with operational ice streams still affecting parts of the
study area. C) At 16 cal ka BP, the study area experiences ice free conditions, whilst ice
streams affect further parts of the shelt. Inserts D) and E) show the continuation of the
BSIS retreat after 15 cal ka BP, where the Barents Sea Shelf experiences complete ice free

conditions.



Chapter 3

Data & Methods

3.1 General Workflows

3.1.1 Interpretation, Analysis & Modelling Software

During the course of the project, the following software packages have been used:

1. Seismic interpretation, analysis and visualisation platform:

(a) Schlumberger Petrel versions 2009.2, 2010.1 and 2011.1.2, 64 bit.

2. Petroleum System modelling Software:

(a) Schlumberger PetroMod 1D, 2D, 3D version 2012.1

3. Geographic Information Systems (GIS):

(a) ESRI Inc. Arc View and Arc Map version 9.2

4. Thermodynamic gas hydrate stability phase calculations:

(a) CSMHYD, Colorado School of Mines (Sloan, 1990) http://hydrates.mines.

edu/CHR/Software.html

(b) CSMGem, Colorado School of Mines (Sloan and Koh, 2008)

3.1.2 Workflows

In this section, an overview of the main methodology workflows is provided and key ele-

ments used in this work are highlighted in figure 3.1. The workflow includes the analysis

and interpretation of two-dimensional and three-dimensional seismic data, as well as com-

plimentary well logs, borehole information, checkshots, stacking velocities, stratigraphic

39
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tops/markers. In this study, the whole process of loading data, interpretation and depth

conversion was carried out in-house by I. Ostanin. After the import of the seismic data

into the interpretation software, all available information has been integrated, stratigraphic

horizons and faults have been interpreted with use of available well tops as well as structural

and stratigraphic seismic attributes by I. Ostanin (see section 3.3.1 on page 47). Moreover,

I. Ostanin created sediment thickness maps to constrain the timing of fault activity and

basin development (see Chapter 4 on page 101). Finally, I. Ostanin compiled a database

of fluid leakage indicators (pockmarks, chimneys, seismic pipes), interpreted fault traces as

well as driving factors behind this leakage phenomena, based on evidence observed from

the interpretation of available seismic and lithological datasets (see Chapters 5 and 6, pages

129 and 139 respectively). This first step of the workflow is shown in figure 3.1.

After the seismic data analysis, interpretation and depth conversion was finalised, all results

were integrated into a conceptual 3D geomodel, to illustrate a possible scenario of how the

system has developed through geological time (Fig. 3.1). Stratigraphic surfaces were then

used to simulate the basin’s thermal and pressure history using 3D Petroleum System

Modelling by I. Ostanin. All the available information such as: stratigraphic surfaces and

corresponding ages, definition of the petroleum system elements, lithological information

and boundary conditions have been integrated into the 3D numerical model by I. Ostanin

(Fig. 3.1).

The following step involves an iterative process, where the input information was used to

produce a model, with the closest fit to the borehole calibration data, such as vitrinite

reflectance, formation temperature, formation pressure and porosity. If the model did

not reproduce the information from boreholes, the conceptual model was revisited where

the boundary conditions of the model input were modified. The model was then re-run

using new changes in the input until the results matched the calibration data (Fig. 3.1).

When a desired calibration has been achieved, sensitivity analysis was carried out, testing

how responsive the model is to certain changes in the boundary conditions (eg. to heat

flow, amount of erosion etc.). When this has been achieved, the timing of hydrocarbon

generation, migration, accumulation and leakage were extracted as well as the respective

quantitative masses (Fig. 3.1). The conceptual model was revisited several times before

a realistic numerical model has been achieved. The following sections present each step

of the workflow in a more detailed fashion, starting with the seismic data analysis and

interpretation and finishing with the numerical model building.

3.2 Well Information

As part of this study in the Hammerfest Basin, well data has been provided for some bore-

holes in the form of petrophysical logs, formation tops and checkshots which were used
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to tie the seismic to wells and to constrain velocities for depth conversion. Additionally,

internal well reports have been provided by Statoil AS, which were used together with the

Norwegian Petroleum Directorate database (NPD, 2011) to compile additional well top in-

formation, vitrinite reflectivity, temperature and pressure data, used during the Petroleum

System basin model calibration. The well locations in the Hammerfest Basin can be found

on figures 3.17 and 3.5.

3.3 Analysis & Interpretation Of Seismic Reflection Database

The seismic database for this project presented in Chapters 4- 6 consists of numerous

regional 2D seismic surveys (Figure 3.2), as well as 3D seismic datasets, of variable quality

and age which have been provided by Lundin Petroleum ASA and a 3D seismic dataset

over the Snøhvit and Albatross gas fields, provided by Statoil ASA (Fig. 3.5, page 46).

Additionally, for the purpose of this study Statoil ASA also provided several checkshot data

files and a stacking velocity cube for the Snøhvit seismic cube. Additional well reports and

borehole information were retrieved from the Norwegian Petroleum Directorate repository

maps and fact pages NPD (2011).

The 3D seismic datasets used in this study are zero-phase, which is the preferred phase of

modern seismic datasets due to its interpretation advantages for several reasons (see section

1.6.3 on page 28). The main lobe of the seismic loop in comparison to the minimum phase

wavelet is narrower at the same amplitude spectrum, it is symmetrical about time zero,

which means that the time of reflection even corresponds to a peak or trough coinciding

with increase or decrease in acoustic impedance. Energy is concentrated in the central peak,

which makes identification of polarity more straightforward (Hatton et al., 1986). The

seismic dataset is of Normal European polarity or reversed polarity, according to Society

of Exploration Geophysicists (SEG) standards, where an increase in acoustic impedance is

marked by a negative (red) amplitude, whilst a decrease in acoustic impedance, is marked

by a positive amplitude (blue) (Sheriff, 2002; Simm and White, 2002; Brown, 2004).

Figure 3.3 shows data quality comparison between 2D and 3D seismic datasets. Most of

the 2D surveys have been used only for a regional correlation, interpretation of horizons

and regional faults, whereas pockmarks, ploughmarks and shallow fluid leakage indicators

were difficult to resolve. Mainly the 3D seismic datasets have been used to map fluid flow

features. The image in Figure 3.3b is taken from the 3D cube with 25 m bin spacing, whereas

figure 3.3c is at much higher, 12 m bin spacing and shows substantially higher amount of

detail. The 2D seismic profile in Figure 3.3a shows smoothed reflector continuity whereas

shallower horizons and reflector continuity are preserved on the 3D seismic profiles.

The STO306 survey covers an area of 970 km2, with the inlines and cross lines oriented NS

and EW respectively (see Chapter 4). The data have been processed to zero-phase, normal
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Figure 3.3: Comparison of seismic section over the same area from A) 2D survey, which
has had part of the seabed muted during processing (at ca. 400ms B) 3D seismic crossline
from ST8320 survey and C) 3D seismic STO306. The arrow indicates the location of the

ploughmark, which is best imaged using the STO306 3D seismic survey.

European polarity (SEG standards), with the positive amplitude (black) corresponding to

a decrease in acoustic impedance (soft reflection) and the negative amplitude (red) marks

an increase (hard reflection) in acoustic impedance (Brown, 2004). A sampling interval

of 4 ms and bin size of 12.5 m by 12.5 m, as well as 3D migration, ensures a detailed

geomorphological interpretation due to no directionality bias and spatial aliasing. The

survey is dominated by frequencies between 30-50 Hz, resulting in a vertical resolution

(λ/4) of ∼12 m, (using an average sediment velocity of 2 kms−1). The ST8320 3D seismic

volume covers an area of 420 km2, consists of zero phase normal European polarity data,

sampled at 4 ms and binned at 25 m by 25 m. The dominant frequencies of the survey are

20-40 Hz, with a vertical resolution of ∼20 m (using 2 kms−1 as average sediment velocity).
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Figure 3.4: Comparison of seismic crosslines between the older lower resolution ST8320
3D survey and the newer STO306 higher resolution 3D seismic cube. The depression is

pronounces and the layers are more distinguishable in the higher resolution dataset.

The 2D seismic data in the Cenozoic section are dominated by frequencies ranging between

10-30 Hz, resulting in vertical resolution of ∼20-50 m (using 2 kms−1 as average sediment

velocity).

Although the two surveys differ only by 5 m in terms of vertical resolution, the shallow

subsurface is distorted for the older ST8320 survey and yields less detailed images of the

geomorphology of the seabed and URU surfaces (Fig. 3.4). Moreover, due to significantly

higher bin spacing (12.5 m for STO306 compared to 25 m for ST8320), the younger STO306

survey also yields improved horizontal resolution, which enabled us to map out the fluid

flow features on the seabed and the URU at great detail (see Chapter 6). The older

ST8320 survey was used to compliment the STO306 seismic cube to extend interpretation

of structural features and fluid flow leakage indicators. The integrated results of seismic data

analysis and interpretation using the STO306 and ST8320 seismic surveys are presented in

Chapter 6 on page 139.

We focused our analysis on the geospatial distribution of leakage indicators between two

prominent horizons, the URU and the contemporaneous seabed (Figs. 3.4, 6.2, 4.3). In-

terpretation of seismic horizons was carried out using the crossing points between peaks

and troughs as this method enables very detailed geomorphologic features to be picked out

without risk of clipping or smoothing artefacts in the final maps (Bulat, 2005). We have

also applied a series of seismic attributes such as root-mean-squared (RMS) amplitude,

variance, dominant and instantaneous frequency. The seismic variance volume attribute

was used to delineate boundaries and faults and has been used in different settings to aid

structural interpretation (e.g. Ostanin et al. (2012) and Shoulders et al. (2007)). The

Variance attribute is a refined algorithm of the Coherency cube (Bahorich and Farmer,

1995) and is aimed at a more detailed edge-isolation method (Van Bemmel and Pepper,

2000). Trace-to-trace variability is computed in 3D over a sample interval, where seismic

discontinuities and boundaries produce high-variance values due to significant differences

in neighbouring waveform. The dominant frequency attribute picks out subtle changes at a
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Figure 3.5: Map of seabed pockmarks and Paleocene-Eocene shallow fluid leakage indi-
cators interpreted using 3D and 2D seismic data. Red outlines show location of the 3D
seismic data used. A1-4 correspond to the subsurface shallow fluid escape anomalies. The
location of small pockmarks below seismic resolution was integrated from Judd and Hovland
(2007). Location of the regional faults and gas fields modified from Ostanin et al. (2012)

high resolution, while the RMS amplitude highlights sudden acoustic impedance contrasts.

Both were used to infer lithology changes within the seismic volumes. Although available

well logs do not pass through any of the features identified in this study, they were used to

estimate the ages of the stratigraphic horizons, constrain the lithologies derived from well

cuttings description, and extrapolate depths using available checkshots from 10 exploration

boreholes (Fig. 3.5) in the Paleocene-Eocene strata, where the gas cloud anomalies occur

(Chapters 4, 5, 6).

Mapping of the seabed was carried out using semi-automated interpretation and further

generation of two-way-time (TWT) maps, volume based as well as horizon-based attributes.

Attribute volume rendering was used to identify possible structures beneath seafloor depres-

sions (pockmarks), such as faults, acoustic chimneys and amplitude anomalies (see Chapter
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5). Pockmark average width was measured along variance time-slices, variance along se-

lected horizons and crest to crest using inlines and cross-lines. They were then grouped

according to size classes. Due to limitations in seismic resolution at the seabed, depressions

smaller than 30 m (using 3D migration Fresnel zone radius relationship of ∼λ/2 Brown

(2004), water velocity of 1500 ms−1 and an average frequency along the seabed of 25 Hz)

were not imaged. High resolution multi-beam bathymetry would be required to analyse

smaller pockmarks. Depth conversion from two way travel time (TWT) was carried out

using constant velocities of 1750 ms−1 for the Quaternary sediments above the URU and

1500 ms−1 for the water column (Sættem and Saettem, 1991). Pockmark mapping on the

older ST8320 survey was not carried out due to low bin spacing of 25 m and thus low

horizontal resolution of the data.

3.3.1 Seismic Attributes Used

A seismic attribute is any measure of seismic data that helps us better visualise or quantify

features of interest, leading to a better interpretation of the given data. Seismic attributes

have been used on single traces since the 1930s (Chopra and Marfurt, 2005) to analyse

the effects of geology on seismic data (Rummerfield, 1954). In the 1990s, multi trace

attribute analysis became popular to extend and aid interpretation of 3D seismic data

without directionality bias (Iske and Randen, 2005). Seismic attributes are extremely useful

tools to qualitatively and quantitatively map the subsurface geological features. Structural

fabrics and major stratigraphic features can be quickly defined using appropriate seismic

volume attributes, even before the seismic horizon interpretation and map generation is

achieved. Recognition of depositional environments and seismic facies are also improved

when using seismic attributes. There are two component categories of seismic attributes:

the morphology and the reflectivity of seismic data. The morphological attributes help us

extract information on reflectors’ dip, azimuth and terminations or boundaries, which can

be related to faults, channels, diapirs and carbonate buildups. The reflectivity attributes, on

the other hand, help us to extract information on reflectors’ amplitude, waveform variations

with offset and incidence angle, which are all related to lithology, reservoir thickness and

fluid or hydrocarbon presence and saturation. Thus seismic attributes are powerful tools

and are rigorously used to aid the interpretation of seismic data. Here, the main seismic

attributes that were used during investigation of hydrocarbon leakage study are shown in

Figure 3.6 and will be discussed in detail.

Structural Smoothing

Structural smoothing is an intermediate step in seismic data conditioning, which reduces

the noise, enhances the auto tracking of horizons and it can also be used to illuminate

flat spots, resulting from horizontal fluid contacts. The computed attribute (Fig. 3.7) is



Chapter 3 Data & methods 48

Figure 3.6: Comparison of several seismic attributes derived from a 3D seismic amplitude
timeslice, namely Variance, Chaos and 3D maximum curvature, in order to delineate the

polygonal fault network.

then used as input for edge and structural feature detection and enhancement attributes,

namely variance and ant-tracking cubes. The amplitude interpretation is not recommended

though, due to the waveform amplitude information loss during the filtering (Bulat, 2005).

The structural smoothing attribute includes an option of dip-guiding, following smoothing

along local dip and edge enhancement. This is based on a Gaussian operator, which searches

for structure change in nodes around a central reference point. The structural smoothing

attribute is computed as a Gaussian operator over a time window computing a smoothed

estimate for dip and azimuth, having the following expression:

hG(k) =
1√
2πσ

exp

(
− k2

2σ2

)
(3.1)

where σ is the smoothing filter width and defines the amount of smoothing to be applied

to the data, typically in the range between 0.5-5 (Iske and Randen, 2005). The length of
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the time window can be varied and can be easily adjusted to reduce noise. The Gaussian

filter is widely used for smoothing data, increasing signal to noise ratio and estimating

local magnitude of the signal (Iske and Randen, 2005; Bulat, 2005; Chopra and Marfurt,

2007), although reducing level of detail and reducing confidence in amplitude information.

For the attribute generation, a time window of 9-11 samples (30-45 ms TWT) was used,

whilst the Gaussian operator was set to 2 inlines and 2 crosslines (25 m). In some cases,

where the faults were parallel to the crosslines, the filter width was increased to 3 crosslines,

depending on the fault, to capture and enhance its lateral continuity. The vertical fault

continuity was controlled by the time window, which was larger for faults and shorter for

seismic blowout pipes, to avoid excessive smoothing of the data.
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Figure 3.7: An example of A) original seismic amplitude sections and B) structural
smoothing applied to enhance horizon continuity.

The result is an increased horizon continuation and enhanced boundaries enabling interpre-

tation of meaningful edge information by eliminating extra noise (e.g. Figs. 3.7 and 3.8).

The width of the filter can be changed by the interpreter both vertically and horizontally

(inline and crossline directions) in order to target a specific geological target.

Variance

The Coherence Cube method for revealing fault surfaces within a 3D volume has been intro-

duced by Amoco Production Research (Bahorich and Farmer, 1995). This method exposed

previously concealed fault planes within a 3D seismic volume where no fault reflection was

recorded (Fig. 3.8.
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Figure 3.8: An example of A) original seismic amplitude section and B) structural
smoothing applied to enhance the interpretation of the variance volume by reducing noise.

Fault interpretation is conventionally done using vertical cross sections, where they are

easily recognised. However, their lateral extent and geometry is best viewed on horizontal

time slices where much more information can be extracted and analysed. In order to do

this, a horizon of interest must be picked, which could be time consuming and a source of

interpretation bias. The coherence algorithm takes advantage of the regular 3D bins. Along

time slices, seismic trace are analysed for similarity in the inline and crossline directions.

When the seismic traces are cut by a fault plane, neighbouring traces will have a differ-

ent seismic character, thus resulting in a sharp discontinuity and a low coherence value.

Such calculation is performed on all grid points upon a timeslice, generating, where they

exist, a series of low coherence segments. When the calculation is repeated on all adjacent

timeslices, those segments can be linked, forming fault planes, and sequence boundaries.

The final result is a volume of normalised coherence coefficients where the absolute value

of the function never exceeds 1 (Bahorich and Farmer, 1995). Both amplitude volume and

variance volume were used together for fault identification. Additionally, Variance cube
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picks out channel edges, reefs, and other geological features which are not easily identified

on amplitude slices.

Overall, this method provided a significantly more detailed fault interpretation method

as the faults, which were obvious on the seismic amplitude sections, could be picked out,

resulting in an improved data analysis. This provides a very appealing method of fault

identification as no interpretation bias is involved and thus the cube is generated without

having to perform horizon interpretation.

Following the introduction of the coherency cube, variance algorithm was introduced into

seismic attribute workflows (Van Bemmel and Pepper, 2000). Variance is an upgraded and

refined algorithm after the coherency cube, aimed at a more detailed and accurate way

of extracting detail from seismic data volume and is based on edge isolation, with subtle

differences which yield improved results in edge detection. An example of a recent use of

the Variance algorithm to aid analysis and interpretation of geological features can be found

in Ostanin et al. (2012) (Chapter 5), where polygonal faults (Fig. 3.6) have been identified

using the seismic Variance attribute.

In order to calculate a Variance cube from a seismic data cube consisting of numerous seis-

mic traces and data samples, Van Bemmel and Pepper (2000) implemented this particular

mathematical operation and applied it to a seismic data cube, divided into a number of

timeslices (dependant on the sampling interval). At a specific reflection time j , each time

slice is also divided into a number of cells with eg. 9 seismic data samples disposed therein

(3x3 samples). The amplitudes of 9 data samples are averaged at time j in that cell. The

average is then subtracted from each of the data samples in that cell. This produces a

set of deviations from the mean. The differences are then summated and squared giving

a final summation value (numerator). The summation value is then divided by the sum

of the squares of amplitudes of the 9 data samples in that particular cell (denominator).

The final Variance value assigned at the centre of 9 seismic data samples in the cell. The

Variance value is operated with respect to a weighting factor to produce a final Variance

value which is assigned to the centre of the of the 9 data samples. The process is repeated

for all adjacent cells on the given time slice at time j and then further on all the timeslices

until all the cells in the data cube have an assigned Variance value. The colour scale is

then assigned for the Variance values so that colour maps can be extracted out of the vol-

ume. The high Variance values in seismic interpretation software are associated with faults

and discontinuities are assigned a black/red-yellow colour coding. Low Variance, however,

such as continuous events without much variability in waveform are assigned a white colour

coding.

The normalised Variance algorithm (σ2
t ) can be expressed as follows:
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σ2
t =

j=t+L/2∑
j=t−L/2

wj−t

I∑
i=1

(xij − x̄j)2

j=t+L/2∑
j=t−L/2

wj−t

I∑
i=1

(xij)
2

, (3.2)

where xij is the sample value in a cell on a horizontal timeslice and vertical sample i and j

respectively. The term Wj−t is the weighting function or the vertical smoothing term over a

time window of length L. The vertical smoothing factor can be used to enhance continuity

of vertical events if a longer time window is chosen thus reducing signal to noise ration and

helping tracking fault systems by reducing residual horizontal discontinuities. The term:

I∑
i=1

(xij − x̄j)2 (3.3)

is the sum of squares of plurality of the differences of the numerator,

I∑
i=1

(x2
ij) (3.4)

is the sum of squares of plurality of amplitudes of the second subset of plurality of seismic

samples in each cell of the denominator, Xij is the amplitude of each seismic data sample

in that cell, and x̄j is the average of the amplitudes of all seismic data samples in that cell.

Chaos

The Chaos attribute within a 3D seismic volume is a measure of how ’chaotic’ a seismic

signal is within a certain time window and is both sensitive to changes in waveform as well

as lateral changes in amplitude (Chopra and Marfurt, 2007). The chaos attribute is based

on volumetric dip and azimuth calculations, thus, similar to Variance, it can also be used

to illuminate discontinuities associated with faults, sink holes reef textures, gas chimneys,

channel infill and salt structures (Iske and Randen, 2005). The Chaos attribute is computed

without trace bias, independent of amplitude (same result for low or high amplitudes) and

independent of dip (same result for tilted or horizontal strata) (Iske and Randen, 2005).

This attribute was used to initially map polygonal faults (see Fig. 3.6, page 48), however

the Variance algorithm picked out the faults clearer than the Chaos attribute. Therefore,

for this particular dataset, the chaos attribute was used only to compare the results of fault

detection.
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3D Curvature

The 3D volumetric curvature attribute is another powerful way to predict faults and folds

from 3D seismic data and does not require preconditioning such as structural smoothing,

which can be a drawback in the presence of seismic noise and acquisition footprint. In 2D,

curvature describes rate of change of the direction of a particular curve, where curvature

is defined as the radius of a circle tangent to a curve, with anticlines and synclines having

positive and negative curvature respectively (Roberts, 2001). Where the surface is flat, or

linear, curvature equals to zero. For a given point P on a curve, the curvature K can be

defined as:

K =
dω

dS
=

2π

2π2R
=

1

R
(3.5)

and can be simplified as the reciprocal of the radius of curvature, where dω is the rate

of change of the angle and dS is the arc length. Extending the curvature analysis in 3D

involves using two circles defined by planes orthogonal to the surface, defining the largest

absolute curvature, called the maximum curvature Kmax and the curve perpendicular to

Kmax called the minimum curvature Kmin. A detailed explanation of calculation and

application of the 3D curvature can be found in Chopra and Marfurt (2007) and Roberts

(2001). The 3D curvature attribute has been used during this project to compliment the

variance algorithm (see Fig. 3.6 on page 48). Although the maximum curvature attribute

highlighted the faults, we have chosen the Variance as the principal attribute to image

the faults in the study area due its fast computation time and comprehensive colour scale

(0-1), which enables quick visualisation and interpretation of resulting faults, pipes and

pockmarks.

Dip and Azimuth

The dip or dip magnitude, similarly to a geological dip is a time derived horizon attribute

aimed at describing structural detail (Dalley et al., 1989; Brown, 2004) which along an

interpreted horizon takes into account one time sample and its relation to neighboring

traces, through which a plane is formed. Azimuth is perpendicular to the direction of the

dip and it an indicator of the maximum dip direction relative to the north (Rijks and

Jauffred, 1991; Chopra and Marfurt, 2007). Dalley et al. (1989) presented the equations

used to compute the dip and azimuth:

Dip =

√(
dt

dx

)2

+

(
dt

dy

)2

(3.6)
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Azimuth = arctan

(
dt

dy
/
dt

dx

)
(3.7)

where dt/dx and dt/dy are the dips in ms m−1 in the x and y directions respectively.

The terms dt/dx and dt/dy are computed as a mean of neighboring seismic traces along

two neighboring data samples in each direction (Dalley et al., 1989). Using the combined

dip and azimuth displaces, much more subtle detail can be identified on structural maps

including faults, fracture, boundaries and reservoir bodies as well as their orientation,

which can be used for efficient production operations (Rijks and Jauffred, 1991). The dip

and azimuth fields are computed for each seismic sample within a seismic survey (Chopra

and Marfurt, 2007). Seismic dip and azimuth are also used in computation of structural

attributes as deep-steered filters, which guide the structural smoothing attributes, based on

the local measures of seismic trace dip and azimuth attributes, thus following the seismic

reflectors better during filter application. Additionally, in the last decade, the volumetric

dip and azimuth attributes have been used as stratigraphic attribute for displaying reflector

convergence, parallelism and divergence (Barnes, 2000).

Frequency Attributes

Instantaneous frequency, defined as the derivative of instantaneous phase (Sheriff and Gel-

dart, 1982) was used to pick out changes in reflector continuity, highlight subtle variations

in bed thickness and lithology contrasts, represented by rapid changes in frequency (Chopra

and Marfurt, 2007). Additionally, it has been used to determine the vertical resolution of

the data, as well as to highlight frequency shadows, which can be an indicator of attenuation

of higher frequencies within a gas reservoir (Chopra and Marfurt, 2007). Reflections below

thick gas reservoirs shift their frequency content to lower frequencies, therefore such fre-

quency displays may be used as direct hydrocarbon indicators (Chopra and Marfurt, 2007).

For the identification of fluid flow features, and in particular shallow gas accumulations,

dominant frequency displays were used to identify potential shadows beneath reflections

picked out by on the RMS amplitude displays. These anomalies were then crosschecked for

fit to structure and or proximity to regional or local fault networks (eg. see Ostanin et al.

(2012) for details). Facies maps have been also drawn within the polygonal fault interval

(Fig. 4.8 in Ostanin et al. (2012)) based on combination of RMS amplitude, dominant

frequency, polygonal fault occurrences and well lithological calibration.

Ant-Tracking

Ant-Tracking is a patented technology from Schlumberger, designed to enhance edges which

in turn are used in identification of faults, fractures, and other linear anomalies within the

seismic data volume Pedersen et al. (2002). The workflow to attain Ant-Tracking volume
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usually involves a series of seismic conditioning steps (Fig. 3.9 a), which usually involve

1) structural smoothing, 2) coherency, Variance, chaos or 3D curvature and 3) the edge

volume is used to produce the Ant-Tracking volume (Fig. 3.9 b). The ant-tracking process

is based upon the swarm intelligence concept, where collective behaviour of an ant colony

is used, which involves finding the shortest path between the nest and a source of food

(Miller et al., 2012). Based on this concept, Pedersen et al. (2002) proposed to use the ant

colony analogy to find paths in the seismic data. Geological faults and fractures represent

paths leading to a potential food source for ant agents. Thus in the resulting Ant-Tracking

volume faults will be highlighted, whilst uncorrelated noise and weak events would be left

unmarked (Pedersen et al., 2002). Ant agents can be also trained by the user to be passive

or aggressive, which will result in low and high level detail respectively in the final fault

maps.

In order to delineate the fault best in our dataset, the seismic preconditioning was carefully

screened and tested using several parameters, involving structural smoothing in the inline

and crossline directions as well as vertically. Variance parameters were also selected and

controlled, such that all the faults and lineaments were clearly distinguished prior to running

the Ant-Tracking process. Dip correction and dip-guided smoothing options in this case

were switched off for major fault structures, however they were used for chimney detection.

This is an important step if the Ant-Tracking workflow is to give out meaningful results.

Custom Ant-Tracking settings were used to carry out fault detection and more information

on the exact parameters can be found in Schlumberger’s Petrel help repository as well as

the Interpreter’s Guide to Seismic Attributes. Additionally it is recommended to tweak the

preset parameters to get the desired results as different geological setting and data type

will yield different results.

The acquisition footprint, which mirrors the acquisition geometry can also be suppressed

using this the Ant-Tracking. In the STO306 3D survey, the inlines are oriented N-S, causing

footprint lineaments in this direction. By applying a directional filter in the ant-tracking

computation (Fig. 3.10), footprint noise has been removed, resulting in a clearer final fault

map. This step is crucial before the automated fault extraction or seeded 3D fault extraction

is carried out. Following the automated fault extraction (Fig. 3.9), the faults were screened,

filtered and individual fault traces related to the same fault plane were merged together.

In other cases, 3D fault tracking was used where selected faults have been manually picked

using the Ant-Tracking volume.

3.3.2 Integrated Seismic Volume Analysis

The interpretation and visualisation of the manifestations of the discussed fluid flow in-

dicators is based on the seismic data used. For a three dimensional seismic dataset, the

workflow used is shown in figure 3.11. The first step was to obtain interpreted stratigraphic
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Figure 3.10: Example of footprint noise contamination close to the seabed (440 ms TWT)
and its suppression during fault detection. A) Ant-tracking without the stereonet filter.
B) Ant-tracking with the stereonet filter applied C) Azimuthal filtering of the suppressed
footprint direction, which in our case is 75-105N. Once the footprint noise is removed,
automated or semi automated fault extraction can be carried out without unwanted fault

orientations.

horizons with constrained ages. This was done using autotracking for deeper, uniform,

relatively unfaulted horizons. For the polygonal fault interval (see Chapter 4), the URU

and the seabed reflectors(4.2,4.3,6.4), paintbrush autotracking has been used, which is a

semi automated interpretation, ensuring maximum quality control of the results. Auto-

tracking was done over a small area, which is ’painted’ over the reflectors and corrected

by the user in difficult areas. To avoid clipping artifacts, the horizon interpretation was

carried out on the original seismic amplitude volume. The final surfaces were then gridded

at highest resolution. These then formed the stratigraphic framework of the dataset. In

parallel volume-based interpretation has been carried out involving computation of seismic

attributes, which were classed into stratigraphic and structural attributes (Fig. 3.11). The

generation of seismic attributes for the whole seismic volume usually took 5 hours to run

per attribute volume and prior to attribute cube computation, parameters for and individ-

ual attribute were tuned on a smaller cropped volume around a feature of interest (a fault

or a pockmark/seismic pipe). Afterwards, the seismic volume attribute was computed for

the whole 3D seismic cube. Once the volume-based attributes and stratigraphic horizons
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Figure 3.11: Workflow depicting process behind the interpretation of fluid leakage indi-
cators forming the hydrocarbon plumbing systems based on the seismic data analysis. Part
of the volume based attribute extraction is shown in figure 3.9. RMS=Root Mean Squared

have been interpreted, the seismic volume was screened for fluid flow features. This was

accomplished in two ways: 1) through seismic attributes extracted along the interpreted

horizons and 2) by means of scrolling through the seismic volume using co-rendering of

volume attributes, dipping time slices and opacity filtering. Both methods had advan-

tages and disadvantages. Volume-based screening was a fast way to pick out anomalies

in seismic data, in particular if they were cross-cutting multiple reflectors. However, the

3D nature of the dip of the seismic reflectors was not always respected by dipping time

slices. Horizon-based attributes therefore provided a much more reliable way of extracting

attribute information along selected horizons, although the main limitation was the limited

number of manually mapped horizons within each stratigraphic interval. An integrated

approach was therefore adopted, using both the volume-based and horizon-based screening
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Figure 3.12: A)Co-rendering of Seismic amplitude and Variance attributes showing 3D
geometry of the fluid flow systems above the BSR with focus on curvilinear Intra-Paleocene
faults imaged on dipping time slice and seismic pipes terminating in seabed pockmarks
(modified from Ostanin et al. (2012)). B) Volume co rendering of seismic amplitude, with
opacity overlay of seismic variance and RMS amplitude time slices as well as seismic pipes
above the gas anomaly 2. Additionally, cropped variance volume shows time slices of seabed

iceberg ploughmarks (modified from Ostanin et al. (2013)).

together for the identification and interpretation of the fluid flow features. Faults were in-

terpreted using combination of methods, generally involving manual interpretation guided

by volume based structural attributes. Large-scale seismic anomalies were picked out on

volume-based attributes with the area subsequently cropped and isolated. In this area,

the structural and stratigraphic attributes were then employed to detect the features of

interest. Stratigraphic horizons were used in combination with horizon-based attributes to

constrain the nature of faults and fluid flow features in the proximity. The results from

selected areas were then integrated over the whole survey area to form an understanding

of the collective hydrocarbon plumbing systems (see Chapter 6). Examples of the results

obtained using the proposed seismic interpretation workflow are shown in figure 3.12. By

using a combination of attribute co-rendering, opacity and time slices, the whole plumbing

system can be recognised and isolated from the seismic data.

3.4 Polygonal Fault Strike Extraction

There was the need to measure the strikes of the polygonal faults implementing a semi-

automated approach. Since the fault strike orientation varied a lot over approximately one

thousand fault segments that were identified, several techniques were tested to produce a

fast and reliable method for the computation of fault strikes.
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Figure 3.13: Extraction of fault segments from A) Variance horizon time slice, using B)
automated fault patch extraction in Petrel and plotting intersections with horizon slice in

A, C) manual fault interpretation using polygons in Petrel.

Automated fault strike extraction involves running the Ant-Tracking workflow (Fig. 3.9,

page 55) and extracting fault segments (patches) automatically, custom tuning default

parameters to obtain the best fault patch extraction. This is a fast way to extract multiple

fault planes, which can be used to create intersection polygons with a certain horizon.

However, in this case, the polygonal fault patches had small throws, with variable strike

orientations and lengths, thus, the automatic fault extraction yielded poor results which

were far from the real measurements of polygonal fault strike orientations (Fig. 3.13b).

Some faults were ignored, whilst others were merged together, thus manual calibration of

fault segments was required, which was cumbersome and impossible considering the vast

number of identified fault patches. Furthermore, the strike orientation was extracted as a

mean value along the fault patch, which was a problem in places where the fault changed

orientation. Therefore, this method was not used in calculation of the polygonal fault

strikes.

Manual fault strike extraction is a far more time consuming approach, although the inter-

preter has a strong control over the individual fault strike variation. A Variance horizon
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Figure 3.14: Comparison of extracted polygonal fault strikes using different methodolo-
gies from figure 3.13using: A) manual interpretation, B) automated fault extraction. The

horizontal axis denotes the number of measurements having a particular orientation.

slice was used (Fig. 3.13, page 60) and polygons were manually drawn representing each

individual fault represented by a straight line segment having UTM coordinates (x, y)

and vertice numbers (1 and 2). A different polygon was assigned to each change in the

fault strike. The methodology was first tested on four faults with known bearings and the

workflow was then used to obtain fault strikes from the polygonal faults as well as the

Paleocene-Early Eocene Faults (See Ostanin et al. (2012) in chapter 4). The segments were

then used to calculate the strike orientation of each fault using the workflow depicted in

figure 3.15 and the results plotted on a rose diagram (Fig. 3.14).

The workflow for extraction of polygonal fault strikes is depicted in figure 3.15 and can be

separated into three main steps: 1) fault strike interpretation, 2) fault strike calculation

and 3) fault strike visualisation. The first step was the interpretation of faults.

The bearings were calculated using the arctangent function, summarised by the following

equation:

θ =
180

π
arctan

dx

dy
(3.8)

where θ is the fault strike orientation in degrees, given in radians by default, thus we convert

to degrees using the term 180
π . The term dx defines the horizontal change in the X direction

and the term dy is the vertical change in the Y direction.

However, the arctan function produced negative angles in the quadrants II and IV (Fig. 3.16).

Since we were interested in calculating the bearings, we obtained angle θ between 0 and 90
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1) Fault interpretation

2) Fault strike calculation

3) Fault strike visualisation

Vertice X Y dx=x2-x1 dy=y2-y1 dx/dy θ
IF(A4>1;(B4-B3);"") IF(A4>1;(C4-C3);"") E3/F3 ATAN(H3)*180/PI()

1 489658,15 7929212,23 130,24 171,11 0,7611478 37,27649709
2 489788,39 7929383,34 #VALUE! #VALUE!
1 486067 7930521,51 117,95 314,48 0,375063597 20,55923975
2 486184,95 7930835,99 #VALUE! #VALUE!
1 486476,78 7930830,29 3,54 -136,72 -0,025892335 -1,483190109
2 486480,32 7930693,57 #VALUE! #VALUE!
1 486104,54 7929899,63 369,13 135,65 2,72119425 69,82234128
2 486473,67 7930035,28 #VALUE! #VALUE!
1 486543,55 7930114,67 163,96 444,02 0,369262646 20,26730473
2 486707,51 7930558,69 #VALUE! #VALUE!
1 486739,28 7930595,34 166,29 245,21 0,67815342 34,1432923
2 486905,57 7930840,55 #VALUE! #VALUE!
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C D Polygon Vertice X Y Z
1 1 489658.15 7929212.23 0.06
1 2 489788.39 7929383.34 0.13
2 1 486067.00 7930521.51 0.09
2 2 486184.95 7930835.99 0.19
3 1 486476.78 7930830.29 0.50
3 2 486480.32 7930693.57 0.13
4 1 486104.54 7929899.63 0.13
4 2 486473.67 7930035.28 0.34
5 1 486543.55 7930114.67 0.62
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Figure 3.15: The extraction of fault strikes, depicted in the workflow from the interpre-
tation to the visualisation.

degrees north as well as the angle φ between 270 and 360/0 degrees north. Since θ is equiv-

alent to α, and φ is equivalent to β, we obtained β and α by adding 180 degrees to φ and θ

respectively. The terms dx and dy were calculated the following way: if the polygon vertice

was equal to 2, then the X -coordinate of the point with vertice 1 was taken away from
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Figure 3.16: Schematic representation of the arctangent problem and calculation of the
fault bearings and orientation in workflow depicted in figure 3.15.

X -coordinate of the point with vertice 2. The same has been done for the Y -coordinates.

If the vertice number was one, the cell was left blank and the next difference was calculated.

The step 3 in the workflow involved visualising the fault strike orientations, which was

done using the Grapher software and the rose diagram plots by adding 180 degrees to the

measurements of bearings in quadrants I and II.

The results in the rose diagrams (Fig. 3.14) outline the main differences between the two

approaches. The first main difference is the number of measurements of fault strike orien-

tation, which is 233 from manual interpretation and only 133 from automatic fault patch

interpretation. As seen from figure 3.13, the automatic fault patch extraction occasionally

gave erroneous measurements, which biased the rose diagram in terms of fault strike ori-

entation. One example of such bias was the NS trend which is not so pronounced in the

variance horizon slice and in the rose diagram, showing the results of manual interpretation

(Fig. 3.14). The manual fault interpretation however emphasised the EW trends, thus

individual orientations of the fault strikes could be deduced.

One of the advantages of this workflow is that it can be applied to extract the small-

scale polygonal fault strike orientations but can also be used to calculate the orientation of
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larger lineaments, boundaries, faults and other fractures and can also be applied in other

geological settings.
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3.5 Time to Depth Domain Conversion

In the previous sections the theme of seismic interpretation has been covered, where the

ultimate goal is to produce horizons separating geological formations based on acoustic

impedance (product of velocity and density) contrasts. Once the horizons in time were

mapped, they represent layers whose lithological properties can be used to construct a ve-

locity model, to convert from seismic two-way travel time into the depth domain. However,

it is important to note that the seismic velocities through the stratigraphic units vary sig-

nificantly (Avseth et al., 2005; Allen and Allen, 2005; Kearey et al., 2002; Bjørlykke, 2010),

as the seismic wave propagation is affected by the elastic moduli (bulk and shear moduli)

and the bulk density (see section 1.6.2), which in turn depend on the intrinsic properties of

rocks such as the lithology and degree of lithification, porosity, cement/mineralisation, fluid

saturation and type and presence of fractures (see Avseth et al. (2005) and refs. therein).

In general, it has been shown that the seismic P-wave velocity increases with increasing

density (Gardner et al., 1974) and decreasing porosity (Wyllie et al., 1956). In order to

simplify the time to depth conversion, several velocity-depth laws exist (Cox, 1999), the

most common being:

V = V0 + kZ, (3.9)

where V is the interval seismic velocity at a particular location (Vint = (Ztop − Zbase /

∆TWT ) and Z is the depth between the top and base of a layer ((Ztop − Zbase)/2). V0

and k represent the constants for the optimal time vs. depth curve for an area or location,

which can be obtained from logs, stacking velocities and checkshots (van Dalfsen et al.,

2006; SLB, 2009)

Therefore, the objective of the depth conversion process was to translate the seismic times

to actual depths and to predict depths away from wells using a stack of stratigraphic maps,

formation average velocities, derived from well tops, checkshots and seismic processing

derived stacking velocities to build a velocity model based on equation 3.9 at each grid

point in the model. This is an intermediate step before the depth maps can be imported

into basin modelling software as the forward modelling of burial history, maturity and

decompaction are depth. In order to reproduce the subsurface geology as accurate as

possible, all available velocity information must be quality checked and used to recreate the

velocity structure.

A basin-scale velocity model was constructed, based on the available seismic and well data

in the Hammerfest Basin, as well as surrounding parts of the SW Barents Sea where seismic



Chapter 3 Data & methods 66

Figure 3.17: Outline of the velocity models, used to build the 3D Petroleum system model
with respect to the hydrocarbon discoveries and structural elements.

and well data were available. The extent of the regional velocity model and the 3D small-

scale model is shown in figure 3.17. The high resolution 3D velocity model was included in

and used to refine the larger model.

The available data provided for this work included stacking velocities (derived from the

3D seismic dataset from the Snøhvit field), check-shots (in measured depth (m) and two

way travel-time TWT (seconds)), well tops (measured depth (m) as well as formation top

name) from several boreholes in the Hammerfest Basin. The results of the 3D seismic

interpretation included 10 main surfaces (in TWT), namely the contemporary seabed, top

Torsk Fm (URU), Kveite/Kviting Fm, Kolmule Fm, Kolje Fm, Knurr Fm, Hekkingen Fm,

Stø Fm, Nordmela Fm, Tubæn Fm and Fruholmen Fm. To complement the high-resolution

3D interpretation, regional 2D seismic interpretation was also carried out to extend the

mapping of the aforementioned stratigraphic markers beyond the coverage of the STO306

3D seismic survey (see Figs. 3.2, 3.5). This work yielded basin-wide continuation of the

contemporary seabed, top Torsk Fm (URU), Kveite/Kviting Fm, Kolmule Fm, Kolje Fm,

Knurr Fm, Hekkingen Fm, Stø Fm, as well as two additional seismic horizons, namely the

Snadd Fm and Kobbe Fm.

Two different methods have been tested for the depth conversion, namely: 1) Grid-based

velocity modelling and 2) Layer-based velocity modelling. Method 1 used check-shots,
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Formation/layer Vp (ms 1) Mean(ms 1) σ(ms 1) Average thickness (m) σ (m)
Water column 1480 - - 300 40
Seabed (Nordland Gp) 1750 - - 170 190
Torsk Fm 1960-2780 2440 47 630 210
Kveite/Kviting Fm 2260-2850 2391 1000 70 50
Kolmule Fm 2420-4000 2284 1000 720 200
Kolje Fm 2720-5530 2068 1000 200 120
Knurr Fm 2850-4240 2168 1000 80 40
Hekkingen Fm 2350-4790 3830 350 70 40
Fuglen Fm - - - 20 20
Stø Fm 2800-4380 3660 530 90 30
Nordmela Fm 3920-4990 4230 330 100 30
Tubæn Fm - - - 100 40
Fruholmen Fm 3420-5790 4290 660 250 100
Snadd Fm 3600-6000 4670 660 1000 360

Table 3.1: Velocity model used for the depth conversion of the large scale model.

stacking velocities, welltops and involved populating a 3D grid with interval velocities

calibrated using check-shots and welltops which were then converted to an average velocity

cube, used to convert the stratigraphic horizons from time to depth.

Method 2 involved using the stacking velocities (where available) and check-shots to con-

struct interval velocity maps between each interpreted surface, which were then calibrated

using welltops to produce the velocity model. Interval velocities are calculated between two

surfaces, (e.g. between the water surface and the seabed, between seabed and Torsk Fm,

between Torsk Fm and Kveite/Kviting Fm, etc.)

Both methods have been tested and quality controlled by depth converting the layers and

checking with observed depths at all intervals, in particular at the reservoir interval. Method

1 involved numerous intermediate steps where errors could contaminate the velocity field,

in particular the introduction of well tops as a quality control produced velocity artifacts.

Moreover, the grid-based approach using purely the stacking velocities did not work well

for extrapolation over larger distances to cover the extent of the whole petroleum system

model area of interest (see fig. 3.17). Method 2 involved fewer steps and the final model

(Table 3.1) showed a good fit to the observed depths (Table 3.2).

Check-shot surveys are used to determine time to depth relation at well locations, being a

direct measurement of travel time between the surface and a given depth (Sheriff, 2002).

These data, only rivaled by the vertical seismic profiles (VSP) survey in terms of their qual-

ity are still a very good way to compute the velocity variations with depth over very small

depth increments, thus providing instantaneous velocities (Etris et al., 2001). Check-shot

data from available wells were then quality controlled for outliers, followed by generation

of interval and average velocity profiles at each well location.

The stacking velocities are derived from the seismic data however are not representative of

the real subsurface geological velocity variations and are used in alignment of the common



Chapter 3 Data & methods 68

Well Observed Depth (m) Predicted Depth (m) |Predicted-Observed| % Error
7119/9-1 2723 2700 23 0,84
7120/1-2 2187 2173 14 0,64
7120/5-1 2263 2268 5 0,22
7120/6-1 2385 2391 6 0,25
7120/6-2 s 2178 2284 106 4,87
7120/8-1 2067 2068 1 0,05
7120/8-3 2170 2168 2 0,09
7120/9-1 1817 1825 8 0,44
7120/9-2 1948 1954 6 0,31
7121/4-1 2295 2370 75 3,27
7121/4-2 2457 2462 5 0,20
7121/5-1 2347 2359 12 0,51
7121/5-2 2301 2347 46 2,00

Table 3.2: Depth conversion results showing the misfit between the observed and predicted
depth of the Stø Fm. Depths are below mean sea level.

mid point gathers during imaging and migration (Etris et al., 2001). Nonetheless, they can

be used to extrapolate the velocities away from wells, guided by the check-shots.

The stacking velocities are first converted to interval velocities by applying the Dix conver-

sion (Dix, 1955). When dealing with multiple layers, Dix (1955) demonstrated that for n

horizontal beds, the travel times and travel paths can be related through the root-mean-

square (RMS) velocity: Vrms

Vint =

√(
(V 2
b Tb − V 2

a Ta)

(Tb − Ta)

)
, (3.10)

where Vint is the interval velocity in an individual layer with RMS velocities Va and Vb

corresponding to normal incidence arrival times Ta and Tb above and below the layer re-

spectively. Therefore, for several mapped reflectors, the interval velocities in the nth layer

can be computed. This however does not take into account ray bending effects and surfaces

with dips larger than 7◦, as strong reflector curvature biases seismic velocities (Bacon et al.,

2003). This is because the Dix formula assumes horizontally homogeneous layers and the

more the model is violated by real geology, the more unreliable the conversion becomes.

The seismic staking velocities were corrected by well data, that take Dix conversion into

account. The stacking velocities were then corrected using check-shots and the interval

velocity surfaces have been generated for the area covered by the 3D Snøhvit seismic (see

Fig. 3.17).

The check-shots were then used to generate the interval velocity surfaces for each layer for

the regional velocity model, guided by interval velocities in the 3D seismic area. Some of

the surfaces are shown in figures 3.18 and 3.19. Although variability exists along each of

the interval velocity surface, the main uncertainty comes from the northernmost area of

the study (Fig. 3.17) where there is no well data as well as in the western part of the study

area, where well data is sparse and not all wells contained checkshots. These surfaces were
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then used as input into the final velocity model, which was corrected by the available well

tops.

Additionally, this method integrated all available information (checkshots guided by stack-

ing velocities within the 3D seismic area) to cover the whole area of interest for the

petroleum system model grid. This method was thus preferred in comparison to the 3D

grid velocity building approach due to relatively robust workflow and good results, and it

has also been tested on other datasets in other studies within the research group (Hartwig

et al., 2012; Baristeas et al., 2011).
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3.6 Gas Hydrates and Hydrate Stability Calculations

Gas hydrates have been previously inferred in the Barents Sea based on 2D seismic data

interpretation and constant velocity gather analysis (Andreassen et al., 1990; Laberg and

Andreassen, 1996; Laberg et al., 1998). More recent studies by Chand et al. (2008, 2012)

and Ostanin et al. (2013) showed that the variation in feed gas composition (composition of

the source gas for gas hydrates), together with geothermal gradients changes the thickness

of the gas hydrate stability zone (GHSZ) in the study area. In particular, increasing the

amount of higher order thermogenic gases in the feed gas composition increases the thickness

of the gas hydrate stability zone (Fig. 3.20).

We calculated several scenarios for different structure of gas hydrate (I and II) by varying

the content of higher order hydrocarbons (gas wetness). We calculated gas hydrate stability

phase diagrams for 100, 95 and 90 mol % of methane, changing increasing ethane and

propane weight % for each scenario (Fig. 3.20). Impact of salinity on the gas hydrate

stability was also tested by introducing standard marine seawater salinity (3.5 mol % NaCl)

into the thermodynamic calculations. We observe that increasing salinity decreases the gas

hydrate stability zone thickness due to salt acting as inhibitor (Sloan and Koh, 2008).

Additionally, we introduced the external geological factors into the modelling by varying

the ambient conditions, i.e. the pressure and temperatures due to ice loading and unloading.

The effect of ice loading and unloading increases and decreases the hydrostatic weight due

to the ice sheet, particularly during periods of grounded ice (Elverhøi and Solheim, 1983;

Sættem et al., 1992; Winsborrow et al., 2010; Rüther et al., 2011; Laberg et al., 2011;

Faleide et al., 1996; Solheim and Elverhøi, 1993).

During the ice loading, the seabed temperature was set to 0 ◦C, to simulate the Barents

Sea Ice Sheet bottom temperature (Engelhardt and Kamb, 1993; Winsborrow et al., 2010;

Andreassen et al., 2008). The results of these calculations are shown in tables A.1,A.2,A.3,

A.4,A.5,A.6 and the gas hydrate phase diagrams are plotted in figure 3.20. Additionally,

3D thermal effects and heatflow variation over the Barents Sea shelf may influence the gas

hydrate stability and should also be taken into account when attempting to predict areas of

potential hydrate stability. A detailed discussion and interpretation of the ice sheet loading

and unloading on gas hydrate stability and potential consequences is presented by Ostanin

et al. (2012, 2013) in Chapter 6, section 6.6. The gas hydrate stability calculations have been

computed using the CSMHYD programme (Sloan, 1990). A comparison of hydrate stability

softwares, shows that CSMHYD provides a good fit with experimental data. Nonetheless,

at pressures above 10 MPa (800-1200 m Depth), CSMHYD overestimated the hydrate

temperatures by 1◦C (Carroll, 2009). For higher pressures, CSMHYD is slightly better than

other available programmes giving overestimation of temperatures less than 2◦C (Carroll,

2009). Therefore, this may lead to some uncertainty regarding the interpretation of the

intersection between the depth range of the BSRs reported in this study and the hydrate
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Figure 3.20: Gas hydrate stability phase diagrams for different feed gas compositions
(tables:A.1,A.2,A.3, A.4,A.5,A.6, with and without salt as inhibitor. Key factors influenc-
ing the stability are the salinity of pore fluids, geothermal gradient, depth of the sediment
water depth, seabed temperature and the type of gases present (pure methane, thermogenic
contribution or a mixture. The area in grey represents the hydrate stability zone for a given

geothermal gradient (modified after (Ostanin et al., 2013).

stability curves. Therefore the gas hydrate stability curves were used tentatively as a

general estimation of the gas hydrate stability behaviour. A more recent development to

the CSMHYD programme is the CSMGem programme (Sloan, 1999), which is much more

accurate and better suited for engineering purposes than its older version. The latest version

of the CSMGem was however unavailable during the course of this part of the research.
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3.7 Petroleum System Modelling

3.7.1 Model Construction

The 3D Petroleum System Modelling (PSM) tool used in this study (PetroMod v. 2012.1,

Schlumberger) uses a finite-element forward modelling approach to analyse mathematically

the physical and chemical processes involved in the basin formation and its development

over geological time. Numerical basin modelling is an overall integrated tool aimed at recon-

structing and understanding significant geological events during basin’s geological history

(Welte et al., 1997). A number of published studies are available on this subject going into

the theoretical background of the above mentioned processes in great detail (e.g. Tissot

and Welte (1984); Welte et al. (1997); Allen and Allen (2005); Hantschel and Kauerauf

(2009); Wangen (2010)).

In general, the basin history and evolution can be expressed in terms of several coupled

processes, namely: 1) deposition, compaction, burial and pressure history, 2) thermal and

heat flow history, 3) source rock kinetics and organic matter maturation, 4) the timing of

petroleum generation, adsorption and expulsion, 5) secondary migration, entrapment and

leakage of petroleum, 6) composition analysis (Hantschel and Kauerauf, 2009).

The following section presents an overview of the PSM methods, whilst the application of

these methods and results are presented in Chapter 7.

3.7.1.1 Burial History

The burial history of the basin is calculated in PetroMod by assignment of layers and

their corresponding ages, created at the upper surface and removed during erosion. Paleo-

geometries are then reconstructed using backstripping - decompaction of each layer from

present day thickness to initial depositional thickness (dp and do, respectively) assuming

conservation of the solid grain volume (Wangen, 2010). This is given as:

do(1− φ0) = dp(1− φp), (3.11)

where φ0 is the surface porosity and φp is the present day porosity (Hantschel and Kauerauf,

2009). The present day, or calculated porosities strongly depend on the pore pressure de-

velopment, hence decompaction is forward modelled using porosities and lithology specific

compaction parameters at hydrostatic pressure regime at first, yielding initial present day

geometry estimation. Optimisation procedure is then applied multiple times, which com-

pares simulated layer depths to the input map depths, calculates differences and adjusts

assumed deposited sediment layer thicknesses. For further details on the decompaction, see

Hantschel and Kauerauf (2009), figure 2.49.
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Decompaction of present day stratigraphic thicknesses is generally represented by Athy’s

single exponential compaction (Athy, 1930; Hedberg, 1936), given by:

φ = φ0e
−cz, (3.12)

where φ is the porosity at depth z, φ0 is the initial surface porosity and c is the constant,

determining the rate of compaction. Alternative models are also available such as the

mudstone model (Yang and Aplin, 2004), double exponential compaction (Schneider et al.,

1996) and multipoint models (Hantschel and Kauerauf, 2009). The mudstone model is

used for clay rich formations with rapid compaction at shallow depths and vertical effective

stresses, whereas the double exponential compaction can be used to represent compaction

behaviours for a number of lithotypes.

3.7.1.2 Pressure History

Normally, the rate of compaction is a function of the overburden pressure, where the poros-

ity variation with depth is normally converted to porosity variation with vertical effective

stress (VES), introduced by Terzaghi (1943), given by:

V ES = Plith − Ppore, (3.13)

where Plith and is Ppore are the lithostatic and hydrostatic pressures respectively. The

hydrostatic pressure is the weight of the water column given by: Phyd = ρfgh, where ρf is

the bulk density of the fluid, typically seawater with density of 1.050 kg/m3, which is also

a function of temperature, pressure and salinity (Batzle and Wang, 1992). The lithostatic

pressure, Plith represents the pressure due to overburden and is calculated as Plith = ρBgh ,

where ρB is the bulk density of the rock unit (typically, 2700 kgm−3), g is the acceleration

due to gravity and h is the depth of the rock unit. The bulk density is the combination of

the fluid density (ρs) and the solid grain density (ρf ), with respect to porosity (φ) given

by:

ρbulk = φρf + (1− φ)ρs (3.14)

The pore pressure Ppore, however is the pressure inside the rock unit. Typically, the factors

affecting the Ppore (overpressure) can be due to 1) overburden increase and disequilibrium

compaction during rapid burial, 2) gas generation and expansion, 3) petroleum buoyancy

and 3) potentiometric head in shallow, well ”plumbed” basins (Osborne and Swarbrick,

1997). The excess hydraulic pressure is calculated as a difference between the pore and the

hydrostatic pressures. The pore pressure is essentially caused by incomplete compaction of

sediment by reduction of porous space, grain rotation and pore space connectivity. There
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are two types of compaction, namely: 1) mechanical compaction, where porosity is reduced

(eq. 3.12) as a function of increasing vertical effective stress (Plith-Ppore) using equation

3.12 mainly due to rotation of the grains and reduction of pore volume and 2) chemical

compaction causes over consolidation due to cementation and diagenesis caused by rate

of dissolution and precipitation (Bjørlykke, 2010). The general arrangement of grains and

minerals in sand and clays result in higher overpressure generated in clays and mudrocks due

to irregular grain shapes and sizes as well as compressibility of kaolinite, smectite and illite

(Mondol et al., 2007). Overall, during the decompaction simulation the layers are restored

to their original depositional thickness by combining the effective stress, compensating

for overpressured sections, density and porosity, in combination with the water depth,

paleobathymetry as well as erosional and uplift events (Sclater and Christie, 1980; Wangen,

2010; Hantschel and Kauerauf, 2009). The input parameters for the decompaction and

burial history are presented in table 3.3, whereas the output results are presented in the

burial history plot in figure 7.1.

3.7.1.3 Model Setup

A 3D basin model was constructed using ages, formation thicknesses and lithological prop-

erties of individual formations, specified under input parameters, which in turn are used

to determine the rate of sedimentation and affect the compaction behaviour, with ultimate

impact on the pressure and temperature histories (see table 3.3). Petroleum system ele-

ments and source rock parameters are also specified during model building stage (see table

A.7). Overall 14 formations have been used in the construction of the 3D PSM model.

The surfaces have been interpreted based on the available 2D seismic datasets outside of

the Snøhvit dataset, whilst 3D seismic data were used to map the areas of Snøhvit and

Albatross gas fields. A detailed analysis and interpretation can be found in Ostanin et al.

(2012) (Chapter 4). In the overlap areas between 2D and 3D seismic datasets, preference

was given to the 3D derived time surfaces. The area of interest was chosen to include the

Snøhvit/Albatross and Askeladd gas fields as well as southern edge of the Loppa High and

the RLFC (see Fig. 2.1), limited by the availability of seismic data and borehole information

west of the Snøhvit area into the Tromsø Basin (Fig. 2.1). Thicknesses of the stratigraphic

units have been based on regional 2D and higher resolution 3D seismic data interpretation

from the Hammerfest Basin. Checkshots and formation tops from the well database (NPD,

2011) have been used to domain convert the regional surfaces from TWT to depth (see

section 3.5) and table 3.1. Finally input stratigraphy was based mainly on figure 4.2 and

well information (NPD, 2011) with overburden formation simplified to siltstone to avoid

significant overpressure buildup during glacial loading. Regional reactivated faults linking

Jurassic reservoirs and deeper strata with the younger Cenozoic stratigraphy have been

also included into the 3D PSM model, based on regional 2D and 3D seismic data analysis

(Ostanin et al., 2012, 2013). The conceptual geo- and the 3D basin models are presented
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Figure 3.21: Final model visualisations of: A)3D Geomodel constructed in Petrel showing
main faults and stratigraphic layers, B) 3D model view in PetroMod showing the Same
reservoir layer and main tectonic faults, C) 3D model view with ice sheet and D) 3D model

view without ice sheet.

in figure 3.21. Detailed description of the faults used in the model and their implication

for petroleum leakage can be found in Chapter 7.2.

3.7.2 Boundary Conditions

3.7.2.1 Paleo Water Depth (PWD)

Paleo bathymetry or paleo-water depth (PWD) maps play are used in several basin mod-

elling calculations, namely in calculating present day and paleo event geometry, subsidence
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and heat flow maps as well as an input in the sediment-water interface temperature calcu-

lation step (Allen and Allen, 2005; Hantschel and Kauerauf, 2009), thus having a strong

influence on the burial history (Wangen, 2010). Paleo bathymetry is generally derived

based on combination of crustal stretching, subsidence, eustasy and if available deposi-

tional environments with respect to the shelf break (Watts and Ryan, 1976; Reemst et al.,

1994; Allen and Allen, 2005). The main research interest has been on period from 1 Ma

to present day, thus the paleo-water depths in the Barents See prior to 1 My have been

simplified and kept constant (see table A.9. During the last 1 My, the PWD was computed

as a function of the ice thickness. The timing and ice sheet thicknesses in the model have

been constructed based on Siegenthaler et al. (2005); Svendsen et al. (2004), Siegert et al.

(2001) and Cavanagh et al. (2006). The maximum model time step resolution in this case

has been 10 ka. The periodicity of the major ice cycles in the model is based on the 100

ka cycles, from the Milankovic orbital forcing (Kukla and Ćılek, 1996) The ice thickness

for these modeled major ice ages was assumed constant at 1.5 km, based on the maximum

ice thickness for the last glacial maximum (Svendsen et al., 2004; Siegert et al., 2001). For

the main glacial periods modeled during the last 1.2 Ma, 5 glacial megacycles prior to the

Late Weichselian were assumed to have had ice thicknesses of 1500 m during each cycle.

During the last 200 ka, the Saalian, Early Weichselian, Middle Weichselian and the Last

Glacial Maximum glacial periods were modelled, having ice thicknesses of 500, 750, 1250

and 1500m respectively (see fig. 2.3). These values are based on the predicted maximum ice

volumes and areal extent of the Barents Sea Ice sheet (∼5× 106 km2) during Weichselian

(Siegert et al., 2001; Svendsen et al., 2004). Prior to 1.2 Ma there are no constraints on ice

thicknesses, however a possible impact of changing ice thickness on petroleum systems have

been recently reported in the Hammerfest Basin (Rodrigues-Duran et al., 2013). We there-

fore assume an ice sheet thickness of 1.5 km prior to the Late Weichselian. Additionally,

glacial erosion is also taken into account, based on the estimates of Laberg et al. (2011).

The Pliocene-Pleistocene erosion was assumed to be constant at 200 m from 2.5-0.7 Ma

and 300m from 0.7-0 Ma, with a net erosion during glacial periods summing up to 500 m

(Laberg et al., 2011). The timings and thicknesses of the modelled ice sheets are presented

in table A.8. The results of the modelled burial history, including the implemented glacial

history are shown in figure 7.1.

Overall, the PWD has been computed using the principles of ice loading and topographic

compensation, expressed by the Airy isostasy Allen and Allen (2005),:

b =
ρc − ρice
ρm − ρc

, (3.15)

where b is the thickness of the root beneath the additional load of height h, on top of

the crust. The terms ρc, ρm and ρice, are the density of continental crust, density of

mantle and density of the ice sheet, respectively. If using ρm as 3300 kg/m3, average crust

density ρc of 2800 kg/m3 and 917kg/m3 as the ice density, we find that the compensation
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Figure 3.22: Paleowater depth input boundary conditions, based on ice isostatic compen-
sation due to ice sheet thickness based on Benn and Evans (2010a).

depth beneath an ice sheet will be on the order of 0.23-0.27 times the ice thickness (Benn

and Evans, 2010b). As the ice sheets do not maintain constant thickness laterally, the

compensation depth will decrease near the ice sheet edges. The PWD and the glacial

loading profile boundary conditions input are shown in figure 3.22 and the input data are

presented in table A.9.

Erosional events have been included into the input table based on the stratigraphy (Fig.

4.2) as well as regional studies on the magnitude of erosional events (Nyland et al., 1992;

Cavanagh et al., 2006; Ohm et al., 2008; Green and Duddy, 2010; Rodrigues-Duran et al.,

2013). The main erosional events are presented in table A.10 which include ice sheet erosion

as well as: the Late Cretaceous erosion (200 m, from Ohm et al. (2008)), Oligocene erosion

(35-40 Ma) magnitude of 1000 m and Miocene erosion (5-10 Ma) magnitude of 500 m, based

on Green and Duddy (2010). The Oligocene erosion map is shown in figure 3.23, which

has been constructed based on calibrating magnitude of erosion for the vitrinite reflectance

values at each available well location.

3.7.2.2 Sediment Water Interface Temperature (SWIT)

The sediment water interface temperature (SWIT) is an important top boundary condition

for the heat flow in the model and is estimated based on latitude depended mean surface

and paleo surface temperatures corrected for water depth (Wygrala, 1989). For the whole

model, the SWIT has been calculated automatically for the time from 300 Ma up to 2.5
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Figure 3.23: Oligocene erosion map, constructed from calibration of individual wells,
which was compiled based on the sensitivity study by scaling the values and cross checking

the vitrinite reflectance profile.

Ma, whilst from the time between 2.5-0 Ma the SWIT has been defined manually as the

geologically short-lived glacial temperature oscillations are not taken into account by the

SWIT prediction tool (Wygrala, 1989; Hantschel and Kauerauf, 2009). The Barents Sea Ice

Sheet is thought to be a wet ice sheet with melting taking place at the base, as indicated

by numerous ice streams on the Barents Sea shelf (Winsborrow et al., 2010), therefore, the

ice surface temperature at the top of the ice was iterated to match the boundary conditions

at the base, which should be around 0 ◦C. The ice surface temperatures used vary from -17

to -56 ◦C depending on the ice thickness, which are in agreement with measured surface

data from the Greenland ice sheet (Hall et al., 2008). The calibrated SWIT history during

the modelled glaciations is shown in figures 3.24, 7.1b and table A.11.

The SWIT in particular has an impact on modeled temperature in the basin model. The

depth dependent temperature field is controlled by heat diffusion, described by the thermal

diffusivity distance (see Allen and Allen (2005), page 376). This parameter describes the

time taken for a change in temperature to propagate to a specific distance through a

medium:

τ =
l2

κ
, (3.16)

where τ is time in seconds, κ is the thermal diffusivity in m2/s (typically 1×10−6 m2/s) and

l is the distance in metres. Thus, if there is a surface temperature change, it should in theory

have an effect up to a depth of 1 km over a time span of 32000 years. Therefore, the 100

ky megacycles should have an impact on the thermal field in the study area. Nonetheless,

the better constrained Weichselian glaciations (Siegert et al., 2001) are much shorter in
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Figure 3.24: Sediment water interface temperature profile based on calibration of the ice
sheet in PetroMod (see Table A.11).

duration (∼ 10-20 ky) and might not have significant influence on the deeper basin thermal

regime.

The periodicity or cyclic temperature variation at the Earth’s surface can be described by

the angular frequency (Allen and Allen, 2005), ω = 2π
T , where T is the period, which in

the case of the Plio-Pleistocene megacycles is 100000 years (Kukla and Ćılek, 1996). The

temperature solution at depth can be described by the exponential decrease of temperature

with depth (skin depth), where the depth z is scaled by a factor of
√

2 (Wangen, 2010).

Using equation 3.16 the following expression for the skin depth can be obtained:

L =

√(
2κ

ω

)
, (3.17)

where L is the depth in metres, κ is the thermal diffusivity and ω is the angular frequency.

Thus, for a periodicity of 100000 years, and using the thermal diffusivity of 1× 10−6 m2/s

results in the skin depth of ∼1 km. Therefore, where short term temperature variations

have small skin depth, long term temperature changes can propagate to greater depths in

the sedimentary basin. The skin depths with corresponding durations are plotted in table

A.12 showing that the megacycles in our model have greater effect at depth, whereas the

Weichselian glaciations have a smaller skin depths. The skin depths in table A.12 also

show that higher frequency temperature oscillations at the surface do not propagate to

great depths into the basin. However slow long cyclic oscillations propagate over 1 km deep

and are capable of influencing the temperature regime of the reservoir.



Chapter 3 Data & methods 83

3.7.2.3 Heat Flow

Thermal History Much of the heat is generated by processes deep within the Earth’s

crust, however temperatures at shallow and moderately shallow depths, and in particu-

lar the maximum temperatures that a formation experienced during a point in geological

history, are of great interest in terms of onset of petroleum generation. Burial of organic

matter and maturation of kerogen, thus subsequently generation of petroleum, have been

established as dominantly temperature dependent processes (Philippi, 1965; Tissot and

Welte, 1984; Tissot et al., 1987). Therefore the understanding of the thermal history of

a sedimentary basin is essential for de-risking of prospects, predicting maturity of source

rocks (Sweeney and Burnham, 1990; Burnham and Sweeney, 1989) as well as petroleum

phase prediction. Moreover, present day maturity indicators are not sufficient to predict

the onset of petroleum generation as these reactions are dependent on the heating rates,

governed by the kinetic reactions (Tissot and Welte, 1984; di Primio and Horsfield, 2006).

Present Day Heat Flow The transfer of heat in the Earth is achieved through either

conduction, convection or radiation. Heat transport by radiation is important for the

surface heat budget, whereas conduction and convection are important for the internal heat

budget of the Earth. Heat transfer by convection is a fast process and essential for heat

transfer in the mantle, where fluid motion is involved, whereas heat transfer by conduction is

slower and is dominant within the lithosphere, where kinetic energy is diffusively transferred

by intermolecular interactions (Allen and Allen, 2005). In terms of magnitudes, heat loss

from the Earth’s surface is around 0.05 W/m2, which compared to heat influx from the Sun

- 500 W/m2, is much smaller (Wangen, 2010). However, most of the energy from the Sun is

reflected back by radiation. Heat flow by convection can occur in the proximity of igneous

intrusions as well as at shallow depths where meteoric water influx also affects advection

(Bjørlykke, 2010). In the crust, enrichment of radioactive elements (Uranium, Potassium

and Thorium), particularly in granitic rocks, is responsible for generation of radiogenic

heat due to decay of radioactive isotopes. High TOC black shales also contribute to heat

production due to high Uranium contents in organic matter (Bjørlykke, 2010). Temperature

increases downwards into the Earth thus heat flow is of opposite notation as the direction

is towards the Earth’s surface. The heat transfer by conduction in sedimentary basins can

be described by the following equation:

Q = −κdT
dz
, (3.18)

where Q is the heat flow (W/m2), κ is thermal conductivity of sediment and fluid describing

a certain amount of heat transported over a distance with a specific temperature change

(W/mK) and dT/dz refers to the geothermal gradient, describing the change in temperature
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Figure 3.25: Workflow depicting the steps which were taken during the computation of
the heat flow derived from the BSRs. The BSR image is adapted from Ojha et al. (2010).
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with depth. Thus, heat flow can be estimated, knowing the value of thermal conductivity,

which can be measured on rock samples by subjecting them to a heat flux and recording

the change in temperature across the sample.

To estimate the temperature at the base of sediments, a steady state model is required,

given by:

Tz = T0 +

n∑
i=0

∆Ti, (3.19)

where Tz is the temperature at the base of sediment, ∆Ti is the temperature increase within

layer i and T0 is the temperature at the top of the sediment, or the Sediment Water Interface

Temperature (SWIT). The change in temperature within a sedimentary layer can also be

expresses in terms of the heat flow at the base of sediment (Qz), and the bulk thermal

conductivity of each layer, given by:

∆Ti = Qz
hi
κi
, (3.20)

where h is the thickness of the ith layer. The bulk thermal conductivity in turn comprises of

two components, the solid grain/mineral conductivity (κs) and the pore fluid conductivity

(κf ), having the following geometric relation:

κi = κ(1−φ)
s κφf , (3.21)

Where φ is the porosity, which is shown in equation 3.12 on page 75. In general, it can be

seen from the bulk conductivity plots that with increasing burial or VES, the bulk thermal

conductivity converges to the solid grain thermal conductivity as the fluid conductivity has

a lesser effect at greater burial/VES.

Thermal conductivities within the sedimentary basins are extremely variable (see table

A.13) and have a significant impact on reservoir quality (i.e. kinetics of quartz cementation)

and on maturation of source rocks, expulsion of oil and gas as well as secondary cracking

of oil to gas. For instance the presence of salt layers or diapirs will yield high temperatures

above the salt and low temperature profiles beneath the salt due to the high thermal

conductivity of salt. The opposite case will be shales, which act as thermal blankets, having

high temperatures beneath and low temperature above the shale layers. This of course has

an impact on maturity, petroleum generation/expulsion, and thus, reconstruction of heat

flow and basin temperature history is one of the main tasks in basin modelling.

The present-day thermal state of the Barents Sea is variable, showing pronounced differ-

ences in the NW compared to the SE areas. Recent volcanism and geothermal activity in

the proximity of Svalbard show elevated heat flows in comparison to more average values

in the south, around Loppa High (see Fig. 2.1). In general, basal heat flow ranges between

50-70 mW/m2, with the lowest values corresponding to the older and thicker crust towards
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the east closer to the Kola Peninsula (Smelror et al., 2009). There are numerous surface

and basal heat flow measurements in the Barents sea, mainly composed of marine gravity

probe seabed measurements, IKU shallow drilling campaigns and measurements from ex-

ploration boreholes respectively (Eldholm et al., 1999; Sundvor et al., 2000; Smelror et al.,

2009). In general, elevated heat flow values are recorded towards the Mons and Knipovich

Ridges (Smelror et al., 2009), where a transition between oceanic and continental crusts

exists, and where Moho heat flow is higher, evidenced by Miocene volcanism and present

day hydrothermal springs (Eldholm et al., 1999). Moving south to lower latitudes, the heat

flow is much lower, as the oceanic crust is much older and it borders old continental crust

(Faleide et al., 2008). Nonetheless, there are extremely high heat flow measurement as

high as 1000 mW/m2 (Eldholm et al., 1999), due to focused fluid escape from the H̊akon

Mosby Mud Volcano (Eldholm et al., 1999; Perez-Garcia et al., 2009). Background heat

flow elsewhere is around 60 mW/m2, with the geothermal gradients ranging from 31-38

◦C/km, based on the bottom hole tests and drill stem tests from exploration boreholes in

the SW Barents Sea (Smelror et al., 2009; NPD, 2011).

Basal Heat Flow The present day basal heat flow map (fig. 3.26) assigned in the 3D

model has been produced using available borehole DST and BHT measurements. Firstly, an

initial calibration model was run using a constant heat flow of 60 m W/m2. Subsequently,

each well was then individually quality checked for a match between the present day heat

trend and measured temperature data. Deviations were noted for each well (which were

usually within 5 mWm2) and a map was constructed using interpolated values. The map

was then input into the heat flow map folder, rerun and the temperature profiles for each

well once again quality controlled.

Basal Heat Flow Calibration Using BSRs During the calculation of present-day

basal heat flow maps, used as boundary condition input to the basin model, a novel workflow

has been developed (see fig. 3.25), to calibrate basal heat flow map using available shallow

temperatures derived from estimated base of the gas hydrate stability zone. The initial

step involved the identification of the gas hydrate stability zone on seismic as a bottom

simulating reflector (BSR). The BSR depths were then converted from TWT to depth

using a velocity model. The BSR anomaly map was then converted to points, each point

having UTM X, Y coordinates, a depth in TWT and a depth in m. Knowing the depth

ranges of the BSR and the compositional phase stability curve, the temperature ranges

at the base of the gas hydrate stability zone were obtained. The thermal conductivity of

the shallow sediments was computed using BSR depths, whilst the seabed temperature

was obtained from the seabed temperature database and seabed sampling. The next step

involved calculating the steady state heat flow at the BSR and merging these values with
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Figure 3.26: Basal heat flow map used in the model, calibrated using available exploration
wells. Location of the 3D seismic cube STO306 is shown. Lines indicate location of the

main tectonic faults (NPD, 2011).

the basal heat flow map obtained using exploration borehole temperatures. Each step of

the workflow is explained in detail in the following sections.

It has been shown by numerous studies that the depth of the BSR can be approximated

as following an isotherm (Yamano et al., 1982; Chand and Minshull, 2003; Minshull and

Keddie, 2010). Thus, by assuming a linear temperature gradient and conductive heat

transfer, heat flow can be estimated from the BSR depths (Hyndman and Davis, 1992;

Li et al., 2012; Minshull and Keddie, 2010; Lucazeau et al., 2004) using the following

expression:

Q = −KdT

dz
= −KTBSR − Tseabed

ZBSR
, (3.22)

where (Q) is heat flow in mWm−2; K is thermal conductivity in Wm−1◦C−1; dT
dz is the

geothermal gradient in ◦C km−1; TBSR and Tseabed are temperatures at the BSR and seabed

respectively, in ◦C; whilst ZBSR is the depth of the BSR in kilometres below seafloor

(converted to km from mbsf). The thermal conductivity of the shallow sediments (<5

m) in the Barents Sea ranges from 1.04-1.55 W/mK, is strongly affected lithology and

bathymetry, where low topographic relief results in lower thermal conductivity (Eldholm

et al., 1999; Sundvor et al., 2000; Smelror et al., 2009). The thermal conductivity of the

shallow sediments was calculated using the equation proposed by Davis et al. (1990), which

is given by:
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K = 1.07 + 5.86× 10−4 × ZBSR − 3.24× 10−7 × (ZBSR)2, (3.23)

where (K) is the thermal conductivity in Wm−1 ◦C−1 and ZBSR is the depth of the BSR

below seafloor (mbsf).

The BSRs were mapped using available 2D and 3D seismic data in the Hammerfest Basin.

Enhanced reflectors which showed evidence of acoustic blanking beneath them, roughly

following the seabed and phase reversed compared to seabed and located between depths

of 500-800 ms TWT were picked. The map of the picked BSRs is shown in figure 3.27,

these have been depth converted by our velocity model (see section 3.5 on page 65).

The BSR depth maps have then been interpolated using the Kriging algorithm and con-

verted to depths below seafloor by subtracting the created surface from the seabed reflector.

The depths of the two BSR anomalies, anomalies 1 and 2 coincide with the thermodynamic

phase stability curve for a hydrate having feed composition of 90 mol% methane, 7 mol%

ethane and 3 mol% propane at a geothermal gradient of 35◦km−1, (Ostanin et al., 2012),

which is also in accordance with the Snøhvit gas composition from geochemical well reports

taken from nearby exploration boreholes 7121/4-1, 7121/6-1 (NPD, 2011). We therefore

assumed this hydrate stability phase curve for the calculation of the heat flow map for the

study area. The initial hydrate stability phase curves were computed using the CSMHYD

program (Sloan, 1990). For these calculations, the CSMGem program (Sloan, 1999) has

been used to calculate the hydrate stability phase diagram for the heat flow derivation, as

CSMGem is an upgrade from CSMHYD. Once the hydrate stability phase data have been

calculated, an exponential curve has been fitted through them having the following form:

y = y0 +A exp
x

t
, (3.24)

where y0 = 0, A = 57 and t = 6.7. For the calculation of heat flow we require the

temperature at the BSR depth. Since the depths of the BSR anomalies are known, we

thus require the depth intercept with the hydrate stability curve. Thus rearranging the

equation 3.24 for x gives:

x = t ln
y

A
. (3.25)

Substituting the constants and depth at each grid location (x, y), we obtained a temperature

at the BSR depth (Tseabed). The temperature at the seabed (Fig. 3.28) was defined as 5◦C

(Green and Duddy, 2010; NODC, 2011; Nickel et al., 2012). The thermal conductivities

calculated using the equation 3.23 by Davis et al. (1990) vary from 1.14 - 1.24 Wm−1

◦C−1, which are in agreement with reported thermal conductivity ranges in the Barents
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Figure 3.28: Map showing the seabottom temperature contours (NODC, 2011) overlain
on top of bathymetry (Jakobsson et al., 2008). Location of the wells (NPD, 2011) and

outline of the 3D seismic is also shown.

Sea (Eldholm et al., 1999; Sundvor et al., 2000; Smelror et al., 2009). Finally, the present

day heat flow Q is calculated, shown in figure 3.29, which varies in the study area between

44 and 60 mWm−2. This value is in the range for the heat flow values used during previous

basin modelling studies in the Hammerfest Basin by Cavanagh et al. (2006) and Rodrigues-

Duran et al. (2013). The interpolation of the BSR depths across the study area may

eventually result in erroneous values, as this heat flow estimation method works only in

the presence of BSRs. Therefore a constant depth has been approximated where no BSRs

were observed, implying constant heat flow values in those areas.

The general heat flow trends relate to the depth of the BSR anomalies. Higher heat flow

values, in the range of 52-60 mWm−2 are located in the north-eastern part of the study,

where the BSR anomaly 2 is located (see Fig. 3.27. Interestingly enough this anomaly is

shallower than the BSR anomaly 1, located in the mid-western part of the study, where

calculated heat flow values are lower, ranging from 40-50 mWm−2. Overall, these trends

fit well with the geothermal gradients in the study area, which are approximately 35◦C

km−1 in the north-east, and 30◦C km−1 in the west (NPD, 2011), with the errors in seabed

temperatures on the order of 0.5◦C (10 %).

Paleo-Heat Flow History The heat flow maps shown in Figs. 3.26 and 3.29 have been

generated for the present day thermal state of the Hammerfest Basin. The paleo heat flow

history is therefore necessary to simulate the thermal state during each geological event. For

this purpose, several heat flow scenarios have been constructed to test the model sensitivity
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Figure 3.29: Contour plot of the heat flow map calibrated using the BSR depths. Well
locations are shown (from NPD (2011) as well as outlines of the two BSR anomalies used

(see Chapter 6).

(Fig. 3.30). Taking into account a number of rifting episodes in the SW Barents Sea, namely

the Early Triassic rifting, Late Jurassic to Early Cretaceous rifting and the Cenozoic rifting

(Dore and Lundin, 1996; Cavanagh et al., 2006; Faleide et al., 2008; Green and Duddy, 2010;

Rodrigues-Duran et al., 2013). The heat flow history has been constructed based on the

McKenzie (1978) model, which assumes an instantaneous increase in heat flow during rifting

and exponential decrease following the initial increase. Some additional heat flow is also

originated within the crust due to radiogenic heat production (Waples, 2001), which could

have also contributed to the total heat flow budget over geological time. The results of the

thermal modelling for the Hammerfest Basin model are shown in figure 7.1.

3.7.3 Petroleum System Modelling (PSM)

As discussed in section 1.3 on page 7, rates of petroleum generation are mainly dependent

on the temperature and time that the source rock has been exposed to, which results in

the transformation of the labile parts of kerogen to oil and gas via parallel and consecu-

tive reactions controlled by kinetic parameters, specific to source rock kerogen type (Behar

et al., 1992; Dieckmann et al., 1998). Kinetic parameters (see equation 1.2) are used in

modelling the transformation ratio of a source rock (converted mass fraction of initial reac-

tant), thus quantifying amounts of generated petroleum. This in turn is a measure of the

maturity stage of the source rock and can be used to estimate the future potential for fur-

ther petroleum generation. The generation of petroleum in our models has been obtained

using compositional Phase Kinetic (phase-predictive) models, described by di Primio and
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Figure 3.30: Heat flow scenarios used for sensitivity study. Constant heat flow was set
initially at 60 mWm2. heat flow 2 was used for the final model.

Horsfield (2006), which have been measured on the Barents Sea source rock samples by

GeoS4 GmbH using open and closed system pyrolysis (di Primio and Horsfield, 2006). The

key advantage of using Phase predictive kinetic models is that the source rock organofacies

are linked to the type of generated petroleum (Horsfield, 1989), resulting in a better pre-

diction of phase, gas-oil ratio, saturation pressure and temperature and formation volume

factor (di Primio and Horsfield, 2006). A 14-component scheme has been used, comprising

of C1, C2 C3, i−C4, n−C4, i−C5, n−C5, C6, C10, C20, C30, C40, C50, C60+. The reaction

of oil to gas cracking (Pepper and Corvi, 1995) is also included in the compositional kinetic

models for the C10 to C60+ components, where longer petroleum chains are broken down

to produce methane, which is generally assumed as the main product of the secondary

cracking reaction.

3.7.4 Petroleum Migration

3.7.4.1 Secondary and Tertiary Migration

The secondary migration of petroleum from source into the trap takes place as separate

phase from the pore water due to insolubility of higher molecular weight petroleum com-

ponents in water, although methane may be dissolved in aqueous solution in secondary

migration (McAuliffe, 1979). Migration of petroleum generally takes place as dendritic

filaments, following the paths of least resistance governed by contrasts in pore capillary en-

try pressure, which generally results in preferential migration along coarser beds (England

et al., 1987). In uniform carrier beds, petroleum will move along the upper part of the

carrier with the flow controlled by net buoyancy drive and as long as pore capillary entry
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pressure is overcome, stringer move laterally up-dip along carrier beds (England et al.,

1987). The migration of petroleum sedimentary basins over geological time scales can be

modelled by several techniques including: Darcy flow, flow path modelling, invasion perco-

lation and the Hybrid method. The Darcy flow method combines three phase flow based on

the relative (effective) permeability and capillary entry pressures of the carrier bed. Break

through pathways are also taken into account, however the process is computationally de-

manding. The flow path or ray tracing method (Sylta, 1991) is modelled as instantaneous

flow over geological timescales assuming vertical transport of petroleum into carrier beds

using geometrically constructed paths based on the topography of the carrier bed. Capillary

pressure is assumed to be overcome and the whole carrier bed is modelled as conductive

for the petroleum (Hantschel and Kauerauf, 2009). Drainage pathways, accumulation and

their respective sources as well as spill points can be defined and investigated (Hantschel

and Kauerauf, 2009).

The Hybrid method combines the Darcy flow and ray tracing approaches (Hantschel et al.,

2000), where the carrier and seals are dynamically checked in each cell thus determin-

ing potential leakage pathways or seal efficiencies throughout the model simulation. The

advantage is that the carrier bed is also checked for changes in permeability due to facies

differences and flow path modelling is then constructed accordingly (Hantschel et al., 2000).

Furthermore, since the Darcy flow model is combined with high resolution flowpaths orig-

inal resolution of bed geometries are used to construct the likely migration routes defined

by the capillary entry pressures, therefore creating a higher resolution output than using

the Darcy flow method alone.

Finally, the invasion percolation method is another way to model migration and accumu-

lation which defines flow as instantaneous over geological time scales, driven by buoyancy

and capillary entry pressure, where the petroleum volume is subdivided into finite amounts

and dispersed through the migration pathways, following least capillary resistance paths

(Hantschel and Kauerauf, 2009). Flow is assumed slow and filaments of petroleum build up

until the capillary pressure is overcome and the neighboring cell of least capillary resistance

is invaded.

The migration of fluids in the subsurface is also affected by the type of fluid phase present

(water, oil of gas) as well as its composition, amounts and the Pressure Volume Temper-

ature (PVT) conditions in the subsurface. The petroleum compounds can be subdivided

into components, consisting of longer molecular weight components, (i.e. C5-C16+) gen-

erally associated with denser liquid phase and lighter components, (C1-C5) predominantly

associated with the vapour phase at surface conditions. During the migration modelling,

petroleum fluid phase changes during migration are then calculated using a series of PVT

look up tables based on the input kinetic parameters in the software library by comparing

dew and bubble point curves with pressure and temperature conditions during the simu-

lation (Hantschel and Kauerauf, 2009). The calculations are typically done by selecting
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a specific Equation of State (EOS), which during this study was the Peng-Robinson EOS

(see Danesh (1998) for details).

Assuming non mixing and separate phase flow, the main driver behind the flow of petroleum

is the fluid pressure potential (overpressure) can be described as:

uf = pf − ρfgz, (3.26)

where uf is the fluid potential pressure, pf is the fluid pressure, ρf is the fluid density, g

is the acceleration due to gravity and z is the depth. The fluid pressure potential is the

capillary pressure, mainly affected by the interfacial tension, contact angle between the

fluid and the interface and the pore throat radius (Schowalter, 1979; Watts, 1987; Smith,

1966).

Once the capillary entry pressure of the sealing formation is overcome, the flow is controlled

by the permeability of the formation (k), dictated by the size and connection of the pore

network, which can also comprise dilated fractures. The flow rate of fluids through porous

media Q (in cm3/s) can be expressed by Darcy’s Law:

Q =
kA

µ
× ∆P

L
, (3.27)

where k is permeability (in millidarcy, mD), A is the cross-sectional area, µ is the dynamic

fluid viscosity, and ∆ P is the pressure differential (in equation 3.26) between two ends of

an element of length L. In general, excellent permeabilities (e.g. well sorted sandstones)

are in the range of 100-1000 mD, medium range from 1-10 mD and can be typical of tight

sands and limestones, where a cut off for a reservoir is between 0.01-0.1 mD (Veeken, 2007).

Permeabilities for clays and mudrocks are, however, in the range of nanodarcies (Bjørlykke,

2010), thus impeding flow of fluids through them thus potentially causing overpressure (Os-

borne and Swarbrick, 1997). The permeability (k) of a pore network can also be estimated

based on the mean pore size radius (rm (Amyx et al., 1960) and the turtuosity (τ , length

of curve/distance between endpoints) given by:

k =
r2
m

8τ
(3.28)

Several permeability relationships are used in basin modelling with the most common

method being Kozeny-Carman. The revised Kozeny-Carman relationship is based on tube

like models of rock pore space is used in modified form in PetroMod Ungerer et al. (1990):

k(φ) = 2× 1014κ
φ′3

S2(1− φ′)2
forφ′ > 0.1

k(φ) = 2× 1016κ
φ′5

S2(1− φ′)2
forφ′ < 0.1

(3.29)
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Where k is the permeability, S is the specific surface area (m2/m3) given by 3(1 − φ)/2d

where d is the grain size. The term φ′ is the corrected porosity, given by φ′ = φ−3.1×10−10S

and κ is the lithotype specific correction factor (see (Hantschel and Kauerauf, 2009), page

54).

Due to long term history of trap fill by petroleum of different maturity, compositional

gradients arise in the reservoirs (Stainforth, 2004). When in the trap, the accumulation is

controlled by the capillary entry pressure of the seal rock and the hydrodynamic regime

(England et al., 1987; Bjørlykke, 2010).

3.7.4.2 Fluid Flow Along Faults

Before faults can be taken into account for modelling transmissibility, a viable petroleum

accumulation must be present. The presence of faults in a reservoir can enhance entrap-

ment as well as cause leakage from the trap. Faults are generally interpreted from seismic

data as narrow discontinuities offsetting waveforms, but are complex zones with specific

capillary and fluid properties, structural dips and altered juxtaposed rock layers (Downey,

1984). Faults can be generally considered to be transmissive: 1) at shallow depths, 2) ten-

sional settings (tectonic extension) and within geopressured zones, 3) during active fault

movements (Downey, 1984; Yielding et al., 2010). Faults are rarely a pathway for migrating

petroleum in compressional setting as the fractures are unlikely to be dilated (Bjørlykke,

2006). Faults can be sealing however if: 1) permeable horizons are juxtaposed, 2) plastic

clays cause clay smear across horizons along large portions of the fault surface 3) transmis-

sibility is reduced due to granulation along the fault surface between juxtaposed reservoirs

4) diagenetic reactions induce pore filling in reservoirs near faults due to fluid circulation

(Bjørlykke, 2006; Yielding et al., 2010). An additional complexity is added as faults can

have a variable offset along fault strike, thus a 3D mapping of fault surfaces is essential.

Fault zones, based on Caine et al. (1996) and Bjørlykke (2010), are generally composed of 3

components: 1) fault core 2) fault damage zone and 3) a protolith. Most of the displacement

is accommodated in the fault core and may act as a conduit during initial deformation

where flow of fluids through the fault core may result in mineral precipitation. The fault

core zone may consist of single slip surfaces, clay rich gouge zones, altered brecciated zones

or cataclasite zones with variable structure and composition along fault dip and strike,

where permeability is mainly on grain scale.

The damage zone portion of the fault zone accommodates mechanical strain and deforma-

tion around large faults, fault propagation and linking, displacement and the end result

of deformation and thus consists of a network of structures bounding the fault core, with

higher permeability compared to the fault core (Caine et al., 1996; Knipe et al., 1997). The

fault damage zone may be of various dimensions, consisting of small fault clusters with

various offsets and orientation (Knipe et al., 1997), fractures, quartz and calcite veins, thus
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resulting variable elastic properties as well as permeability anisotropy (Caine et al., 1996),

hence discrete impedance contrast on seismic data. Based on aperture and width of the

damage zone, it may be possible to link the fault plane to multiple slip and paleo deforma-

tion events, giving rise to wider damage zones due to various episodes of fault deformation

episodes. The properties of damage zone are thus represented by the fracture hydraulic

conductivity properties (Caine et al., 1996). Finally, the protolith is a relatively unde-

formed regional structure without fault related permeabilities bearing similar properties of

the host rocks unaffected by fault related deformation (Caine et al., 1996).

The relative permeability of a fault zone is discussed in Knipe et al. (1997) and flow through

faults is controlled by: 1) Porosity collapse (disaggregation), mixing and grain boundary

sliding at shallow depths, 2) Dissolution, cementation and precipitation of minerals due

to fluid circulation controlling volumes of effective pore space (Yielding et al., 2010). 3)

Cataclasis, brecciation or degree of gouge (Knipe et al., 1997). 4) Degree of slip and

reservoir against seal juxtaposition, content of clay-phyllosilicate smearing by abrasion,

ductile shearing and clay injection during fluidization (Knipe et al., 1997; Aydin, 2000). 5)

Present stress state (Shmax), in particular stress normal to the fault plane will reduce the

aperture width and inhibit fluid flow. Stress parallel to the fault strike will prone open the

faults and thus enhance fluid flow though the fault zone (Bjørlykke, 2010). Fluid pressure

can keep faults and fractures open at depth thus facilitating lateral and vertical flow of

fluids (Downey, 1984; Aydin, 2000). The degree of shearing, as a result of high differential

stress is also effective at promoting fault dilation. 6) Timing of fault movement with

regards to fluid fill (reservoir dynamics), fault zone hydraulics and potential earthquakes

(Downey, 1984; Aydin, 2000) may impose risk for seal analysis as the sealing capabilities

of the fault membrane seal will be different as a function of geological time. Additionally,

faulting may also occur due to compaction and decompaction related fault reactivation,

due to faster compaction rate of mudstones and shales versus sandstones (Sverdrup and

Bjørlykke, 1997).

Capillarity and Petroleum Leakage Capillary sealing is usually effective at the inter-

face between the non-wetting phase (oil or gas) in the reservoir and the wetting phase of the

top seal. Regardless of the thickness of the seal rock, the sealing properties are defined by

the capillary entry pressures of the seal relative to the non-wetting fluids (Schowalter, 1979).

Thickness of the seal rock may indicate greater resistance to hydraulic fracturing once the

overpressure becomes greater than the fracture gradient (∼80% lithostatic gradient), how-

ever, the capillary entry pressure of the seal will determine the height of the petroleum

column it can hold. Moreover, caprock seal breach might not be singular to overpressure,

as buildup of deviatoric stresses during uplift and, strain during extensional/compressional

tectonics could also result in hydrofracturing of the seal (Makurat et al., 1997). Therefore,
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Figure 3.31: Schematic drawing of capillary entry pressures between non-wetting
petroleum phase and the wetting phase, modified from Vavra et al. (1992)

the overall sealing capacity of a trap depends on the reservoir fluid densities, capillary entry

pressure of the cap rock and petroleum-water interfacial tension (Watts, 1987).

The pressure due to the petroleum column height (Fig. 3.31) can be explained by the

buoyancy pressure (Pb) of a petroleum dendrite, given as a product of density difference

between the water (ρw) and petroleum phases (ρh), acceleration due to gravity g and

petroleum column height (H):

Pb = (ρw − ρh)gH (3.30)

The above equation is usually rewritten as:

Pb = 0.443(ρw − ρh)H, (3.31)

where Pb is in psi, ρ is in gcm−3 and H is in feet (Schowalter, 1979; Watts, 1987). Overall,

the net buoyancy effect implies that the pressure by the petroleum must be greater than

the pressure at the base of the petroleum column. As soon as this buoyancy pressure is

reached and exceeds the capillary entry pressure of the rock sealing reservoir, petroleum

are able to move to the next layer as a function of pore throat radius (rc in µm), interfacial

tension (γ) and contact angle between the fluids and rock (φ), given by:

Pc =
2γcosφ

rc
(3.32)

This equation is based on mercury/air injection experiments, where confining pressure was

increased and pore throat size was measured (Schowalter, 1979). The typical values used

for the capillary pressure estimation for mercury-air are shown in table 7.3. However, the



Chapter 3 Data & methods 98

above equation must be converted to take into account the petroleum-water non wetting

system. This capillary displacement pressure equation takes the following form (Schowalter,

1979):

Pc =
γhcosφh
γmcosφm

Pdm, (3.33)

where Pdm is the mercury/air capillary entry pressure, γm is the interfacial tension for

mercury/air, γh is the interfacial tension (in dynes cm−1 for the petroleum/water system

and φh and φm are contact angles between rock - to - petroleum/water and mercury/air

respectively (in degrees).

Therefore, before leakage can begin, the entry pressure of the cap rock thus is able to

hold a maximum Hc/water capillary pressure at interface between wetting and non wetting

systems and the buoyancy equation 3.31 and the displacement pressure equation 3.33 can

be combined to account for the maximum petroleum column height, which is also termed

as the seal capacity (Smith, 1966; Berg, 1975; Schowalter, 1979; Watts, 1987)

Pc = Pb = (ρw − ρh) 0.433H =
γh

γmcosφm
Pdm, (3.34)

which then can be rearranged to give maximum petroleum column height, in the following

form,

Hc =
γhcosφhPdm

0.433(ρw − ρh)γmcosφm
, (3.35)

The results of the calculated hypothetical petroleum column heights are shown in Chapter

7.2 in table 7.4. For each of the fault capillary entry pressure of the fault, a correspond-

ing column height was calculated using the separate fluid phases, showing how much each

fault with specific property can hold. Interestingly enough, high interfacial tensions be-

tween gas-water systems compared to oil-water system allows a greater column of gas to

be sealed (Schowalter, 1979). Interfacial tensions are measured during mercury-air experi-

ments, where interfacial tension of mercury to air is significantly higher than petroleum to

water (see table 7.3). Interfacial tension is a function of pressure, temperature and molecu-

lar composition. With increasing temperature the interfacial tension for oil-water decreases

and the pressure has a negligible effect (Schowalter, 1979). Gas-water interfacial tension

on the other hand is much higher than for oil-water systems, however, increasing the tem-

perature and amount of heavier molecules in the gas phase has a net effect of decreasing

interfacial tensions for the gas-water system.

Once the capillary entry pressure of the sealing formation is overcome, the rate of flow

is predominantly controlled by Darcy flow (eq. 3.27), taking into account the effective
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Figure 3.32: Fault representation in numerical modelling - A) original input NS Fault
trace and gridded surfaces in the SW part of the study (Ostanin et al., 2012) with interpreted
horizons extracted from PetroMod, B) NS fault represented as a boundary element fault
(0.5 km grid cell size) and C) volume element fault (0.5 km grid cell size), based on fault

gridding and representation in PetroMod (Hantschel and Kauerauf, 2009).

permeability of the fault volume, dictated by the size and connection of the pore network,

which can also comprise of dilated fractures.

Fault Property Modelling In basin modelling, the scale and detail of fault zones is

far beyond the modelling capabilities. In PetroMod, fault zones are simplified in terms of

their intrinsic geological properties, and fault planes are handled in 2 ways: as 1) boundary

elements and 2) volume elements (Fig. 3.32). Boundary element faults are generally used

in modelling petroleum accumulation and migration (mostly applicable in 2D), however,

since they have no grid volume, permeability cannot be assigned and only capillary entry

pressure is defined for this type of faults. The downside of this is that flow is instantaneous.

Volumetric element faults are defined as grids along the actual 3D fault plane. Although

the pressure and fault zone aperture are overestimated, the permeability and capillary entry

pressures can be used for pressure modelling (Hantschel and Kauerauf, 2009). There are

several ways to define fault properties in PetroMod: 1) through assigning a value or a map

of the Shale Gouge Ratio (SGR) and 2) Defining fault capillary pressure value or map along

the fault plane. The SGR is defined as the proportion of clay or shale material smeared

along the fault zone (Yielding et al., 2010):
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SGR =
Σ (zone thickness)× (clay fraction)

fault throw
× 100% (3.36)

Another way is to specify the fault capillary entry pressure (FCP), together with the per-

meability value. The faults can be assumed closed with FCP values greater than 50 MPa

and open with FCP values less than 0.1 MPa. In this study, we model faults as locally

refined volumetric elements, thus taking into account pressure through them. The princi-

ple properties that have been used to define the FCP (Fault Capillary Pressure) and log

permeability (log millidarcy), which have been based on the empirical relationships from

measurements of numerous fault rock samples from the North Sea (Ingram et al., 1997;

Sperrevik et al., 2002; Sorkhabi and Tsuji, 2005). We have tested several FCP scenarios as

well as permeability scenarios whilst keeping FCP constant. The relationship proposed by

Sperrevik et al. (2002) assumes no cementation is present within the fault rock and that

the flow within the rock is by percolation. Fault properties are assumed constant along the

entire fault planes. We test the model response to closed faults, and changing FCP by order

of magnitude (Table 7.1). We assume that the faults are open only during deglaciation and

are closed during glacial loading (Bjørlykke et al., 2005). The fault property and timing of

dilation and contractions are presented in table 7.2.



Chapter 4

Identification of Cretaceous

Polygonal Faults and Hammerfest

Basin fault architecture

This chapter investigates the fault networks in the Hammerfest Basin, the interaction be-

tween the deep reactivated tectonic faults, shallow Paleocene faults, polygonal faults and

shallow gas leakage anomalies. 1

4.1 Abstract

We use a high resolution 3D seismic dataset covering 970 km2, over the Snøhvit and Al-

batross gas fields of the Hammerfest Basin in the Barents Sea, in order to investigate the

basin fault architecture and identify potential fluid pathways of deeper thermogenic gas

and fluids. A polygonal fault (PF) interval not previously published is described in the

three non-connected blocks within Campanian sequences, which could imply a permeable

complex network of pathways that facilitate the vertical migration of hydrocarbons along

the fault planes. The dominant orientation of the PFs is similar to the main regional tec-

tonic fault trend (EW), suggesting a tectonic influence upon the development of polygonal

faults, although some individual PFs locally seem to develop orthogonally to regional 1st

order tectonic faults. A lithologic control on the occurrence of PF patterns is evident as

none are observed within calcareous low clay sediments. The PF networks present three

main orientations: dominant ENE/WSW, secondary NNE/SSW and a minor NE/SW.

Paleocene-Early Eocene Faults (PEEFs) prevail above the PF networks, with coinciding

1This chapter is published as Ostanin I., Anka Z., Di Primio R., Bernal A. (2012). Identification of a
large Upper Cretaceous Polygonal Fault network in the Hammerfest Basin: Implications on the reactivation
of regional faults and gas leakage dynamics, SW Barents Sea, Marine Geology v. 332-334 p. 109-125

101
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ENE/WSW fault strikes, interpreted as preferential reactivation of the PF systems. Nu-

merous amplitude anomalies, linked to the escape of thermogenic fluids from the Jurassic

reservoir were identified. We present a conceptual model where the 1st order reactivated

faults and PEEFs acted as pathways for fluids from the deeper hydrocarbon reservoirs.

The PEEFs are partially sealing with a lateral migration component. Interplay between

the PFs, PEEFs and the 1st order reactivated faults focuses the fluids vertically along the

polygonal fault traces creating a wider diffuse zone which form large gas cloud anomalies

in the seismic data.

4.2 Introduction

The Barents Sea has a significant impact on society due to the existence of large fossil energy

resources and commercial fisheries. The Hammerfest Basin, located in the SW Barents Sea

(Fig.4.1) is an active area for hydrocarbon exploration and an excellent setting for scientific

research due to its complex geological evolution and data availability, with 90 wells drilled

in the southern Barents sea, a third of these located in the Hammerfest Basin (NPD, 2011).

Surprisingly, most of the reserves were found to be gas with the exception of the Goliat oil

find, currently under development, the recent Skrugard oil and gas discovery and a small

oil find in well 7120/2-1 (NPD, 2011). The lack of significant oil discoveries is thought to be

a consequence of several phases of tectonic and glacially related uplift and erosion, causing

tilting of traps and reservoir exhumation (Doré and Jensen, 1996; Corcoran and Dore, 2002;

Cavanagh et al., 2006). Present day evidence of hydrocarbon leakage has been reported

from the Askeladd, Albatross and Snøhvit Fields (Fig.4.9) as large gas chimneys and seabed

pockmarks 5-15 m in diameter, yet the nature of the fluid transport systems has not been

discussed so far (Linjordet et al., 1992; Judd and Hovland, 2007; Bernal, 2009). In the

last two decades, a special class of normal non-tectonic, non-gravitational faults, termed

polygonal fault due to their distinct honeycomb, intersecting structure pattern, affecting

the slope and basin floor sedimentation has been described (Lonergan et al., 1998; Dewhurst

et al., 1999; Cartwright et al., 2003). Polygonal faults (PFs) were first reported based on 3D

and 2D seismic data from the North Sea (Henriet et al., 1989; Cartwright, 1994) and have

been found since in a number of sedimentary basins around the world (Watterson et al.,

2000; Sun et al., 2009; Cartwright, 2011). Hydrocarbon exploration of shallow plays may

depend on the presence of PF systems, as they form in sequences mainly having good sealing

potential (Dewhurst et al., 1999), however they may act as fluid flow conduits during active

slip and thus represent zones of potential overpressure. However their interaction with

regional faults (Hansen et al., 2004; Ostanin et al., 2012) and the reactivated counterparts

being related to fluid flow (Hustoft et al., 2007; Ostanin et al., 2012), still suggests their

role in fluid flow needs to be further understood as the play a significant role in the focussed



Chapter 4 Cretaceous Polygonal Faults in the Hammerfest Basin 103

Figure 4.1: Principal structural elements in the SW Barents Sea. Outlined are the highs,
platforms, basins and the main fault systems, as well as more detailed structural map of
faults at base Upper Jurassic level, compiled from various sources Linjordet et al. (1992)
internal Statoil well report 7120/6-2S, NPD (2011)). The location of the seismic profiles
in Fig. 4.3 is shown and also the location and outline of the gas leakage from the seismic
data within the Paleocene sediments. The location of the main gas fields is adapted from

NPD (2011).

fluid systems in sedimentary basins (Lonergan and Cartwright, 1999; Stuevold et al., 2003;

Berndt, 2005; Cartwright et al., 2007).

PFs develop in passive margin basins, in sequences that are controlled by lateral and ver-

tical lithological variations within very fine grained, clay sequences containing smectite,

as well as in carbonate chalks (Cartwright and Dewhurst, 1998; Dewhurst et al., 1999;

Cartwright et al., 2003, 2004). PF formation mechanisms have been intensely debated,

with multiple mechanisms having been proposed, such as: (1) syneresis, contraction and

liquid expulsion (Cartwright and Lonergan, 1996; Dewhurst et al., 1999), (2) thermal and

chemical contraction due to diagenesis, opal A to opal CT reaction (Davies et al., 2009;

Davies and Ireland, 2011; Cartwright, 2011), (3) density inversion (Henriet et al., 1989)

and (4) low coefficients of residual friction (Goulty, 2008). Moreover, polygonal faulting

has been directly linked to dewatering and fluid transport into the overlying units form-

ing pockmarks on the seafloor(Cartwright et al., 2004; Gay et al., 2006; Hustoft et al.,

2007). PFs have also played an important role in focusing fluid flow into hydrate stability
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zones and providing pathways for sediment mobilisation structures, such as sand injections

(Berndt et al., 2003; Bünz et al., 2005; Gay et al., 2006; Hustoft et al., 2007; Shoulders

et al., 2007). In this study we report the presence of a PF interval in the Hammerfest

Basin, which to the best of our knowledge has not been previously published but discussed

in Statoil internal reports, and analyse the interaction of this fault system with regional

tectonic faults and fluid escape from the hydrocarbon reservoirs. Previous studies using 2D

seismic sections show only Late Cretaceous/Early Cenozoic reactivated faults (Berglund

et al., 1986; Gabrielsen et al., 1990; Linjordet et al., 1992), while we demonstrate that a

more complex fault architecture exists in the Hammerfest Basin.

In this study, we use high resolution 3D seismic data above the Snøhvit and Albatross

gas fields to analyse the plumbing system of fluid migration pathways and the interplay

between faults on different stratigraphic levels and their role in fluid transport from the

hydrocarbon reservoir to the paleo- and present-day seabed.

4.3 Geological Evolution and Stratigraphy

The epicontinental Barents Sea covers an area of 1.3 million km2 and comprises a series

of structural highs and sub-basins (Fig. 4.1), delineated by a passive continental mar-

gin to the west, marking the transition between the continental crust and the oceanic

crust below the Norwegian-Greenland Sea (Faleide et al., 2008). The tectonic controls

on sedimentation involve the Uralide development to the east, the proto-Atlantic rifting

to the west, northern polar Euramerican Basin opening, as well as the Cenozoic opening

of the Norwegian-Greenland Sea along the western margin (Faleide et al. (2008); Worsley

(2008)and refs. therein). The Hammerfest Basin (HB) is a 150 km-long and 70 km-wide

composite, asymmetric, elongated sedimentary basin, striking ENE/WSW (Fig. 4.1). It

is bounded by the Loppa High to the north, the Finnmark platform to the south and a

flexure against the Bjarmeland platform to the NE (Larssen et al., 2002). The western

boundary is defined from the Tromsø Basin by the southern segment of the Ringvassøy-

Loppa Fault Complex (RLFC) and the southern border is separated from the Finnmark

Platform by the Troms Finnmark Fault Complex (Fig. 4.1). The Loppa high, which limits

the HB along the Asterias Fault complex was uplifted, and eroded several times, impacting

the sedimentation patterns, and also acting as a primary sediment source (Gabrielsen et al.,

1990; Knutsen et al., 1992; Vorren et al., 1990).

In the HB, following the E. Jurassic deposition of main reservoir units (Stø, Nordmela and

Tubæ Fm, Fig. 4.2), the main basin development phases took place during the Mid to

Upper Jurassic times. Kimmeridgian transtensional strike slip movements and updoming

along the Asterias Fault Complex, produced the EW oriented normal faults, semi grabens

and the dome feature along the HB basin axis (Berglund et al., 1986; Linjordet et al., 1992).



Chapter 4 Cretaceous Polygonal Faults in the Hammerfest Basin 105

Marine shales/ Marine 
organic rich shales

Fine grained sediments 
with channel sandstones

Limestone

Source Reservoir Seal

Dolomite

Fine grained sandstone

Glacially reworked 
sediments, sandy clay

Coal 

Hiatus 

Tu�

Famennian

Givetian

Eifelian

Lochkovian

Pragian

Frasnian

Emsian

Ludfordian

Gorstian

Homerian

Sheinwoodian

Telychian

Aeronian

Rhuddanian

P 
h 

a 
n 

e 
r o

 z
 o

 i 
c

P 
a 

l e
 o

  z
 o

 i 
c

Pridoli

Ludlow

Wenlock

Llandovery

Upper 

Middle

Lower

D
ev

on
ia

n

Lopingian

Guadalupian

Cisuralian

Upper 

Upper 

Middle

Middle

Lower

Lower

Upper 

Upper 

Middle

Middle

Lower

Lower

P 
h 

a 
n 

e 
r o

 z
 o

 i 
c

P 
a 

l e
 o

  z
 o

 i 
c

M
 e

 s
 o

  z
 o

 i 
c

C
ar

bo
ni

fe
ro

us
Pe

rm
ia

n
Ju

ra
ss

ic
Tr

ia
ss

ic

150.8 ±4.0

~ 155.6

161.2 ±4.0

164.7 ±4.0

167.7 ±3.5

171.6 ±3.0

175.6 ±2.0

183.0 ±1.5

189.6 ±1.5

196.5 ±1.0

199.6 ±0.6

203.6 ±1.5

216.5 ±2.0

~ 228.7

237.0 ±2.0

~ 245.9

~ 249.5

251.0 ±0.4

318.1 ±1.3

260.4 ±0.7

253.8 ±0.7

265.8 ±0.7

268.0 ±0.7

270.6 ±0.7

275.6 ±0.7

284.4 ±0.7

294.6 ±0.8

299.0 ±0.8

303.4 ±0.9

307.2 ±1.0

311.7 ±1.1

Tithonian

Kimmeridgian

Oxfordian

Callovian

Bajocian

Bathonian

Aalenian

Toarcian

Pliensbachian

Sinemurian

Hettangian

Rhaetian

Norian

Carnian

Ladinian

Anisian

Olenekian

Induan

Changhsingian

Wuchiapingian

Capitanian

Wordian

Roadian

Kungurian

Artinskian

Sakmarian

Asselian

Gzhelian

Kasimovian

Moscovian

Bashkirian

Serpukhovian

Visean

Tournaisian

Pe
nn

-
sy

lv
an

ia
n

M
is

si
s-

si
pp

ia
n

359.2 ±2.5
345.3 ±2.1

328.3 ±1.6

Upper 

“Ionian”

Calabrian

Selandian

Tortonian

Serravallian

Langhian

Burdigalian

Aquitanian

Ypresian

Chattian

Rupelian

Priabonian

Danian

Thanetian

Bartonian

Lutetian

Campanian

Santonian

Turonian

Coniacian

Albian

Aptian

Berriasian

Barremian

Valanginian

Hauterivian

Maastrichtian

Cenomanian

Piacenzian

Messinian

Zanclean

Gelasian

P 
h 

a 
n 

e 
r o

 z
 o

 i 
c C
 e

 n
 o

 z
 o

 i 
c

M
 e

 s
 o

 z
 o

 i 
c

1.806

0.126

0.781

2.588

5.332

7.246

11.608

13.82

15.97

20.43

70.6 ±0.6

65.5 ±0.3

83.5 ±0.7

85.8 ±0.7

~ 88.6

93.6 ±0.8

40.4 ±0.2

37.2 ±0.1

33.9 ±0.1

28.4 ±0.1

23.03

48.6 ±0.2

55.8 ±0.2

58.7 ±0.2

~ 61.1

99.6 ±0.9

112.0 ±1.0

125.0 ±1.0

130.0 ±1.5

~ 133.9

140.2 ±3.0
145.5 ±4.0

C
re

ta
ce

ou
s

Pa
le

og
en

e
N

eo
ge

ne

Sy
st

em
Pe

rio
d

Eo
no

th
em

Eo
n

Er
at

he
m

Er
a

St
ag

e

Ep
oc

h
Se

rie
s

Eo
no

th
em

Eo
n

Er
at

he
m

Er
a

Sy
st

em

St
ag

e
Ag

e

Ag
e

M
a

G
SS

P

Ep
oc

h
Se

rie
s

Pe
rio

d

Eo
no

th
em

Eo
n

Er
a

St
ag

e
Ag

e

Ag
e

M
a

G
SS

P

Ep
oc

h
Se

rie
s

Pe
rio

d

3.600

Oligocene

Eocene

Paleocene

Pliocene

Pleistocene

Upper 

Lower

0.0117

International Commission on Stratigraphy

Tremadocian

Darriwilian

Hirnantian

Paibian

Upper 

Middle

Lower

Series 3

Stage 3

Stage 2

Fortunian

Stage 5

Drumian

Guzhangian

Stage 9

Stage 10

Floian

Dapingian

Sandbian

Katian

Stage 4
Series 2

Terreneuvian

Furongian

C
am

br
ia

n
O

rd
ov

ic
ia

n
Si

lu
ria

n

Er
at

he
m

Sy
st

em

145.5 ±4.0

Q
ua

te
rn

ar
y

ICS

Copyright © 2009 International Commission on Stratigraphy

This chart was drafted by Gabi Ogg. Intra Cambrian unit ages
with * are informal, and awaiting ratified definitions.

Holocene

Miocene

Famennian

Givetian

Eifelian

Lochkovian

Pragian

Frasnian

Emsian

Ludfordian

Gorstian

Homerian

Sheinwoodian

Telychian

Aeronian

Rhuddanian

P 
h 

a 
n 

e 
r o

 z
 o

 i 
c

P 
a 

l e
 o

  z
 o

 i 
c

Pridoli

Ludlow

Wenlock

Llandovery

Upper 

Middle

Lower

D
ev

on
ia

n

411.2 ±2.8

416.0 ±2.8

422.9 ±2.5

428.2 ±2.3

Lopingian

Guadalupian

Cisuralian

Upper 

Upper 

Middle

Middle

Lower

Lower

Upper 

Middle

Lower

P 
h 

a 
n 

e 
r o

 z
 o

 i 
c

P 
a 

l e
 o

  z
 o

 i 
c

M
 e

 s
 o

  z
 o

 i 
c

C
ar

bo
ni

fe
ro

us
Pe

rm
ia

n
Ju

ra
ss

ic
Tr

ia
ss

ic

150.8 ±4.0

~ 155.6

161.2 ±4.0

164.7 ±4.0

167.7 ±3.5

171.6 ±3.0

175.6 ±2.0

183.0 ±1.5

189.6 ±1.5

196.5 ±1.0

199.6 ±0.6

203.6 ±1.5

216.5 ±2.0

~ 228.7

237.0 ±2.0

~ 245.9

~ 249.5

251.0 ±0.4

260.4 ±0.7

253.8 ±0.7

265.8 ±0.7

268.0 ±0.7

270.6 ±0.7

275.6 ±0.7

284.4 ±0.7

294.6 ±0.8

299.0 ±0.8

303.4 ±0.9

307.2 ±1.0

311.7 ±1.1

Tithonian

Kimmeridgian

Oxfordian

Callovian

Bajocian

Bathonian

Aalenian

Toarcian

Pliensbachian

Sinemurian

Hettangian

Rhaetian

Norian

Carnian

Ladinian

Anisian

Olenekian

Induan

Changhsingian

Wuchiapingian

Capitanian

Wordian

Roadian

Kungurian

Artinskian

Sakmarian

Asselian

Gzhelian

Kasimovian

Moscovian

Bashkirian

Pe
nn

-
sy

lv
an

ia
n

374.5 ±2.6

385.3 ±2.6

391.8 ±2.7

397.5 ±2.7

407.0 ±2.8

443.7 ±1.5

436.0 ±1.9

439.0 ±1.8

418.7 ±2.7

Ediacaran

Cryogenian

Tonian

Stenian

Ectasian

Calymmian

Statherian

Orosirian

Rhyacian

Siderian

Neo-
proterozoic

Neoarchean

Mesoarchean

Paleoarchean

Meso-
proterozoic

Paleo-
proterozoic

Ar
ch

ea
n

Pr
ot

er
oz

oi
c

P 
r e

 c
 a

 m
 b

 r 
i a

 n

Sy
st

em
Pe

rio
d

Eo
no

th
em

Eo
n

Er
at

he
m

Er
a

St
ag

e
Ag

e

Ag
e

M
a

G
SS

P

Ep
oc

h
Se

rie
s

Eo
no

th
em

Eo
n

Er
at

he
m

Er
a

Sy
st

em

St
ag

e
Ag

e

Ag
e

M
a

G
SS

P

Ep
oc

h
Se

rie
s

Pe
rio

d

Eo
no

th
em

Eo
n

Er
at

he
m

Er
a

Sy
st

em
Pe

rio
d

INTERNATIONAL STRATIGRAPHIC CHART
International Commission on Stratigraphy

421.3 ±2.6

426.2 ±2.4

Tremadocian

Darriwilian

Hirnantian

Paibian

Upper 

Middle

Lower

Series 3

Stage 3

Stage 2

Stage 5

Drumian

Guzhangian

Stage 9

Stage 10

Floian

Dapingian

Sandbian

Katian

Stage 4
Series 2

Furongian

C
am

br
ia

n
O

rd
ov

ic
ia

n

~ 503 

~ 506.5

~ 510 *

~ 515 *

~ 521 * 

460.9 ±1.6

471.8 ±1.6

488.3 ±1.7

~ 492 *

~ 496 *

~ 499

455.8 ±1.6

445.6 ±1.5

468.1 ±1.6

478.6 ±1.7

Si
lu

ria
n

359.2 ±2.5145.5 ±4.0

     Subdivisions of the global geologic record are 
formally defined by their lower boundary.  Each unit
of the Phanerozoic (~542 Ma to Present) and the
base of Ediacaran are defined by a basal Global
Boundary Stratotype Section and Point (GSSP       ),
whereas Precambrian units are formally subdivided
by absolute age (Global Standard Stratigraphic Age,
GSSA).  Details of each GSSP are posted on the
ICS  website (www.stratigraphy.org
          Numerical ages of the unit boundaries in the
Phanerozoic are subject to revision. Some stages
within the Cambrian will be formally named upon
international agreement on their GSSP limits. Most
sub-Series boundaries (e.g., Middle and Upper
Aptian) are not formally defined.
     Colors are according to the Commission for the
Geological Map of the World (www.cgmw.org

Eoarchean

Hadean (informal)

Torsk

Kveite
Kviting

Kolmule

Kolje

Knurr

Klipp�sk

Hekkingen

Fuglen

Stø

Nordmela

Tubåen

Fruholmen

Snadd

Kobbe
Klappmyss

Havert

Age
(Ma) Period Epoch Age

Stratigraphy
Group Formation

Lithology
W EBarents Shelf

Tectonics
Holocene

Pl
ei

st
oc

en
e

Q
ua

te
rn

ar
y

N
eo

ge
ne

M
io

ce
ne

Pl
io

ce
ne

N
or

dl
an

d

Eo
ce

ne
Pa

le
oc

en
e

U
pp

er
Lo

w
er

Lo
w

er
U

pp
er

M
id

dl
e

Lo
w

er
M

id
dl

e
U

pp
er

Tr
ia

ss
ic

Ju
ra

ss
ic

Cr
et

ac
eo

us
Pa

le
og

en
e

Pe
rm

ia
n

Lo
pi

n-
gi

an
G

ua
da

lu
-

pi
an

Ci
su

ra
lia

n

Ca
rb

on
ife

ro
us

Pe
nn

sy
lv

an
ia

n

Upper

Middle

Lower

So
tb

ak
ke

n
N

yg
ru

nn
en

Ad
ve

nt
da

le
n

Ka
pp

 To
sc

an
na

   
Sa

ss
en

-
da

le
n 

   
 

Re
al

gr
un

ne
n 

Su
bg

ro
up

St
or

f-
jo

rd
en

 

O
lig

o-
ce

ne

0.01

3

5

23

34

56

65

100

146

161

176

200

228

245

251

Marine shales/ Marine 
organic rich shales

Fine grained sediments 
with channel sandstones

Limestone Dolomite

Fine grained sandstone

Heterolithic sediments
Coal 

Hiatus 

Tu�

HIGH SUBSCIDENCE

STABILISATION

RIFTING

SHELF UPLIFT 

OPENING OF 
NORWAY GREENLAND 

SEA

NORTHWARD 
PLATFORM UPLIFT

REJUVENATION 
OF HIGHS

DIFFERENTIAL BASIN 
SUBSCIDENCE

Petroleum System Elements

 Shelf uplift

Onset of Glaciations

Compression

W

S

E

N

Opening  of 
Norwegian-Greenland Sea

 (Dextral Shear, Uplift, 
Rifting)

N. Platform Uplift
Labrador Sea 

and N. Atlantic
 rifting

Uplift of highs, EW, NS 
fault reactivation

Fault reactivation,
 High rejuvenation

High Subsidence

Ural Orogeny, 
Highs Uplifted, 

Clastic input

Eurekan Orogeny
Onset spreading

Norwegian-Greenland Sea
 (Flank uplift, �exure)

Greenland-Svalbard
Separation

Stabilisation

Kimmeridgian Tensional 
Tectonics

Hammerfest doming, 
dextral strike slip,

extension

Last Hercynian movements 

Sea level change

Figure 4.2: Generalised lithostratigraphy of the Barents Sea area, with major tectonic
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Uplift of highs, coeval with a trasgressional event resulted in anoxic stagnating conditions

and deposition of Fuglen and Hekkingen Formations (Fig. 4.2), comprised of mudstone,

shale, siltstone, limestone and sandstones Mørk et al. (1999), proven to be a regional seal

and having excellent source rock potential (Ohm et al., 2008).

Distal marine shelf environment with good circulation during Lower Cretaceous, led to

deposition of Knurr and Kolje Formations (Fig. 4.2), Mørk et al. (1999), while the

Hauterivian-Barremian tensional events (Fig. 4.2) resulted in activation of the NS fault

trends of the RLFC (Berglund et al., 1986). Following a regional Aptian transgressive pulse,

shales, mudstones and siltstones of the Kolmule Formation (Fig. 4.2) were deposited, with

the top of the formation eroded by the Upper Cretaceous uplift (Mørk et al., 1999). During

the Late Cenomanian-Campanian times, sea level transgression, shelf starvation and uplift

became the principal control on the deposition of the Kveite and Kviting Formations of the

Nygrunnen Group (Nøttvedt et al., 1993). The Kviting Formation consists of condensed

calcareous units, restricted to the central Hammerfest Basin while the Kveite Formation

consists of claystones and thickens westward across the RLFC into the Tromsø Basin Mørk

et al. (1999). The depositional environment at the time was marine, predominantly bathyal

for the Kveite Formation, moving from deep to shallow shelf towards the east for the Kvit-

ing Formation Mørk et al. (1999). The top of the group is manifested by a regional seismic

marker representing an unconformity, possibly related to the Late Cretaceous uplift, also

marking the Cretaceous-Cenozoic boundary (Gabrielsen et al., 1990; Worsley, 2008).

The Cenozoic stratigraphy in the HB is collectively termed the Torsk Fm, comprising

Paleocene-E. Eocene age sediments. The depositional nature of the Torsk Fm is governed

by the plate tectonic movements and uplift of highs, prior to and during the opening of the

Norwegian-Greenland Sea 60-55 Ma (Faleide et al., 2008). Mid Paleocene sequences are

characterized by prograding, SSW-dipping, shingled clinoforms, consisting of thin bedded

shales (Knutsen et al., 1992). Compressional uplift of the SW Loppa High led to SSW

dipping, progradational clinoforms, which downlap the shingled unit and consist of shaly

lithologies, with some coarse clastic material (Knutsen et al., 1992). The compressional

episode was in response to the opening of the Norwegian-Greenland Sea to the west dur-

ing the Late Paleocene-Early Eocene, where transpression and uplift (36-35 Ma) occurred

along western margin, whilst transtension took place along the RLFC (Faleide et al., 1993;

Dimakis et al., 1998; Green and Duddy, 2010). Subsequently, Miocene exhumation (11-5

Ma) led to further erosion in the HB (Knutsen et al., 1992; Green and Duddy, 2010).

The Pliocene-Pleistocene period is characterised by the onset of glaciations in the Northern

Hemisphere since 2.5 Ma. Dipping preglacial sediments of Paleocene-E. Eocene Torsk Fm

are truncated by a regional angular unconformity, termed Upper Regional Unconformity

(URU), with overlying glacial sediments (Solheim and Kristoffersen, 1984) of the Nordland

Group (Worsley et al., 1988).
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4.4 Database and Methodology

A high resolution three-dimensional (3D) seismic reflection cube, located on the Snøhvit

and Albatross gas fields, covering an area of 970 km2, was made available for this study by

Statoil ASA (Fig. 4.1). The survey was collected on board the M. V. Ramford Victory and

was processed by CGG Norge at the Oslo Processing Centre in Norway in 2004. The data

consists of a migrated, post stack 3D seismic data cube processed to zero-phase polarity

with the in-lines oriented NS and the cross-lines oriented EW. The seismic data in this

article are displayed as normal European polarity, according to the SEG standards, with

the positive amplitude (black) sample corresponding to a decrease in acoustic impedance

and a negative amplitude (red) sample corresponding to an increase in acoustic impedance

(Brown, 2004). The survey configuration consisted of two 2000-psi airguns and ten 3500 m

streamers. Sampling interval of 4 ms, bin size of 12.5 m by 12.5 m and 3D migration ensures

a high spatial resolution of the subsurface and allow for a detailed structural interpretation

of the subsurface horizons and attribute maps.

The dominant frequencies of the data are between 30-50 Hz, resulting in vertical resolution

(λ/4) of 12 m, using 2 kms−1 as average sediment velocity. Additionally, the 3D seismic

data were complimented by 3500 km of regional 2D seismic profiles in the Hammerfest Basin

and well tops from 10 exploration boreholes with checkshots, that were used to correlate

stratigraphic markers with the seismic data (Figs. 4.1, 4.3). Fault throw and dip values of

the 1st order faults were derived by depth converting wells using check-shot velocity and

sonic log data available in the Jurassic, Cretaceous and Paleocene sections. Information

on lithology encountered in the PF interval was obtained from the descriptions in available

well reports.

The seismic variance volume attribute was used to delineate boundaries and faults within

the seismic data and has been used in many settings for detecting fluid flow features (eg.

Shoulders et al. (2007)). Variance attribute is a refined algorithm after the coherence cube

(Bahorich and Farmer, 1995) aimed at a more detailed and accurate edge isolation method

(Van Bemmel and Pepper, 2000). It is computed in 3D and is a representation of trace-to-

trace variability over a sampling interval. Similar waveforms produce low variance coeffi-

cients, while faults/boundaries produce high variance coefficients. Seismic attributes were

generated both as volumes and along interpreted horizons. Several seismic attribute maps

were then generated and used for interpretation: Variance (coherency type), Root Mean

Squared amplitude (RMS), envelope, dominant frequency, instantaneous frequency and dip

azimuth. A number of different attributes have been made for the PF interval. However,

due to similarities and redundancy of some of the seismic attributes, we show results from

two independent attributes, RMS and dominant frequency, which were in agreement with

other seismic attributes (Barnes, 2007). Dominant frequency is independent of amplitude

and thus is able to pick out subtle lithological changes at much higher resolution than RMS
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Table 4.1: Summary and description of the fault types and their relative timings of
activity in the study area.

amplitude, which is seismic amplitude-dependent and highlights sudden changes in acoustic

impedance.

Interpretation of seismic horizons was first carried out using guided 2D autotracking by

picking every 5-10 inline, depending on the complexity of the horizon morphology. Subse-

quently, 3D paintbrush tracking was used to paint over the seeds, providing more control

over the interpretation as the 3D autotracking is carried out within a small area. Fault

interpretation of both regional, and intra Paleocene-E. Eocene faults was carried out using

manual fault interpretation (5-10 inlines) picking fault sticks, using variance volume and

time slices to highlight faults. For analysis of the PF strikes, automatic fault extraction was

attempted. However, due to low signal-to-noise ratio above the PF interval, the automated

fault extraction algorithm provided little control on individual fault interpretation. Manual

interpretation of fault strikes in each PF network was carried out for particular horizons

and time slices. Extracted fault strikes from individual fault segments were then plotted

on bidirectional rose diagrams for further structural analysis.

4.5 Results

This section is devoted to description of different seismo-stratigraphic units and fault

systems encountered within the study, such as the PFs, major tectonic faults and the

Paleocene-E. Eocene faults, as well as acoustic anomalies that can be related to fluid leak-

age from the subsurface.

Figure 4.3 synthesizes the main unconformities identified in this study, the Upper regional

unconformity (URU), top Campanian, top Cenomanian, Hauvetarian, Tithonian and Ba-

jocian. The main formation tops: Fruholmen, Nordmela, Stø, Hekkingen, Knurr, Kolmule,

Kveite/Kviting, Torsk, Nordland (Seabed) ( Figs. 4.2, 4.3), were interpreted over the entire

survey and correlated with exploration wells within the study area, as well as published 2D

seismic profiles (Gabrielsen et al., 1990; Knutsen et al., 1992). The Cenomanian-Campanian

Nygrunnen group is characterised by numerous layer-bound PFs and from Mid Paleocene

onwards, we observe a series of faults, sealed below the unconformity (URU). A series

of seismic reflector packages have been recognised within the Cenozoic (Paleocene-Early

Eocene). A low acoustic impedance, transparent unit overlies the top Campanian/base
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Cenozoic reflector (Fig. 4.3) and corresponds to the shingled package, consisting of silty

claystones and traces of sandstone (Knutsen et al. (1992); NPD (2011), well report 7120/9-

2). This package is overlain by progradational, SSW dipping, downlaping, sigmoidal clino-

forms, which consist of claystones becoming siltier with depth. Overlying these clinoforms,

and below the Late Paleocene reflector, is an acoustically transparent unit, consisting of

dark claystones. The sediments above the late Paleocene reflector and the URU are char-

acterised by prominent impedance contrast and composed of soft olive black clays (Well

report 7120/9-2, NPD (2011)). A reflector package, characterized by transparent and low

acoustic impedance reflectors is present above the low signal to noise zone and below the

late Paleocene reflector, which is dissected by a series of normal faults (Fig. 4.3). Several

high-amplitude brightspots are present below the acoustically transparent unit.

4.5.1 Fault Architecture

The upper 3 s two-way travel time (TWT) of the seismic survey are characterised by 4

main sets of faults (Table 1), affecting Jurassic to Paleocene-Eocene intervals: 1st and 2nd

order faults, PFs and intra Paleocene-E. Eocene faults. From oldest to youngest these fault

systems are described below.

Figure 4.5: A TWT map with interpretation of the top Cenomanian-Campanian Kveit-
e/Kviting Fm (Fig. 4.2). An abundance of polygonal faults have been mapped and separated
in three blocks. The 1st order faults passing through the polygonal fault networks are also

shown.
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4.5.1.1 Major Tectonic Faults

This fault class is subdivided into 3 different groups based on their orientation and dated

activity. The strike orientation of the major tectonic faults are summarised in Figure 4.4

as a fault map with the strike orientations of individual fault segments which are described

as follows.

First Order Faults

In the upper 3 s TWT of the seismic dataset, Triassic-E. Eocene sequences are cut by EW

(85-90N) trending extensional faults (Fig. 4.4), which have been repeatedly reactivated

along older lineaments bounding the horst and graben structures (Berglund et al., 1986).

The 1st order faults penetrate into the Cretaceous and Paleocene-E. Eocene strata, as well

as through the PF tier and are sealed below the URU. They are differentiated from the 2nd

order faults, as they affect a younger interval (Paleocene-E. Eocene). These faults generally

dip south, north or NW/SE and either have a single dip of around 40◦ or varying dips of

around 60◦ within the Jurassic sequence, 40◦ in the Cretaceous and around 45◦ in the

Paleocene strata. Their strike length ranges between 2 and 20 km, having throws between

30-120 ms TWT (50-200 m) with considerably larger throws of around 200 m at Jurassic

and 50 m at Upper Cretaceous levels. The strike orientation varies between 90-100N for the

EW trending faults and between 30-40N in the northern part of the study site (Fig. 4.4).

First order faults have been active since the Tithonian-Bajocian Kimmeridgian tectonics

and were later reactivated during the Hauterivian-Barremian tensional events (Fig. 4.4c,

d).

Second Order Faults

These faults are EW-oriented normal faults and are best shown along the mid Jurassic

(Bajocian) top Stø Fm (Figs. 4.3 and 4.4). They are found in the southern (dome) and

northern part of the study area, forming horsts and grabens (Fig. 4.3). The faults strike

length ranges from 2-20 km and are spaced between 1-3 km, with north and south dips of

about 35-50◦ and fault throws varying from 25-45 ms TWT (∼40-70 m). Some of the 2nd

order faults displace the strata in the Lower Cretaceous Kolje Fm (Albian), yet some are

sealed below the Cenomanian (Top Kolmule Fm) and others below the Hauterivian (Knurr

Fm). The 2nd order faults are separated from other fault systems as they do not affect the

Cenozoic strata. In the northern part of the study, some of the faults intersect, forming

X-shaped fault intersections at 80-90◦ (Fig. 4.4). The 2nd order fault resulted during the

Kimmeridgian tectonic phase (Fig 4.4, c, d) which resulted in a transtensional regime and

updoming along the Asterias fault complex (Berglund et al., 1986). Some of the 2nd order
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faults also show evidence of reactivation during the Hauterivian-Barremian tensional events

(Fig. 4.4d).

North-South Fault

This major fault group belongs to the 1st order fault group and is located in the SW corner

of the study, south of a large gas cloud (Figs. 4.1, 4.4). However it has been differentiated

from the 1st and 2nd order faults due to its particular strike orientation and its relation to

a different fault complex, the eastern-most segment of the RLFC (Fig. 4.1). It is a deep

routed fault system, extending well beyond 3 s TWT. These NS-trending faults generally

curve westwards, where they are segmented and continue southwards, beyond the survey

boundaries (Fig. 4.1). Their length is about 16 km, with strike variations from 30N to

180N (Fig. 4.4), having a westerly dip of around 50◦ and throws of 14 and 160 ms TWT

(25 and 280 m) in the Upper Cretaceous and Middle Jurassic, respectively. NS faults show

active development the during Tithonian-Bajocian Kimmeridgian tectonic phase (Fig. 4.4c,

d) and were reactivated in Lower Cretaceous during the Barremian-Hauterivian tensional

events (Fig. 4.4c, d).The northern parts of the NS faults express minor roll over anticline

structures at the Upper Cretaceous (Cenomanian) and Late-Paleocene levels (Fig. 4.3),

indicative of possible compression movements along the faults at that time.

4.5.2 Cretaceous Polygonal Fault (PF) Tier

One single tier of closely-spaced PFs, with small vertical throws of 5-20 ms TWT is devel-

oped and restricted within the Late Cretaceous Kveite/Kviting Formations of the Nygrun-

nen group (Fig. 4.2) of Campanian age. The PF interval is bounded by unconformities,

possibly related to the Late Cretaceous uplift (Figs. 4.2, 4.3) which suggests that the un-

usually think interval might have been much thicker prior to the uplift and erosion. The

Albian-Cenomanian Kolmule Fm and the Paleocene-E. Eocene Torsk Fm respectively found

below and above the fault tier. The PF system comprises three distinct, non-interconnected

fault networks, such that areas for a detailed analysis were separated into three areas (Fig.

4.5), Block 1 (SW), Block 2 (Centre) and Block 3 (SE). Due to the unusual, thin nature of

the polygonally-faulted interval (on average 43 m), as well as the uneven topography of the

Kveite/Kviting Fm (Fig. 4.3), the PFs in the three blocks were best imaged using horizon,

rather than time-slice seismic attributes. A representative area for each PF network block

was analysed for fault strike variations. The analysis was then extended to the whole block.

Fault interpretation was carried out using variance attribute, which aside from detecting

fractures is also sensitive to fault throw variation, as larger fault throws have a higher

variance value due to stronger trace-to-trace waveform difference.
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Table 4.2: Lithological description encountered at each well in the Cenomanian Campa-
nian polygonal fault interval (see Fig. 4.8 for location).

Block 1

A representative area of 9 km2 in the PF network of Block 1 was analysed (Figs. 4.5, 4.6).

The PFs range from rectangular to strongly curving in map view and exhibit several orien-

tations, aligned between 170-180N, 10-30N, with fewer faults aligned 70-100N. A detailed

analysis of 1108 strike orientation measurements was then carried out over an area of 85

km2, excluding the main tectonic faults. Results in the rose diagram of figure 4.7 show

that there exist two primary fault trends, 0-10N/170-180N and 65-95N, with minor sets,

oriented at 25-40N. The main feature in this block is the NS trending fault (Figs. 4.4, 4.5).

Within a distance of 3 km, the PFs are linked to the NS fault via a set of radial fractures,

spaced between 300-500 m and strike 80-90◦ to the plane of the fault (Fig. 4.7). This obser-

vation suggests that the NS fault activity was coeval with or preceded the PF development,

providing a constraint to fault activity at that time. PFs display variation in throw values

of 10-20 ms TWT, with higher throws abundant amongst the central PF traces and the

radial linking faults. Interestingly, PFs with larger throws are found exclusively within

the hanging wall of the NS fault (Fig. 4.7), whereas the PFs found in the eastward-facing

footwall are less pronounced as PFs and their strikes are biased by the presence of EW

trending first order faults (Fig. 4.7). In the north-eastward facing footwall, some smaller

fault throws were detected, maybe related to the PFs in Block 2 (Fig. 4.5). It is also worth

noting the lack of any faulting in the low variance area, suggesting presence of different

waveforms compared to the neighboring seismic reflectors.

Block 2

A sample analysis of a 9 km2 area (Fig. 4.5), with 258 strike orientation measurements was

carried out in this PF block (Figs. 4.5, 4.6). Faults in this small area exhibit a preferential

strike orientation 70-80N, with minor orientations being 20-30N, 40-55N, 135-150N and

175-185N. An area of 110 km2 was then analysed for PF strike variations, with 1349 overall

measurements sampled (Figs. 4.5, 4.7). The PFs in this block have a significant bias towards

EW direction, with a large number of orientations being 75-95N, a second orientation being

0-35N and a minor 155-170N (Fig. 4.5). This PF network is cross cut by 1st order faults
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in this block (Fig. 4.5). Some of the PFs are orthogonally linked to the 1st order faults

and exist on both the footwall and the hanging wall (Fig. 4.7), with a westward deepening

depression bounded by the 1st order faults (Fig. 4.5).

Block 3

The initial sample area of this block covered 47 km2 and was tested for strike variation, with

overall 443 strike measurements (Figs. 4.5, 4.6). The PFs in this block display orientations

0-20N and 50-85N, with two other minor orientations namely 105-120N and 135-170N.

Measurements of PF strike orientations were carried out over an area of 100 km2 with 1098

strike measurements. The principle fault orientation is 60-90N, with the second orientation

at 0-20N and a minor third one at 155-170N (Fig. 4.7). These faults are separated from

Block 2 by a lenticular anomaly of low-variance, dissected by EW 1st order faults (Figs.

4.5, 4.7). Fault throw values are larger in the EW orientation as seen from the variance

map (Fig. 4.7). The PFs to the west of the block exhibit greater throw values for the EW

oriented segments, while most PF systems to the east show typical irregularly-clustered

faults with similar throws.
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Figure 4.6: Insets showing a small sample area of polygonal faults for each of the network
blocks 1, 2 and 3. See Fig. 4.5 for location and text for further details.
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4.5.2.1 Lithology and Seismic Response of the PF Tier

In order to understand the factors controlling the distribution of PF systems in the study

area, we have used stratigraphy enhancing seismic attributes and well reports in an at-

tempt to identify the facies variations within the PF tier. Knowing the distribution of

PFs and that they develop in fine grained sediments with colloidal properties, it is possi-

ble to backtrack and differentiate between fine grained and coarse-grained sediments based

on well log descriptions from the interval (Table 2) and seismic data response. The RMS

amplitude results show the presence of an elongated, 23 km long by 7 km wide amplitude

anomaly, delineated from the surroundings by a greater impedance contrast (Fig. 4.8a).

Information from well 7121/5-1 show a limestone interval in the area of the anomaly, indi-

cating that the impedance contrast is caused by a limestone bed and increased calcareous

material. Other high impedance contrasts, delineated by faults, are present in the area

and also correspond to an increase in calcareous content. The dominant frequency seismic

attribute is more sensitive to lateral sediment type variations, showing lower frequencies

of 30-37 Hz, attributed to the limestone-rich Kviting Fm (Fig 8b). Lithology changes can

be seen on both the RMS and dominant frequency maps and both were used to construct

the final interpretation map. The PFs in Block 1 exhibit variations in frequencies. The

density of the PFs seems to depend on the frequency response, as higher density of PFs

is encountered within the frequency range of 40-45 Hz while decreasing density and fault

separation characterise the lower frequency zones of 30-35 Hz. The latter is interpreted as

having a higher limestone/marl ratio. The PFs in Block 2 occur within sediments of 40-50

Hz, with decreasing density and ”polygonality” in sediments of frequencies greater than

50 Hz and lower than 35 Hz. Frequencies greater than 50 Hz are interpreted as sediments

having a high calcareous fraction with claystones still present. The sediments in Block 3

also display a variation in the frequency response, with the PFs occurring in the sediments

with the frequency response of 37-50 Hz. Waning of PFs in terms of their ”polygonality”,

density and spacing is accentuated within the sediments with a frequency response higher

than 47 Hz. Seismic profiles in Block 3 show that the limestone bed is overlain by weaker

reflectors (Fig. 4.3), implying vertical, as well as lateral sediment type variation. Based on

well log information from the PF interval (Table 2) and amplitude/frequency visualization

maps, we have constructed a schematic lithological facies interpretation and distribution

map (Fig. 4.8 d-f). Sediments can be classed as calc/limestone rich, attributed to the

Kviting Fm and the Kveite Formation, which are divided into 1) PF-prone claystone units

and 2) faulted calcareous claystone units/claystones residing on top of the calcareous units

(Fig 4.8e, f). The presence of the claystones and associated minerals such as smectite is

vital in the development of PFs as discussed previously (Cartwright and Dewhurst, 1998;

Dewhurst et al., 1999).
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4.5.2.2 Paleocene-Early Eocene Faults (PEEFs)

We have identified a number of faults, including 1st order faults, within the Paleocene-Early

Eocene Torsk Formation (Fig. 4.3). Interpretation was carried out along a time slice and

also along the L. Paleocene-E. Eocene reflector, where clear fault offsets are present due to

good continuity and high acoustic impedance contrast of this reflector (Fig. 4.3).

PEEFs are found throughout most parts of the survey and consist of linear, EW to NE/SW

trending, curved and intersecting faults, forming clustered networks in the southern and

northern parts of the study. High density of PEEFs is encountered in the western part of

the survey, with sparse faulting to the east (Fig. 4.9). Fault throws are on the order of

10-15 ms TWT, similar to the PF throws, with fault lengths ranging from 300 m to 5 km

and strikes trending 65-85N, 35-45N and 160-170N, 180-185N. The PEEFs are sealed below

the URU and can be traced down to Campanian level (Figs. 4.3, 4.10). In the Paleocene

sediments, the PEEFs are linked orthogonally to nearby 1st order fault segments. Fault

interpretation is carried out along the variance time slice at -644 ms (see Fig. 4.3 for TWT

location) and is shown in figure 4.9.

4.5.3 Shallow Gas and Fluid Flow Indicators

In this section we address structure fitting anomalies, which potentially mark shallow gas

and fluid accumulations. The Paleocene-E. Eocene Torsk Formation above the Snøhvit and

Albatross gas fields is characterised by numerous high amplitude bright spots, enhanced

reflectors, low reflectivity zones, acoustic turbidity and seismic blanking zones considered to

result from gas clouds (Figs. 4.3, 4.10). The potential hydrocarbon indicators are confined

to the sigmoidal bedforms of the Torsk Formation, comprising siltstones and claystones

overlain by a low amplitude reflection wedge, corresponding to claystones and clays (trans-

parent unit, Fig. 4.3) which could form a stratigraphic seal, beneath which gas would

accumulate and be trapped. Some enhanced reflections also occur in a stepwise manner,

following the boundary of the low reflectivity wedge, restricted to and following strati-

graphic layers crosscut by the PEEFs (Fig. 4.10). Anomalies 1 and 2 also mark the top

of two large gas clouds causing severe acoustic blanking beneath which impairs interpre-

tation of underlying fluid flow features (Fig. 4.10). A discrete RMS timeslice at -740

ms shows all major seismic amplitude anomalies within the area, implying simultaneous

presence of leaked gaseous fluids restricted to similar depth range and stratigraphic unit.

Overall, six separate amplitude anomalies have been identified, based on the high RMS

acoustic impedance contrast. All the anomalies are crosscut and follow the strike of faults,

or are bounded by the 1st order faults, implementing the role of PEEFs and 1st order

faults into fluid transport process. Amplitude anomalies follow planar, linear geometries,

with the elongated long axis trending 30-60N and can be separated into 4 primary and 2

smaller anomalies, based on their areal extent and acoustic impedance contrast (Fig. 4.10).
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across the PF networks, see insert A for location. F) A schematic lithology interpretation

of the profile in E.
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Figure 4.9: Variance time slice, at -644 ms and corresponding fault interpretation. Insert
shows 1st order fault segment and orthogonal joints related to the PEEFs. Rose diagram
for the PEEF strikes plotted, showing bias towards the 65-85N. The Shmax direction is
also plotted (based on Linjordet et al. (1992)) together with the PEEFs that are likely to

be conductive. Insert shows orthogonal PEEFs linked to the 1st order fault.

Anomaly 1 is located in the central-western part of the study area and is associated to the

largest gas cloud in the study, with an area of 4x12 km, bounded by two 1st order faults

linked to the Jurassic Snøhvit reservoirs (Fig. 4.4a)) and cross cut by numerous PEEFs

(Fig. 4.10). Seismic data is severely distorted beneath this anomaly, causing poor signal-

to-noise ratios in the underlying reflectors, possibly related with a gas chimney (Fig.4.10).

The anomaly is elongated with the longer axis direction trending 20-40N and it extends

further to the SW beyond the boundaries of the survey, as seen from 2D regional seismic

profiles. A relationship between the 1st order faults and the gas cloud anomaly exists,

which indicates that the thermogenic fluid flow pathways are represented by both the 1st

order faults and the gas chimney. Anomaly 2 has an area of 9x2 km with the longer NE axis

trending 30-40N. The anomaly follows the dip of the strata confined to a certain depth,

causing seismic blanking beneath, which can be taken as an indicator of gas-containing

sediments (Løseth et al., 2009). The anomaly is delimited to the south by EW trending

PEEFs, linked to the same 1st order fault cutting through anomaly 1 (Fig. 4.10), which

implies that the fluid flow pathways may have exploited the 1st order faults to reach Pa-

leocene strata and then the PEEFs. Anomaly 3 comprises two linear fault bounded (1st

order and PEEF) brightspots, with the long axis trending 50-70N, having an overall area

of 7x3 km (Fig. 4.10). Amplitude anomalies are closely linked to the 1st order faults and

also PEEFs, which link to the PF interval beneath. Anomaly 4 is located in the NE corner

of the study site, covering an area of 10x5 km. Two 1st order faults delineate two discrete
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brightspots on the RMS amplitude time slice. Aside from the discrete bright amplitude

features, also sets of linear and smaller circular/elongated bright amplitude anomalies ex-

ist, forming curved linear trains, following a trend of 20-80N. On the NS seismic sections,

these anomalies look segmented and sealed below an intra-Paleocene bright reflector (Fig

4.10). The smaller anomaly 5 is south of anomaly 2 and follows the strike of an 8 km long

PEEF, which is connected to the 1st order faults (Fig. 4.9). It is 4 km long and 3 km

wide, with smaller PEEF branches extending further into the anomaly indicating lateral

fluid migration through permeable strata. (Fig.4.10). Anomaly 6 is restricted to the south

central part of the study area, having dimensions of 4x2 km and is crosscut by numerous

PEEFs which are also linked to the PF network of Block 3 (Fig. 4.10, 4.5).

4.6 Discussion

As presented above, the 3D seismic dataset over the Snøhvit and Albatross gas reservoirs

shows abundant evidence of fluid migration through the described PF interval and the

Paleocene-E. Eocene sediments. The following discussion leads us to propose a conceptual

model for the evolution of the hydrocarbon plumbing system in the basin.

4.6.1 Relationship Between Different Fault Types

In order to test the interdependence of fault types at different stratigraphic levels in the

study area, we have compiled and compared fault interpretations for similarities in strike

orientations. In particular, we focus on the possible relationship between the PF networks

and the overlying fault systems. The main strike trend among all the PF networks and the

1st order faults is the dominant orientation 80-100N (Fig. 4.11a). In contrast, the polygonal

fault NS strike orientations do not coincide with the main 1st order fault trends, suggesting

that these are not influenced by the 1st order faults. Nonetheless, a minor trend, 40-50N is

noticed for both the SW/NE trending 1st order and the PFs. The orthogonal link between

the PFs and the 1st order faults (Figs. 4.5, 4.7) indicates that the perturbations in regional

stress around the 1st order faults probably influenced the development and directions of

the shallower PF and PEEF systems, as reported in other studies in the Porcupine Basin,

Canadian Atlantic margin and the North Sea (Cartwright et al., 2003; Hansen et al., 2004;

Jones et al., 2004). The comparison of the PEEFs and the 1st order fault strikes is shown in

figure 4.11b. There is similarity in faults trending 80-100N, however, this is not consistent

with the main fault direction of the PEEFs at 65-90N. A match in the fault strikes between

the 1st order and PEEFs exist in the 50-60N and 155-180N, while orthogonal joints between

1st order faults and PEEFs (Fig. 4.9) suggest that the SW/NE and NS trending 1st order

faults may have influenced the PEEF development and orientation. PFs and PEEFs were

compared to test for similarities and possible influences, shown in figure 4.11c. We observe
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Figure 4.11: A-C) Relationship between faults. Coinciding fault strike indicate some of
the older trends have been reactivated. D) Example of 1st order faults, PF linking into

PEEFs and amplitude anomalies related to all discussed fault types.

a good overall shape match, with coinciding main strike orientations. The dominant strike

direction in both the PEEFs and PFs is 65-90N, with the second direction 165-185N and

a minor direction of 30-45N. A rose diagram match implies direct link between the PF

interval in the Cenomanian and the PEEFs of the Torsk Formation. It is known that

the PFs can be interconnected between tiers and the upper parts of the sequences can be

reactivated several times after the initial time of formation in response to sediment loading

(debris flow/contourite deposits) and volumetric contraction (Lonergan et al., 1998; Gay

and Berndt, 2007; Hustoft et al., 2007). Due to the close relationship between the PEEFs,

the PFs and the link between the latter and the 1st order faults, it is likely that the shallower

PEEFs resulted from reactivation of the underlying, preexisting PFs. Since the orientations

of both the PEEFs and the PFs have been influenced by the 1st order faults, it is proposed

that the reactivation of the 1st order faults triggered reactivation of PFs and in turn the

formation of the PEEFs. The preferential strike reactivation within the PEEF could be
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controlled by the superimposed stress field, controlling the preferential fault reactivation.

The interpretation of the PEEFs and 1st order faults is shown in figure 4.9.

4.6.2 Timing of Fault Activity

The fault activity during the Cenomanian-Campanian periods can be analysed on the TWT

thickness map between Cenomanian and Campanian (Kolmule-Kveite/Kviting Formations,

Fig. 4.8c). There is a general thickening of 64 ms TWT towards the west and eastward

thinning to 40 ms TWT towards a condensed limestone lens (Fig. 4.5, 4.8). The main

depocentre of 88 ms TWT is located in the western-most and southwest part of the study

area, with the NS 1st order fault creating structurally controlled accommodation space

(Fig. 4.8c). Thus, the 1st order NS and the NE/SW trending faults seem to be controlling

the sedimentation during Cenomanian-Campanian, with the EW 1st order faults inactive

at the time. Surrounding the limestone lens, there are areas of relative increased thickness,

forming mini basins, which pinch out towards the edges of the limestone (Fig. 4.5, 4.8c).

These mini basins coincide with the areas where the PF networks were mapped. Based

on the Cenomanian-Campanian interval thicknesses (Table 2), ∼75-80 ms TWT in well

7120/8-3 correspond to a thickness 133 m, which implies larger Cenomanian-Campanian

thickness in the hanging wall side of the NS fault compared to the rest of the study (Fig.

8c), In general, the PFs are thought to develop in sediments with stratigraphic thickness

exceeding 100 m (Cartwright, 1994; Cartwright et al., 2007). Hence, the occurrence of PF

networks within the thicker sediments restricted to the mini basins and their waning towards

the limestone edges (Blocks 1, 2, 3 Figs. 4.5, 4.8) can be explained by a thickness control

upon the PF development. The relatively small thicknesses (Table. 2) and development of

PFs also suggests that the Cenomanian-Campanian interval might have been much thicker

prior to the Late Cretaceous uplift. Due to the severe uplift-related erosion of the Barents

Sea during the Cenozoic (Vorren et al., 1991; Dimakis et al., 1998; Cavanagh et al., 2006;

Green and Duddy, 2010) with around 1 km estimated eroded thickness over central parts

of the HB (Linjordet et al., 1992; Cavanagh et al., 2006; Ohm et al., 2008), it was not

possible to constrain the fault timing within the Paleocene-Eocene period. However, since

the PEEFs and the 1st order faults appear to be sealed below the URU (Fig. 4.3, 4.10),

fault activity must have ceased by this time. Possible fault reactivation might coincide

with major phases of uplift at the end of Eocene and Late Miocene Green and Duddy

(2010). Furthermore, fault activity near Askeladd gas field was suggested to occur during

Miocene (Bernal, 2009) and the rollover anticline structures (Fig. 4.3) suggest possible L.

Paleocene-Eocene fault movements.
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4.6.3 Link to Fluid Flow and Leakage

The widespread PFs and PEEF systems found in the study have the potential of providing

easy migration pathways for ascending fluids, which would be much faster than diffusive

vertical flow through sediments of low porosity and permeability (Brown, 2000). The pres-

ence of a paleo gas-oil contact indicates that considerable volumes of thermogenic fluids

leaked from the Snøhvit reservoir (Linjordet et al., 1992). Direct link between the Snøhvit

reservoir structures and the 1st order faults exists (Fig.4.4, 4.3), which could imply the root

of leakage. Leakage is manifested as several gas cloud anomalies (Fig. 4.10), discussed in

section 4.3, which are linked to the 1st order EW faults with a possible gas chimney beneath

(eg. Anomaly 1, Fig. 4.10). This implies that the 1st order faults and the gas chimney play

a role in transporting the thermogenic fluids to the shallow depths. Thermogenic fluids

from the Jurassic reservoirs would probably be able to ascend from the leaking reservoir

through the 1st order reactivated faults into the Paleocene-E. Eocene strata, where they

can then be transferred vertically and laterally via the PEEFs and horizontally along the

permeable carrier beds of the Torsk Fm (Figs. 4.9, 4.10). The mapped fault systems

thus provide a focused fluid flow plumbing system (Berndt, 2005) with the faults providing

permeable vertical pathways through otherwise impermeable strata (Laberg et al., 1998;

Wiprut and Zoback, 2000; Gay and Berndt, 2007). The PEEFs (reactivated PFs) also rep-

resent zones of high vertical connectivity and thus they may allow deeper fluids to migrate

upwards through them. Evidence of migration is seen as numerous enhanced reflectors,

shallow gas bright spots and structure fitting amplitude anomalies in fault hanging walls

(See Figs. 4.10, 4.3), which could have resulted from cementation (O’Brien et al., 2005)

and are indicators of ongoing or past gas seepage (Schroot et al., 2005). Whether faults act

as conduits, barriers, or a conduit barrier network (Caine et al., 1996), will depend on sev-

eral factors, including clay smear, cataclasis and mineral precipitation/cementation (Fisher

and Knipe, 1998), fault complexity and intersections (Gartrell et al., 2004), as well as ori-

entation to the maximum horizontal stress (Harper and Lundin, 1997). Additionally, at

shallow depths faults may become sealed by gas hydrates (Madrussani et al., 2010), if such

faults are within the gas hydrate stability zone (Chand et al., 2008). No evidence of such

processes has been observed on seismic scale, although we cannot rule them completely,

especially that all the gas cloud anomalies are restricted to a certain depth, implying that

a seal may exist above these anomalies. In the Hammerfest basin, the direction of the max-

imum horizontal stress (Shmax) is 135N in the east and 35N in the west, as measured from

the Torsk Fm (Linjordet et al., 1992). Moreover, the Shmax direction measured from the

Albian Kolmule Fm (Fig.4.2), is 0N in the west and 170-165N in the east (Linjordet et al.,

1992). It is generally considered that the fluids are more likely to flow along fractures

oriented parallel or nearly parallel to the Shmax direction, due to lowest normal stresses

across these fractures (Ligtenberg, 2005). Therefore it should be possible to infer which
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faults acted as fluid conduits based on fault bounded amplitude anomalies as well as us-

ing the Shmax of 135N 10N and 35 10N in the Paleocene-E. Eocene sediments. We use

these conditions to construct a map with the 1st order faults and possible open PEEFs

(Fig. 4.9). It should be noted that during the Albian, the NS orientation of the Shmax

implies that the EW faults were sealed, whereas the NS fault was likely to be permeable. A

change and rotation of the Shmax during the Paleocene-Eocene suggests that thermogenic

fluids may have leaked along the NS faults during Albian and along the EW oriented faults

during Paleocene-Eocene. Since the migration and trapping of hydrocarbons in the Juras-

sic reservoirs took place during Paleocene-Eocene (Berglund et al., 1986; Linjordet et al.,

1992), fault activity and the orientation of the Shmax after Paleocene would have influenced

hydrocarbon leakage from the reservoir to the shallow Paleocene-E. Eocene stratigraphic

levels. Over a distance of 10 km in the Paleocene-E. Eocene sediments (Fig. 4.9), stress

release between western and eastern parts of the study is thought to have resulted in fault

failure (Linjordet et al., 1992), which might have increased permeability and allowed fluids

to migrate through them. However, fault permeability can also be dictated by the degree

of cementation, thus the direction of open faults is not always dependent on the Shmax

direction, especially at depths greater than 3km (Laubach et al., 2004). Since PFs and

PEEFs are restricted to sediments shallower than 1.5 km, the orientation of Shmax might

play a significant role in controlling the fault permeability in the study area. The uplift

and erosion of the Barents shelf during Paleocene-Eocene Norwegian-Greenland Sea open-

ing and shear, resulted in differential subsidence and margin tilting (Doré and Jensen, 1996;

Dimakis et al., 1998). In the Hammerfest basin, around 1 km of uplift has been estimated

(Linjordet et al., 1992; Nyland et al., 1992; Green and Duddy, 2010). Margin uplift led to

tilting of the hydrocarbon reservoirs and reactivation of regional faults, which promoted

thermogenic fluid leakage. Mutual relationship between fault systems and gas clouds devel-

ops, where the 1st order faults act as secondary migration pathways after the hydrocarbons

leave the reservoir. The thermogenic fluid flow to the upper levels of the basin is enhanced

through the pre-existing regional 1st order tectonic faults, where it is manifested as shallow

gas clouds (Fig. 4.10). Additionally, Pliocene-Pleistocene waning and waxing glaciations

coupled with glacial erosion played an important role in the fluid migration history due to

further pressure oscillations and possibly triggered further fluid escape from the reservoir

(Nyland et al., 1992; Cavanagh et al., 2006; Anka et al., 2011).

4.6.4 Summary and Conclusions

A proposed schematic diagram for the interaction between fault evolution and the fluid mi-

gration is shown in figure 4.12. The PFs form during the Cenomanian-Campanian burial,

followed by the Late Cretaceous uplift (Dallmann, 1999; Green and Duddy, 2010). Sedi-

mentation resumes during mid Paleocene with deposition of clastic material sourced from

erosion off highs, with cover of late Paleocene-Eocene clays. The PFs then reactivate due
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Figure 4.12: A. Schematic cartoon for the plumbing system above the Snøhvit field. A)
Cenomanian-Campanian formation of polygonal faults, followed by uplift and erosion. B)
Paleocene-E. Eocene sediment loading results in preferential reactivation of the PFs forming
the PEEFs. C) Late Eocene uplift and reactivation of the 1st order faults results in further
PEEF reactivation. Deep thermogenic fluids ascend through the 1st order faults into the
Paleocene sediments, where fluids also migrate through the PEEFs. Claystones may form

an impermeable barrier for fluids, seen as enhanced reflections.

to sediment loading, with dewatering fluids from the Cenomanian-Campanian interval mi-

grating into younger, Paleocene-E. Eocene strata. Further tectonic readjustment during

and after the Norwegian-Greenland Sea opening (Late Eocene), triggers uplift and the re-

activation of the 1st order faults. Removal of overburden during Oligocene-Miocene uplift,

coupled with Pliocene-Pleistocene glaciations stresses the reservoir with gas expansion and

phase changes, resulting in at least two episodes of leakage of thermogenic fluids. Fluids

migrate through the 1st order faults into the Paleocene where open PEEFs are able to focus

fluids to higher stratigraphic levels. Sealed beneath the low permeability clays, thermogenic

fluids migrate up dip via the progradational Paleocene stratigraphy of the Torsk Fm.

Summarising, through the detailed interpretation of high resolution 3D seismic data, we

investigate the plumbing system above an active gas field and map the migration pathways

and vertical fault interconnectivity above the Snøhvit and Albatross Gas fields. Tectonic

faults are separated into two classes: 1st order reactivated, serving as thermogenic fluid

conduits from the Jurassic hydrocarbon reservoir to shallower depths of the Paleocene -

E. Eocene strata and older, 2nd order faults, which are sealed below the Cenozoic and

younger sediments. We have identified a PF interval, which to the best of our knowledge

had not been reported previously. These networks are located in non-interconnected blocks,

with extents of 86, 110 and 100 km2. Collective preferential fault strikes are oriented in

the EW direction, with majority of faults striking 70-90N. Paleocene-E. Eocene faults

(PEEFs) are located above the PFs, especially in the western part of the study area. Their
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main strike orientation coincides with the strikes of the PFs, biased towards 70-80N, thus

implying that preferential PF orientations prevail upwards into the PEEFs. Several shallow

gas anomalies are directly related to the 1st order faults and PEEFs as structure fitting

amplitude anomalies, implying potential fluid transport via the 1st order faults from the

reservoir and lateral migration via the PEEF systems.
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Chapter 5

Hydrocarbon Leakage Above the

Snøhvit Gas Field

This chapter presents the methodology and its application to visualise and analyse hydro-

carbon leakage indicators in the Hammerfest Basin. 1

5.1 Abstract

Analysis of high resolution 3D seismic reflection data from the Snøhvit and Albatross

gas fields has provided insights into the nature and dynamics of the fluid flow plumbing

system in the Hammerfest Basin. The area investigated is characterized by a high density

of pockmarks up to 300 m wide, as well as giant pockmarks over 1 km wide, linked to

regional faults and seismically defined chimneys. Thermogenic gas hydrates are inferred

from the presence of a bottom-simulating reflector, while the fluids are thought to be

sourced through regional tectonic faults from the deep reservoirs. Evidence of glacial erosion

processes suggests that the focused fluid escape took place during the ice retreat on two

separate occasions, when the pockmarks and seismic pipes are thought to be formed by

methane leakage from the decomposition of gas hydrates deposits. These evidences of large

numbers of fluid flow structures may represent potential geohazards for future exploration,

development, and carbon dioxide sequestration at the greater Snøhvit area. Our results

may be used as analogue for other glacially influenced areas where hydrocarbon leakage is

a major risk.

1This chapter is published as: Ostanin I., Anka Z., Di Primio R., Bernal A., 2012. Hydrocarbon leakage
above the Snøhvit Gas Field, Hammerfest Basin SW Barents Sea. First Break, 30 (11), 55-60 p.
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5.2 Introduction

Hydrocarbon leakage associated with focused fluid flow, both in the subsurface and on the

seabed, is a widespread phenomenon observed in sedimentary basins worldwide (Judd and

Hovland, 2007). The process may be expressed on the seabed as pockmarks, mud volca-

noes, and methane-derived carbonate mounds, and in the subsurface as seismic blow-out

pipes, vertical seismic chimneys, palaeo-pockmarks, and amplitude anomalies (Huuse et al.,

2010). Seismic pipes result from overpressure and hydrofracturing of low-permeability sed-

iment, and represent high-permeability vertical conduits indicative of a seal bypass system

(Cartwright et al., 2007) where gas and fluids propagate vertically upwards to terminate as

craters on the seabed, termed pockmarks (Judd and Hovland, 2007; Huuse et al., 2010).

Figure 5.1: Major structural elements in the study area with outlines of 3D seismic
surveys,well locations and shallow gas leakage anomalies.

Besides impacting directly deep-sea marine environments and the benthic fauna, hydro-

carbon leakage can be responsible for shallow gas pockets, a major geohazard for offshore

installations because drilling into shallow gas accumulations might result in blow-outs.

Identification of leakage in any of its many expressions not only provides information on

the presence of seal bypass systems, but also contributes to the understanding of migration

and re-migration of hydrocarbons. Understanding of the present-day and palaeo gas seep-

age is also essential when reconstructing the basin evolution in terms of its thermal and

burial history. Finally, accumulations of shallow gas and gas hydrates also represent energy



Chapter 5 Hydrocarbon leakage above the Snøhvit gas field 131

sources, which could be exploited commercially yet also constitute hazards to exploration

and production.

Petroleum exploration in the Barents Sea has had a strong focus on the Hammerfest Basin

(Figure 5.1), with the Snøhvit, Albatross and Askeladd gas field discoveries as examples

of how prolific this basin might be. The Snøhvit Field was discovered in 1984 and has

been on stream since 2007. It is also used for carbon capture and storage; injection of

carbon dioxide began in 2008 (Estublier and Lackner, 2009). It is therefore important to

identify the consequences and geological controls on subsurface fluid leakage which could be

endanger future carbon capture and storage projects. Almost all of the proven hydrocarbon

reserves were found to be gas with uneconomical oil (NPD, 2011), despite the existence of

mature oil-prone source rocks in the area (Ohm et al., 2008). The extensive Cenozoic uplift

and erosion along the western margin, as well as the high latitude glaciations (Cavanagh

et al., 2006) are thought have caused 1) trap tilting and exhumation (Dore et al., 2002),

2) leakage and redistribution of hydrocarbon reserves due to phase change, gas expansion

and flushing of oil from reservoirs (Nyland et al., 1992), which led to predominance of gas

over oil on the Barents shelf. Overall, sediment of 1-3 km thickness has been eroded from

the Barents Shelf and transported into large submarine fans as a result of glacial advances

and re-advances (Laberg et al., 2011). However, the recent Skrugard, Havis and Norvag

discoveries have sparked a renewed wave of exploration in the Barents Sea, with the focus

on the formerly disputed area between Norway and Russia as well as the western margin

of the Loppa High.

Figure 5.2: (a) Ant-tracking workflow. (b) Example, from seismic conditioning to the
extraction of faults.

Previously, hydrocarbon leakage has been reported from the Snøhvit and Askeladd fields

as large gas clouds and amplitude anomalies, whilst a palaeo oil-water contact shows that
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the structures were once filled with significantly larger volumes of hydrocarbons (Linjordet

et al., 1992). In this case study, we present an overview of the fluid leakage indicators

and the hydrocarbon plumbing systems above the Snøhvit Field as well as their temporal

dynamics in response to multiple phases of tectonic uplift and glaciations. We use a high

resolution 3D seismic dataset from the Snøhvit Field and an older 3D seismic cube from

the Askeladd Field to visualize the fluid flow features and identify the associated migration

pathways.

Figure 5.3: (a) Seabed bathymetry showing, pockmarks, ploughmarks, and mega-scale
glacial lineations. (b) Part of the URU surface showing buried pockmarks.

5.3 Geological Evolution of the Study Area

The epicontinental Barents Sea consists of several basins and sub-basins, separated by struc-

tural highs (Figure 5.1). The Hammerfest Basin is an asymmetric elongated basin, bounded

by the Loppa High to the north, the Finnmark Platform to the south, the Tromsø Basin

to the west, and a flexure against the Bjarmeland Platform to the east. The main reser-

voir units (Stø, Nordmela, and Tubæn formations) comprise Lower Jurassic shallow marine

sands. Mid to Late Jurassic transtensional displacement and updoming along the Asterias
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Figure 5.4: Two-way time maps of the area of (a) the seabed and (b) the URU affected
by the mega-pockmarks.

Fault Complex resulted in the E-W oriented normal faults (Berglund et al., 1986). As local

highs were uplifted, a transgressional event produced anoxic conditions with the deposition

of Fuglen and Hekkingen formations, proven as regional seal and source rocks, respectively.

The Cenozoic opening of the Norwegian-Greenland Sea led to episodes of exhumation dur-

ing the late Eocene (35 Ma) and Miocene (11-5 Ma), whilst Pliocene-Pleistocene glaciations

have controlled the erosion and sedimentation since ∼2.5-1.5 Ma (Faleide et al., 2008; Knies

et al., 2009; Green and Duddy, 2010). The whole of the Barents Sea shelf is characterized

by a prominent angular unconformity, termed the Upper Regional Unconformity (URU),

marking the change from glacial erosion to deposition and separating the glacial sediments

from the underlying westward dipping Cenozoic sediments. On the western slope of the

shelf, the URU changes character to a downlap surface for prograding wedges sourced from

the mainland (Faleide et al., 2008).

5.4 Dataset

The study is primarily based on the interpretation of a high-resolution 3D seismic reflec-

tion cube, covering an area of 970 km2 over the Snøhvit and Albatross gas fields in the

Hammerfest Basin (Figure 5.1). The survey has zero-phase, SEG reverse polarity, with the

negative (black) loop corresponding to an increase in acoustic impedance, and is dominated

by frequencies of 30-50 Hz, resulting in a vertical resolution (λ/4) of ∼12 m, using an aver-

age sediment velocity of 2 km s−1. The 3D migration and 12.5 m 12.5 m bin size ensure a

detailed geomorphological interpretation, whilst the horizontal resolution (λ/2) is ∼25 m.
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Additionally an older lower resolution 3D survey covering 420 km2 over the Askeladd gas

field and regional 2D seismic reflection profiles were also used to extend the interpretation

from the Snøhvit 3D data. The Askeladd 3D seismic dataset has zero-phase SEG normal

polarity. Frequencies in the range of 20-40 Hz result in vertical resolution of ¡20 m, using

an average sediment velocity of 2 km s−1, whilst the horizontal resolution (λ/2) is ∼35 m.

5.5 Seismic Interpretation and Visualization

Seismic Attributes

The analysis of the fluid flow features has been restricted to the upper second two-way

travel time (TWT) of the seismic volumes, and a rigorous analysis has been carried out be-

tween two prominent horizons, namely the present-day seabed and the URU. Zero-crossings

between peaks and troughs were used during the interpretation of seismic horizons to re-

duce the risk of clipping and smoothing artifacts (Bulat, 2005). Mapping of the seabed and

the URU was carried out using a semi-automated interpretation, which involved first 2D

inline and crossline interpretation, followed by 3D auto-tracking in a small volume (1 km 1

km) and then plan view auto-tracking over the horizon, thus providing a better control on

the interpretation. This allowed us to preserve a high level of detail during the interpreta-

tion of geomorphological features in the final TWT maps. To enhance the visualization of

the subsurface geological features, we use volumetric and horizon-based structural seismic

attributes and proven workflows, namely variance (Van Bemmel and Pepper, 2000) and

ant-tracking (Pedersen et al., 2002), a patented technology from Schlumberger. Variance is

an upgraded and refined algorithm after the coherence cube (Bahorich and Farmer, 1995),

aimed at a more detailed and accurate way of extracting information from the seismic data

volume, which yields improved results in fault and boundary detection. The ant-tracking

workflow is shown in Figure 5.2a, and the results of each step are shown in Figure 5.1b.

The workflow first involves pre-conditioning the seismic data through structural smoothing.

The output was then used to generate a variance cube, which is input for ant tracking. The

benefit of this workflow is that a greater number of fractures can be enhanced during the

process, whilst automatic or seeded fault extraction works best on an ant-track volume.

The imaging and interpretation of faults has been carried out manually with the aid of

variance and ant-track volumes for the deep regional faults, which have been interpreted

every tenth inline, on average. The intra-Palaeocene faults were mapped using the variance

attribute and their strikes were mapped manually (Ostanin et al., 2012). Automated 3D

fault interpretation for the faults above the shallow gas anomalies was used tentatively, as

many faults were subdivided into smaller fault patches which were then merged manually.

A 3D-seeded fault extraction allowed better control on fault continuity and interpretation,

since it could be used to track individual fault planes. A small 4 km 4 km seismic volume

with a vertical extent of 400 ms was used to isolate a specific group of faults, and then
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Figure 5.5: (a) Seismic profile of the BSR anomaly. (b) Corresponding RMS anomaly
profile (12 ms window). (c) Zoom of the blow-out pipes from part (a). (d) Variance plot for
same section as (c). Gas hydrate stability zone curves for different gas compositions and
salinity using the CSMHYD program (Sloan, 1990). (f) Cartoon of the possible plumbing

system above the BSR shown in (c).

the ant-track workflow was executed to produce the fault volume. The seismic amplitude,

variance, and ant-tracking volumes were then used to manually pick selected fault patches,

which were subsequently merged to produce individual fault planes (e.g., Figure 5.2b).

Seismic Pipes

On the interpreted horizons, a variety of pockmarks have been identified visually, as well as

using variance time slices and variance horizon slices along the seabed and the URU. The



Chapter 5 Hydrocarbon leakage above the Snøhvit gas field 136

acoustic blow-out pipes in the data were imaged best using the variance seismic attribute.

The seismic pipes were first mapped using seismic sections on inlines and cross-lines, and

their location and continuity were mapped as vertical polygon sticks which eventually al-

lowed us to establish the association between the pipes and several pockmarks. Scrolling

down from the individual pockmarks along the pipe, the vertical extent of the chimneys was

noted, and a smaller 0.3 km 0.3 km variance volume was then used to visualize selected

pipes. Seismic pipes and fault planes were characterized by high variance values and were

imaged using opacity control by making the low variance values transparent.

Pockmarks

The water depth in this area varies from 250 m to 360 m, and the seabed has a variable relief,

scoured by numerous iceberg ploughmarks up to 11 m deep (Figure 5.3). The deeper parts

of the seabed are affected by mega-scale glacial lineations (MSGLs, eg. Andreassen et al.

(2008)) caused by fast-moving ice streams and formed during the rapid ice sheet retreat

following the last glacial maximum (Figure 5.3). Fluid and gas escape to the seafloor is

manifested by several seabed features that include: two giant pockmarks 1-2 km wide and

several other pockmarks up to 300 m wide (Figure 5.3a). Six buried giant pockmarks

and over 300 other pockmarks have been mapped on the URU surface (Figures 5.3b and

5.4b). Evidence for a significantly larger fluid-escape event on the URU implies that at

least two fluid venting episodes to the seabed took place following ice retreat, one during

the hiatus marked by the URU, and the other after the last glacial maximum. The size

and abundance of buried fluid flow features indicate that the older fluid venting event was

more wide-spread than the one after the last glacial maximum. Pockmarks are found to be

linked to deep regional tectonic faults linked to thermogenic Jurassic reservoirs and shallow

intra-Palaeocene faults, while others are located above seismic pipes which occur above the

shallow intra-Palaeocene faults (Figures 5.5 and 5.6). Whether the pockmarks are active

in the study area is not certain; however, thermogenic fluids and acoustic flares have been

reported from other areas of the south-western Barents Sea (Chand et al., 2012).

Bottom-Simulating Reflector (BSR)

We have identified a seismic event that we attribute to a shallow gas anomaly because it is

characterized by enhanced amplitude and reversed polarity compared to the seabed, mark-

ing a decrease in acoustic impedance. This reflection also crosscuts the westerly dipping

Palaeocene strata (Figure 5.5a), having strong acoustic blanking and velocity push-downs

beneath it. These characteristics led us to interpret this event as a bottom-simulating re-

flection whose depth of ∼700 m (700 ms TWT) coincides with the predicted base of the

hydrate stability zone for a thermogenically derived (type II) gas hydrate system with ∼90%

mol methane (Figure 5.5e), using a seabed temperature of 6◦C and a geothermal gradient
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Figure 5.6: Co-rendering of seismic and variance attributes showing 3D geometry of the
fluid flow systems above the BSR.

of 30◦C km−1. A high number of pockmarks occur above the interpreted BSR, suggesting

the possible leakage of the free gas trapped beneath the BSR through the potential seal

provided by the low-permeability gas hydrate-bearing sediments (Figure 5.5c, d).

Breaching of the gas hydrate-bearing sediments could have been favoured by shallow intra-

Palaeocene faults (Figure 5.5), associated with the vertical seismic blow-out pipes and

observed pockmarks at the seabed and buried URU. The deep regional tectonic faults prob-

ably acted as a direct route for ascending thermogenic fluids from the Jurassic reservoirs,

including methane and higher order hydrocarbon gases forming the gas hydrates (Ostanin

et al., 2012).

5.6 Conclusions

We performed a detailed analysis of high resolution 3D seismic reflection data from the

Snøhvit and Albatross gas fields. The use of selected seismic attributes, namely variance

and ant-tracking, were particularly useful in identifying the dynamic elements of the hydro-

carbon plumbing system in the Hammerfest Basin. The area investigated is characterized

by a high density of pockmarks up to 300 m wide, as well as giant pockmarks over 1 km

wide, linked to shallow and deep regional faults and seismic chimneys. Thermogenic gas
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hydrates are inferred through the presence of a BSR as pure methane hydrate system is

not stable in the study are at present-day water depth and temperature. The fluids feeding

the thermogenic hydrate system are thought to be sourced through regional tectonic faults

from the deep reservoirs. Evidence of glacial erosion processes suggests that the focussed

fluid escape took place following ice retreat on two separate occasions, where the pockmarks

and chimneys are thought to have been formed by the decomposition of gas hydrates. The

presence of large numbers of fluid flow structures might indicate potential geohazards, and

should be considered warning flags for future exploration campaigns, field development and

carbon dioxide sequestration strategies in the Snøhvit Field. The learning experience in

the Snøhvit area can be used in other glacially influenced areas to understand the process

of fluid flow in basins.

5.7 Acknowledgements

This research is funded by the Helmholtz Association’s Initiative and Networking Fund in

the framework of Z. Anka’s Helmholtz-University Young Investigator Group. We thank

Lundin Petroleum for providing the ST8320 3D seismic dataset from the Barents Sea. The

authors are very grateful to the editor Neil Goulty and Maads Huuse, for their constructive

comments on the initial version of this manuscript.



Chapter 6

Hydrocarbon Plumbing Systems

above the Snøhvit and Albatross

fields

This chapter investigates the relationship between the fluid leakage indicators on the seabed

and the URU and the role of deep and shallow fault systems in hydrocarbon leakage from

the thermogenic reservoirs. 1

6.1 Abstract

Based on the analysis of the high resolution 3D seismic data from the SW Barents Sea

we study the hydrocarbon plumbing system above the Snøhvit and Albatross gas field

to investigate the geo-morphological manifestation and the dynamics of leakage from the

reservoir. Fluid and gas escape to the seafloor is manifested in this area as mega-pockmarks

1-2 km-wide, large pockmarks (≤100 m wide) and giant pockmarks 100-300 m-wide. The

size of the mega pockmarks to the south of the study area may indicate more vigorous

venting, whilst the northern fluid flow regime is probably characterised by a widespread fluid

and gas release. Buried mega depressions and large-to-giant pockmarks are also identified on

the base Quaternary and linked to deep and shallow faults as well as to seismic pipes. A high

density of buried and seafloor giant pockmarks occur above a network of faults overlying an

interpreted Bottom Simulating Reflector (BSR), whose depth coincides with the estimated

base of the hydrate stability zone for a thermogenically-derived gas hydrate with around 90

mol% methane. Deep regional faults provide a direct route for the ascending thermogenic

fluids from the reservoir, which then leaked through the shallow faults linked to seismic

1This chapter is published as: Ostanin I., Anka Z., Di Primio R., Bernal A., 2013. Hydrocarbon plumbing
systems above the Snøhvit gas field: structural control and implications for thermogenic methane leakage
in the Hammerfest Basin, SW Barents Sea. Marine and Petroleum Geology, 43, 127-146 p.
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pipes. It is proposed that the last episodic hydrocarbon leakage from the reservoir was

responsible for providing a methane source for the formation of gas hydrates. We inferred

that at least two temporally and dynamically different fluid and gas venting events took

place in the study area: (1) prior to late Weichselian and recorded on the Upper Regional

Unconformity (URU) and (2) following the Last Glacial Maximum between ∼17-16 cal ka

BP and recorded on the present-day seafloor.

6.2 Introduction

Figure 6.1: A) Regional framework of the study area showing the IBCAO bathymetry
(Jakobsson et al., 2008) topography and structural elements: HB=Hammerfest Basin, FP
= Finnmark Platform, LH = Loppa High, BP = Bjarmeland Platform, TB = Tromsø
Basin, modified from Ostanin et al. (2012). B) Ice stream and ice divide locations (Ottesen
et al., 2005) and maximum ice sheet extent during the LGM (Svendsen et al., 2004).
BITMF = Bear Island Trough mouth fan, STMF = Sorfjorden Trough mouth fan. Red

boxes show locations of the 3D seismic data (see Fig. 6.3 for a detailed view).

Since the onset of petroleum exploration in the Barents Sea, the Snøhvit gas discovery

(1984) in the Hammerfest Basin (Fig. 6.1, 6.3) has resulted as the most successful and

has been under production since 2006. With the exception of Goliat, recent Skrugard

and Havis discoveries as well as a small oil find in well 7120/2-1, almost all of the proven

hydrocarbon reserves were found to be gas with uneconomical residual oil (NPD, 2011).

The lack of significant oil discoveries and dominance of gas have been attributed to the

late Cenozoic exhumation and high latitude glaciations (Doré and Jensen, 1996; Cavanagh

et al., 2006; Laberg et al., 2011). In the Barents Sea, uplift and tilting coupled with
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rapid erosion associated with waning and waxing of the ice sheets led to differential stress

distribution, causing 1) depressurization induced reservoir gas expansion and oil-to-gas

phase change (Nyland et al., 1992), 2) hydrocarbon spill out of structures due to tilting and

uplift (Dore et al., 2002; Cavanagh et al., 2006), 3) Seal failure (Corcoran and Dore, 2002), 4)

suppression of hydrocarbon generation due to source rock cooling (Doré and Jensen, 1996)

and 5) possible, although still debated, reactivation of faults (Grollimund and Zoback, 2003;

Bjørlykke et al., 2005; Brandes et al., 2010). In sedimentary basins, recognition of active or

paleo hydrocarbon seepage is extremely valuable as it provides clues regarding the present-

day petroleum system, the risk associated with seal failure, in situ hydrocarbon volumes

and their possible composition in the deeper prospective reservoirs (Heggland and Heggland

R, 1998; O’Brien et al., 2005). Additionally, seabed fluid flow features may be associated

not only with shallow gas accumulations but also slope instabilities, which may represent

seafloor geohazards and impede successful seabed installations. Hydrocarbon leakage from

the Snøhvit, Albatross and Askeladd fields (Fig.6.3) has been previously reported as large

gas anomalies causing acoustic wipe-out zones (Ostanin et al., 2012), whilst a paleo oil-

water contact suggested that reservoirs were once filled with significantly larger volumes

of hydrocarbons than today (Linjordet et al., 1992). Leakage has been postulated to have

taken place along the major tectonic faults, bounding the reservoir structures (Linjordet

et al., 1992; Ostanin et al., 2012), whilst seabed pockmarks and acoustic flares manifest

possible recent fluid leakage into the hydrosphere (Judd and Hovland, 2007; Chand et al.,

2012). Nonetheless, a detailed analysis of all the elements of the hydrocarbon plumbing

system dynamics has not been carried out before. In general, evidence of fluid flow is

manifested on the seabed as metre- to- kilometre scale pockmarks, seep mounds, acoustic

flares (Judd and Hovland, 2007), mounded structures (Anka et al., 2012c) as well as gas

chimneys and seismic pipes (Cartwright, 2007; Løseth et al., 2009). The fluid and gas seeps

also attract diverse benthic and chemosynthetic communities, making them an integrated

part of the deep sea ecosystems (Judd and Hovland, 2007). In the subsurface, ascending gas

and fluids may also be temporarily or permanently trapped en route to the surface, leaving

imprints of their former flow within the stratigraphic successions. They can be inferred

from geophysical datasets in form of amplitude anomalies caused by the acoustic impedance

contrasts associated with the velocity and density changes compared to the surrounding

rock (Brown, 2004; Løseth et al., 2009). Shallow gas accumulations can cause scatter and

attenuate seismic waves while disrupting seismic records causing chaotic, acoustic turbidity,

wipe-out zones, and artificial sagging of the reflections due to gas presence in the overlying

strata (Løseth et al., 2009). Gas saturations as low as 10% in the sediment porespace can

potentially cause a significant drop in P wave velocity and may be detected by seismic

methods, depending on the impedance contrast and the data resolution (Brown, 2004;

Andreassen et al., 2007a).

Disturbances having a stacked or columnar nature are termed ”seismic pipes” and are

considered to be vertical fluid and gas migration pathways affecting at times over 1 km
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of sediments (Cartwright et al., 2007; Løseth et al., 2009; Moss and Cartwright, 2009;

Huuse et al., 2010). Seismic pipes are usually circular to sub-circular in plan-view and have

vertical to sub vertical geometries, characterised by vertical zones of deteriorated seismic

signal. They have been postulated to be caused by hydraulic fracturing of the sealing

stratigraphy by rapidly ascending gas and fluids escaping from overpressured hydrocarbon

accumulations (Cathles et al., 2010). Inside the seismic pipes intense fracturing dominates,

thus increasing permeability and reducing seal integrity, allowing fluids to flow (Cartwright

et al., 2007; Huuse et al., 2010). However, some seismic pipes may be plugged by hydrate

cementation, releasing methane at slow rates (Plaza-Faverola et al., 2010b). Seismic pipes

may also terminate in blow-out events on the seabed, forming pockmarks, depending on

their intensity and overpressure regime (Cartwright et al., 2007). They are discriminated

from seismic processing artifacts as they exhibit both structural and stratigraphic control

upon their development, such as their location above structural traps or faults (Cartwright

et al., 2007; Huuse et al., 2010). Seismic pipes are differentiated from gas chimneys, which

are wide zones of deteriorated seismic signal (wipe-out, chaotic reflections, velocity pull-

downs), associated with low velocity zones caused by shallow gas accumulations or vertical

gas migration (Løseth et al., 2009). Stacked pockmarks can be also related to tectonically

induced changes in the stress field (Baraza and Ercilla, 1996) and may imply multiple phases

of fluid flow. Although most seafloor pockmarks appear dormant, their activity may be

episodic driven by climatic undulations, tectonism/earthquakes (Judd and Hovland, 2007),

sea level (Andresen et al., 2011) tide/storm waves (Holbrook et al., 2002), or waning and

waxing glaciations (Plaza-Faverola et al., 2011).

This study aims to unveil the fluid leakage dynamics and history above the Snøhvit gas field

in the Hammerfest Basin, in order to determine what effects the tectonic uplift and multiple

phases of glacial cycles in the SW Barents Sea had on the hydrocarbon reservoirs. We

analysed a commercial 3D seismic dataset focusing on the identification of manifestations

of fluid flow and their interaction with structural and stratigraphic elements of the basin.

Our aim was to characterise the pathways, controls and timing of hydrocarbon leakage,

termed collectively here as the hydrocarbon plumbing system.

6.3 Geological Evolution of the Study Area

The study area is located in the Hammerfest basin (Fig. 6.1), which is one of the sev-

eral basins separated by structural highs comprised within the epicontinental Barents Sea

(Faleide et al., 2008). The opening of the Norwegian-Greenland Sea to the west has had

a significant influence on the Cenozoic development of the structural and sedimentation

regimes in this area (Faleide et al., 2008). The fault architecture in the Hammerfest

Basin during Middle Jurassic consists of EW trending normal faults formed as a result

of Kimmeridgian tectonics (Figs. 6.1, 6.2, 6.3). These faults were reactivated during the
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Figure 6.3: Map of seabed pockmarks and Paleocene-Eocene shallow fluid leakage indica-
tors interpreted using 3D and 2D seismic data. Labels A1 and A2 refer to gas anomalies
1 and 2 (see text for details). Red outlines show location of the 3D seismic data used. The
location of small pockmarks below seismic resolution was compiled from Judd and Hovland

(2007). Location of the faults and gas fields modified from Ostanin et al. (2012).

Hauterivian-Barremian (Lower Cretaceous), while the NS trending fault activity took place

during Aptian (Lower Cretaceous) and Cenomanian-Campanian (Upper Cretaceous) times

(Ostanin et al., 2012). Cenozoic episodic uplift resulted in three exhumation episodes dated

to the Paleocene (60-55 Ma), late Eocene (36-35 Ma) and Late Miocene (7-5 Ma), coinci-

dent with Atlantic tectonic episodes (Green and Duddy, 2010). Fault reactivation in the

Hammerfest Basin over the Albatross and Askeladd structures (Fig. 6.3) was dated to

late Paleocene- early Eocene, associated with NS and EW fault trend reactivation (Os-

tanin et al., 2012). In the Hammerfest Basin (HB), prograding clinoforms reflect changes

in tectonic and sedimentation regimes as local highs were uplifted (Faleide et al., 2008).

Complete lack of Neogene strata in the HB is a consequence of Miocene uplift and erosion

of 800-1000 m of sediments (Cavanagh et al., 2006; Green and Duddy, 2010).

The Pliocene-Pleistocene periods were influenced by ice sheets that prevailed in the North-

ern Hemisphere from around 2.7 Ma (Knies et al., 2009). The Barents Sea Ice Sheet (BSIS)
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Figure 6.4: Evidence of glacial erosion in the study area shown on the A) The Seabed
and B) the URU. (The depth depicted in two-way travel time (ms).)

prominent during the Weichselian glaciation covered an area over 5∗106 km2, centered on

present-day Norway and Sweden, reaching ice thicknesses around 1.5 km over the study

area (Svendsen et al., 2004). The full extent of the BSIS during the Last Glacial Maximum

(LGM) is shown in figure 6.1. Numerous Megascale Glacial Lineations (MSGLs: elongated

linear grooves and ridges parallel to trough long axis (Clark, 1993)) have been mapped

along the seabed and the glacial surfaces in the Barents Sea and indicate that the deglacia-

tion was accompanied by fast flowing ice streams and sub-glacial sediment deformation at

the base of the sheet, which controlled the drainage patterns of the BSIS (Ottesen et al.,

2005; Andreassen et al., 2008; Winsborrow et al., 2010). During the last 2.7 Ma, Pliocene-

Pleistocene glacial advances and re-advances resulted in erosion of over 1 km of sediments,

half of that amount may have taken place from 0.7 Ma due to erosion beneath fast mov-

ing ice streams (Laberg et al., 2011), terminating in large sediment depocentres along the

western margin (Fig. 6.1), eg. the Bear Island Trough mouth fan (Andreassen et al., 2008;

Faleide et al., 2008; Laberg et al., 2010).

The Hammerfest Basin was covered by an ice sheet at ∼19 cal ka BP (Winsborrow et al.,
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Table 6.1: Description of identified pockmarks, classified based on their dimensions.

2010) and became ice free by ∼17-16 cal ka BP with operating ice streams (Rüther et al.,

2011), whilst complete deglaciation of the Barents Sea is proposed around 15 cal ka BP

(Svendsen et al., 2004; Ottesen et al., 2005; Winsborrow et al., 2010; Rüther et al., 2011).

As the ice retreated onshore, ice loss due to calving was no longer possible, slowing down

the deglaciation. In the Barents Sea, deglaciation was likely to have been coeval with

rising sea level (Clark et al., 2009), whilst ice was quickly removed through calving (Vorren

and Laberg, 1996). The present-day morphology of the Barents Sea is characterised by

relatively shallow water depths of less than 500 m, with the deepest parts of the shelf

defined by several troughs (Fig. 6.1) created by paleo ice streams that operated during the

deglaciation (Ottesen et al., 2005; Laberg et al., 2010). Low sedimentation rates followed the

last glacial maximum, with deposition of thin layers of glacial till and Holocene clays (Chand

et al., 2012). The main sequences and boundaries discussed in this work correspond to the

present-day Seabed (Top Nordland), the Upper Regional Unconformity (URU), Campanian

(Kviting Fm/Kveite Fm) and the Bajocian (Stø Fm, Fig. 6.2). The URU is an angular

unconformity separating dipping, preglacial Cenozoic bedrock from the overlying glacigenic

sediments (Solheim and Kristoffersen, 1984). It represents the oldest glaciogenic surface,

developed by erosions during several glaciations on the continental shelf (Andreassen et al.,

2008) and marking the switch from glacial erosion to an aggradational regime (Faleide

et al., 2008). The age of the URU is thought to postdate 2.6 My, although a younger

age of 0.7 My has also recently been suggested (Laberg et al., 2011). In any case, its

age varies across the Barents Sea shelf and is controlled by the latest period of erosion.

The Cenozoic (Paleocene-lower Eocene) succession consisting of westerly dipping strata is

cross cut by regional reactivated EW and NS faults, as well as intra Paleocene- E. Eocene

faults (PEEFs) linked to the Campanian interval, related to reactivation of polygonal fault

networks (Ostanin et al., 2012). This interval contains the gas escape anomalies, which

will be described later on. The Cenomanian-Campanian interval is characterised by a

thin tier of polygonal faults (Fig. 6.2), crosscut by regional EW and NS trending faults,

which were reactivated during early Paleocene - Early Eocene (Ostanin et al., 2012). The

main hydrocarbon reservoir of the Snøhvit, Albatross and Askeladd fields is located in the
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Jurassic Stø Fm (Fig. 6.2, 6.3).

6.4 Methodological Approach

6.4.1 Database

The study was carried out using a industry-quality 3D seismic reflection volume (STO306)

located over the Snøhvit and Albatross gas fields, complimented by an older 3D seismic

cube situated over the Askeladd gas field (Fig. 6.3). Additionally, regional 2D seismic

profiles were also interpreted to extend the mapping of fluid flow features regionally. The

STO306 survey covers an area of 970 km2, with the inlines and cross lines oriented NS and

EW respectively. The data have been processed to zero-phase, normal European polarity

(SEG reverse), with the positive amplitude (black) corresponding to a decrease in acoustic

impedance (soft reflection) and the negative amplitude (red) marking an increase (hard

reflection) in acoustic impedance (Brown, 2004). A sampling interval of 4 ms and bin

size of 12.5 m by 12.5 m, as well as 3D migration, ensure a detailed geomorphological

interpretation with minimal spatial aliasing, thus the horizontal resolution is comparable

to the vertical resolution. The survey is dominated by frequencies between 30-50 Hz,

resulting in a vertical resolution (λ/4) of ∼12.5 m, (using an average sediment velocity

of 2 kms−1. The ST8320 3D seismic volume covers an area of 420 km2, consists of zero

phase normal European polarity data, sampled at 4ms and binned at 25 m by 25 m. The

dominant frequency range of the survey is 20-40 Hz, with a vertical resolution of ∼16.5 m

(using 2 kms−1 as average sediment velocity). The 2D seismic data in the Cenozoic section

are dominated by frequencies ranging between 10-30 Hz, resulting in vertical resolution of

∼20m (using 2 kms−1) as average sediment velocity).

6.4.2 Seismic Interpretation Methods

We focused our analysis on the geospatial distribution of leakage indicators between two

prominent horizons, the URU and the contemporaneous seabed (Fig. 6.3). We used com-

mercial Schlumberger Petrel Exploration and Production software package, versions 2009-

2011.1 for loading and interpretation of the 3D seismic volumes. Interpretation of seismic

horizons was carried out using the zero-crossing points between peaks and troughs as this

method enables very detailed geomorphologic features to be picked out without risk of

clipping or smoothing artefacts in the final maps (Bulat, 2005). We have also applied a se-

ries of seismic attributes such as root-mean-squared (RMS) amplitude, variance, dominant

and instantaneous frequency. The seismic variance volume attribute was used to delineate

boundaries and faults and has been used in different settings to aid structural interpretation

(e.g. Ostanin et al. (2012)).Variance attribute is a refined algorithm of the Coherency cube



Chapter 5 Hydrocarbon Plumbing Systems above the Snøhvit field 148

Figure 6.5: Examples of pockmarks identified in the study area: A) Giant pockmarks
(≥200 m wide), B) Giant pockmarks with underlying Paleocene-E. Eocene Faults (PEEFs),
C) Large pockmarks (≤100 m wide), D) Pockmarks above first order reactivated faults,
E) Ploughmarks above faults, F) Buried pockmarks on the URU, G). (See Table 6.1 for
additional details on classification criteria. The insert in the right corner of each panel

shown the location of the map within the STO306 3D seismic volume.



Chapter 5 Hydrocarbon Plumbing Systems above the Snøhvit field 149

Figure 6.6: Examples of pockmarks identified in the study area: A) Giant pockmarks
(≥200 m wide), B) Giant pockmarks with underlying Paleocene-E. Eocene Faults (PEEFs),
C) Large pockmarks (≤100 m wide), D) Pockmarks above first order reactivated faults,
E) Ploughmarks above faults, F) Buried pockmarks on the URU, G). (See Table 6.1 for
additional details on classification criteria. The insert in the right corner of each panel

shown the location of the map within the STO306 3D seismic volume.
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(Bahorich and Farmer, 1995) and is aimed at a more detailed edge-isolation method (Van

Bemmel and Pepper, 2000). Trace-to-trace variability is computed in 3D over a sample

interval, where seismic discontinuities and boundaries produce high-variance values due to

significant differences in neighbouring waveform. The dominant frequency attribute picks

out subtle changes at a high resolution, while the RMS amplitude highlights sudden acous-

tic impedance contrasts. Both were used to infer lithology changes and potential effects

of fluid saturations within the seismic volumes. Although available well logs do not pass

through any of the features identified in this study, they were used to estimate the ages of

the stratigraphic horizons, constrain the lithologies derived from well cuttings description,

and extrapolate depths using available checkshots in the Paleocene-Eocene strata, where

the gas anomalies occur.

Mapping of the seabed was carried out using semi-automated interpretation and further

generation of two-way-time (TWT) maps, volume based as well as horizon based attributes.

Attribute volume rendering was used to identify possible structures beneath seafloor de-

pressions (pockmarks), such as faults, acoustic pipes and amplitude anomalies. Pockmark

average width was measured along variance time-slices, variance along selected horizons

and crest to crest using inlines and cross-lines. They were then grouped according to size

classes. Due to limitations in seismic resolution at the seabed, depressions smaller than

30 m (using 3D migration Fresnel zone radius relationship of ∼λ/2 (Brown, 2004), water

velocity of 1500 ms−1 and an average frequency along the seabed of 25 Hz) were not imaged.

High resolution multi-beam bathymetry would be required to analyse smaller pockmarks.

Depth conversion from two way travel time (TWT) was carried out using constant velocities

of 1750 ms-1 for the Quaternary sediments above the URU and 1500 ms−1 for the water

column (Sættem and Saettem, 1991). Pockmark mapping on the older ST8320 survey was

not carried out due to low bin spacing of 25 m and thus lower horizontal resolution of the

data compared to the STO306 survey.

6.4.3 Hydrate Stability Calculations

We performed Pressure-Volume-Temperature (PVT) calculations, using commercially avail-

able software (PVTSim V.17, Calsep, Dk), to estimate the equivalent gas composition at

the depth of the gas anomaly 1 BSR anomaly. In order to do this, we used reported in-

reservoir natural fluid compositions and calculated the changing physical properties and

composition as function of stepwise pressure and temperature reductions (PT flashes). Ad-

ditionally, the CSMHYD programme (Sloan, 1990) was used to predict the thermodynamics

of stable hydrate structures (I and II) for a given composition, temperature and pressure

conditions with and without salt as inhibitor.
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6.5 Results

6.5.1 Evidence of Glacial Erosion Processes

Figure 6.7: A) Location and classification of seabed pockmarks based on size (see Fig.6.5
and Table 6.1 for descriptions). The locations of subsurface shallow Paleocene-Early
Eocene (PEEFs) and reactivated deep tectonic faults at -740 ms TWT are based on Os-
tanin et al. (2012). (See Fig. 6.2 for time slice location. B) Isopach map (in TWT) of
the Quaternary sediments between the URU and the seabed. C) Map showing locations of
pockmarks identified on the URU (see Fig. 6.5 for examples), subsurface gas anomalies

and fault networks (same as in insert A).
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The seabed is characterised by a large number of curvilinear furrows of varying relief (4-

11 m), lengths (1-16 km) and widths (40-200 m), whilst trending 50-105N and having a

linear, curved,”v” and ”u” shape (Fig. 6.4a). Seabed furrows are particularly well pre-

served and abundant in water depths shallower than ∼330 m. We interpret these features

as iceberg ploughmarks formed due to the scouring of the seabed sediments by wind and

current-transported icebergs, resulting from glacier calving in deep waters during the late

Weichselian (19 - 15 cal ka BP) deglaciation phase (Judd and Hovland, 2007; Winsborrow

et al., 2010). Similar ploughmarks have been reported in many other areas of the Bar-

ents Sea (Rafaelsen et al., 2002; Andreassen et al., 2008). Acquisition footprint is parallel

to the inline direction trending 0◦N and is discriminated from the real geomorphological

features. In water depths ranging from ∼337-360 m (450-480 ms TWT) also parallel and

sub-parallel lineations exist, 0.2-5 km in length, trending 135-145N (Fig. 6.4a), interpreted

as MSGLs (Andreassen et al., 2008). The lineations are crosscut by EW trending plough-

marks, implying that ice streaming was pre-ceded by calving of the marine ice sheet. In

contrast to the seabed, we observe that a much larger area of the URU surface is affected by

140-160N trending MSGLs (Fig. 6.4b). Whilst separated by ∼40 m (∼50 ms TWT), this

indicates that both the seabed and the URU underwent significant erosion while the marine

ice sheet was retreating and vast volumes of sediments were likely to have been eroded at

those times. The ploughmarks on the URU are linear depressions, trending 2-12N, having

a length between 0.2-1.2 km and seem to crosscut the MSGL (Fig. 6.4b).

6.5.2 Pockmarks and Buried Pockmarks

On The Seabed

Overall, 297 pockmarks were identified on the seabed and classed into large pockmarks

(up to 100 m wide, Table 6.1, Fig. 6.5), giant pockmarks, (from 100-300 m wide) and

mega-pockmarks (exceeding 1 km in width, Fig. 6.6). The latter are exclusive to the SW

corner of the study (Fig. 6.3, 6.7). Overall, 46 pockmarks fall into the 50-100 m diameter

range, 60 pockmarks are between 100 and 200 m and 9 pockmarks are 200-300 m wide, with

the 100-300 m pockmarks termed ”giant” (Table 6.1, Fig. 6.5g). Higher density of large

and giant pockmarks is found in the deeper parts of the seabed ∼315-350 m (470-420 ms

TWT), particularly in the area affected by the MSGLs, whereas the two mega-pockmarks

are located in the area affected by iceberg ploughmarks with water depths ranging from

∼276-284 m (369-379 ms TWT) (Fig. 6.6a, 6.7a). Additionally, there seems to be an

inverse correlation between the thickness of the Quaternary cover and the frequency of

seabed pockmarks (Fig. 6.7b). Thinner patches of Quaternary strata (40-60 ms TWT)

have higher pockmark frequency. The NW cluster of seabed pockmarks is located over an

identified shallow gas anomaly (Fig. 6.3), suggesting a possible fluid/gas source responsible

for the pockmarks in that area. The central part of the study appears to be unaffected by
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Figure 6.8: A) 3D view of the seabed and B) the URU surface with structural interpreta-
tion (see Fig. 6.3), showing 2 seabed mega pockmarks and 6 buried mega depressions (see
text for details). A complex network of faults exists above the reservoir consisting of polyg-
onal faults, Paleocene - E. Eocene faults and regional reactivated tectonic faults, possibly
responsible for transporting the thermogenic fluids from Jurassic reservoirs to shallower

levels.

pockmarks wider than 30 m, which might suggest harder sediments as pockmarks generally

develop within soft, fine grained cohesive sediments (Judd and Hovland, 2007).

On The Upper Regional Unconformity (URU)

Overall, 324 pockmarks have been identified and mapped on the URU (Fig. 6.7c). They

are mainly circular in map view, occurring in clusters or individually, with depths ranging

from 7-20 m (8-23 ms TWT) and from 40-400 m in width (Fig. 6.5e, f). Smaller circular

depressions have also been observed, but only features larger than the vertical and horizontal

resolution limits are included in the maps. Large concentrations of pockmarks on the URU

occur in two dense populations: to the north-western and northern parts of the study

(Fig. 6.7c). The higher density of pockmarks on the URU also coincides with the largest

concentrations of seabed pockmarks, however the URU surface preserves a much larger

number of pockmarks. Seismic profiles across the buried fossil pockmarks reveal that they

are covered by relatively undisturbed internal reflections, indicating inactivity following the

deposition of Quaternary sediments (Fig. 6.5e,f). Above the gas anomalies 1 and 2 (Fig.

6.3), an area of 80 km2) on the URU and a smaller area of ∼60 km2 on the present-day

seabed is affected by pockmarks (Fig. 6.7).
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6.5.3 Mega Pockmarks and Depressions

On The Seabed

Two circular depressions, interpreted as mega-pockmarks have been identified in the SW

corner of the study area, located along the hanging wall of the NS fault trace(Figs. 6.3,

6.6c, e 6.7a). They have smoothly dipping edges and are crosscut by numerous plough-

marks, indicating that these features predate the last episode of iceberg scouring. The

northernmost mega-pockmark 1 is 1.9 km wide and around 50 m deep (68-74 ms TWT)

with sides dipping ∼3◦. It is crosscut at its centre by a 65◦N trending ploughmark and

the underlying seismic reflections are discontinuous, affected by velocity pull downs and

acoustic blanking (Fig. 6.6c, d). Mega-pockmark 2 is slightly smaller, 1.7 km wide and

around 45 m deep (57-65 ms TWT), with sides dipping at ∼2◦. Its edges are crosscut by

several ploughmarks trending 74N and 112N. Similar to mega-pockmark 1, it is underlain

by noisy seismic reflections and zones of acoustic blanking (Fig. 6.6e).

Figure 6.9: A) Seismic profile across the identified bottom simulating reflector (BSR) in
gas anomaly A1 (see Fig. 6.3 for location). B) Interpretation of the insert A. C) Seismic
attribute volume rendering of the plumbing system above BSR gas anomaly 1 (Fig. 6.3),
showing faults cutting through the BSR and leading to seismic pipes linked to buried and

present-day seafloor pockmarks.
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On The Upper Regional Unconformity

A composite surface of the URU reveals six kilometer scale, circular-to-elongated (trending

140-150N) depressions, two of which (1’ and 2’) are situated underlying the two seabed

mega-pockmarks (1 and 2) described above (Fig. 6.6b, c, d, e, f). Depression 1’ is circular

in map view, 1.9 km wide and between 20-39 m deep (23-45 ms TWT), with smooth

walls dipping between 1-2◦, interpreted as a mega pockmark. From the TWT map inside

depression 1 we distinguish several smaller circular large to giant pockmarks, 90-170 m

across as well as a crescent shaped depression (Fig. 6.6b). The latter is around 600 m

long , 90 m wide and less than 10 m deep, and may have resulted from the coalescence

of several giant pockmarks. There is a striking similarity between this feature and the

pockmark families reported by Hovland et al. (2010) near the Troll Field (mid Norway),

which consist of major pockmarks containing satellite pockmarks caused by a continuous

flow and development of a carbonate plug following a main escape event. Depression 2’

comprises a circular depression linked to an elongated depression (Fig, 6.6b, e) with smooth

walls dipping ≤1◦, and the western wall having a steeper slope gradient. This feature is

similar to a composite pockmark and may have formed by coalescence of two separate mega

pockmarks. The depression is 12 - 21 m deep (14-24 ms TWT), 1.2-1.6 km wide, having

a length of 3.8 km with the long axis trending 150N. Depression no. 3’ is 0.5 km to the

SW of from depression no. 2’ (Fig. 6.6b). This depression is rather elongated, 3 km long

and 1 km wide, with the long axis trending 165N. It is around 29-38 m deep (34-44 ms

TWT) and presents smooth wall dips of around 1.7◦. The depression fill is characterized

by amplitude brightening and a dim spot (Fig. 6.6f), which could imply gas saturation or

change in lithology Since only a few per cent of free gas in the sediment pore space can

significantly reduce the P-wave sediment velocity, often resulting in an enhanced reversed

polarity seismic reflection (Andreassen et al., 2007b), the anomaly may not necessarily

imply a geohazard. However there could potentially be a risk for geotechnical installations

(Judd and Hovland, 2007). Depression no. 4’ trends 160N, is 2.9 km long and 1.3 km wide

and is broken up into two 12-14 m deep (14-20 ms TWT) depressions. The southeastern

extent of this feature is tapered by the edge of the 3D seismic survey (Fig. 6.6b). Depression

no. 5’ is located over 2 km west of depression 4’ (Fig. 6.6b). It appears roughly circular,

with steep sub-vertical walls, and another smaller circular depression 0.3 km to the south of

the main depression. It is E-W elongated, 1.7 km long and 1.6 km wide. The depth of this

depression ranges between 17-24 m (20-26 ms TWT). Another interesting feature identified

0.5 km to the north-west of depression 5’ is a linear depression no 6’, 3.3 km long and 0.5

km wide, whose long axis trends 88N (Fig. 6.6b). The sides are steeper than the other

described depressions 2’-5’, dipping 5-6◦, whilst its depth ranges from 24-31 m (28-36 ms

TWT). A possible merging of smaller aligned pockmarks could be the cause for this linear

depression. Since a Paleocene-Eocene 86N striking fault underlies this feature (Fig. 6.6i), a

structural control on the linearity cannot be ruled out. Similar features have been observed
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elsewhere in the Barents Sea and West Africa and attributed to deeper thermogenic fluids

migrating along fault planes (Pilcher and Argent, 2007; Chand et al., 2012).

Figure 6.10: A) Detailed profile across gas anomaly A2 (Fig. 6.3).B) Seismic attribute
volume rendering of the plumbing system related to gas anomaly 2 (Fig 6.3), showing

several seismic pipes above the edge of anomaly 2.

Structural Elements Beneath the URU Depressions

Figure 6.8b summarizes the structural elements underlying the mega-pockmarks identified

on the URU surface. The Paleocene-Eocene, Cretaceous and Jurassic successions are cross

cut by the EW and NS trending reactivated faults and their conjugate pairs, some of

which are bounding the main present day hydrocarbon reservoirs of Snøhvit, Albatross

and Askeladd (Figs. 2, 3, 8b). The Upper Cretaceous (Cenomanian-Campanian) interval

(Fig. 6.3) is characterised by polygonal fault networks and is crosscut by the reactivated

faults (Ostanin et al., 2012). Sediments of Paleocene-Early Eocene age overlying the Upper

Cretaceous unconformity are affected by numerous normal faults, linked to the polygonal

faults interval beneath and the reactivated tectonic faults, forming a dense network of

interconnected faults (Ostanin et al., 2012). The Paleocene - E. Eocene sediments also host

the enhanced reflections, interpreted as gas anomalies (Fig. 6.2, 6.3).
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6.5.4 Gas Anomalies and BSRs

Gas ”Anomaly 1 (A1)”

This is the larger of two identified amplitude anomalies, having an extent of ∼50 km2

and causing severe acoustic blanking and velocity pull-downs beneath it (Fig. 6.3, 6.9a,

b). The top of the anomaly is located between 680-760 m (680-760 ms TWT), based

on nearby wells and checkshots, which also agrees with a depth conversion using 2000

ms-1 as average sediment velocity. The top of gas anomaly 1 is characterised by a soft

reflection (positive amplitude loop, blue) marking a decrease in acoustic impedance, which

has a reversed polarity, compared to the seabed (red) reflection (Fig. 6.9a, b). Below

gas anomaly 1 seismic amplitudes are dimmed, leading to wipe-out effects, whilst deeper

reflectors are pulled down (Rønholt et al., 2008; Ostanin et al., 2012). Additionally, the

high-amplitude reversed-polarity reflections appear to be crosscutting the reflections from

the westerly dipping Paleocene strata. All these characteristics led us to interpret this

reflection as a bottom simulating reflector (BSR). The BSR represents indirect evidence of

gas hydrate in the overlying sediments, where the base of the gas hydrate stability zone

(GHSZ) is controlled by temperature and pressure conditions, gas composition, presence of

water and type of hosting sediment the hydrates (Sloan, 1990). Seismic velocity down to

the BSR usually increases, with a sudden drop below the BSR due to presence of free gas

(Singh et al., 1993). The EW reactivated faults bounding the deep Jurassic hydrocarbon

reservoir and the NS trending fault (curving westward) crosscut the gas anomaly 1 (Fig.

6.3). The reactivated faults are sealed below the URU (Figs. 5d, 6c-e; (Ostanin et al.,

2012)) and are directly linked to structures containing proven hydrocarbons (Figs. 2, 8b),

which suggests possible upward migration paths for thermogenic fluids (Ostanin et al.,

2012). Within the Paleocene-Eocene, a network of faults crosscuts the gas anomaly 1

forming a dense network of interconnected faults. The intra Paleocene-Eocene faults that

pass through the gas anomaly 1 create fault-bounded amplitude anomalies, which suggests

their control on gas/fluid migration (Fig. 6.9 a, b). These faults lead to vertical 50-100 m

wide acoustic discontinuities interpreted as seismic pipes (Figs. 6.5e, 6.9). Seismic pipes

are characterised by low amplitudes and high dominant frequencies (30-45 Hz) within the

pipe structures compared to surrounding seismic reflections. Several seismic pipes contain

low frequency (10-20 Hz) shadows within the pipe structure. The seismic pipes are imaged

by the variance attribute as circular discontinuities and some of them terminate in buried

pockmarks on the URU (Figs. 6.5e, 6.9b), whilst others penetrate the Quaternary strata

terminating in seabed pockmarks (Fig. 6.9c).
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Gas ”Anomaly 2 (A2)”

This anomaly is located at ∼630-680 ms TWT (630-670 m), characterised by a broad

zone ∼18 km2 of enhanced reflections, which show strong polarity reversals in EW profiles

underlying acoustic blanking and some possible associated flat spots (Fig. 6.10a). The

seismic character underlying the anomaly is composed of semi-chaotic reflections caused

by partial P-wave attenuation and velocity pull-down effects, yet the effects of acoustic

masking are not as dramatic as in the gas anomaly 1. The southern boundary is related

to an EW trending reactivated fault (Fig. 6.3), which also crosscuts the gas anomaly 1

(Ostanin et al., 2012). Some of the intra Paleocene- E. Eocene faults link the EW faults

to the gas anomaly 2. However, unlike gas anomaly 1, gas anomaly 2 is not bounded or

crosscut by the interconnected intra Paleocene-Eocene faults (Fig. 6.10 a). Above gas

anomaly 2 there are numerous, vertical zones of low impedance/vertical acoustic wipe-out

(20-80 m wide), with higher dominant frequencies (30-40 Hz), within them.

Gas Hydrate Stability Calculations

The results of the Pressure-Volume-Temperature (PVT) calculations predict that the gas

leaked from Snøhvit , which has original methane contents of 86-87 mol% under reservoir

conditions, would contain between 89 and 90 mol% methane at the level of the observed

gas anomaly 1 (750 m depth and 15◦ C). We therefore estimate the phase-stability curves

for hydrate structures I and II (Sloan, 1990) considering three methane contents: 100,

96 and 90 mol%. The last two cases include respectively 4 and 10 mol% higher-order

hydrocarbon gases, namely ethane and propane (Fig. 6.11). The presence of salt in the

pore water inhibits the formation of hydrates, hence, higher pressures are needed to form

hydrates (Sloan, 1990). Thus, if all factors remain the same, the effect of increasing pore

water salinity reduces the GHSZ thickness by ∼100 m. We take this into account using

a sea water approximation of 3.5 mole% NaCl. Three scenarios have been constructed

for the hydrate stability fields: for the glacial periods (Fig. 6.11 a), interglacial following

the LGM (Fig. 6.11 b), and at present-day conditions (Fig. 6.11 c) with and without

pore water salinity as a hydrate inhibitor (Fig. 6.11 a, b, c). The controlling factors on the

stability of hydrates in the study area are: 1) pressure (water depth/effect of glaciations), 2)

bottom water temperature, 3) geothermal gradient, 4) gas composition and 5) pore water

salinity. Additionally, the sea bottom temperature is another influential parameter that

coupled with pressure variations can result in dramatic shifts in the GHSZ. The present-

day water depth in the Hammerfest basin ranges between 240-360 m in the study area,

where the deeper parts are characterised by the MSGLs (Fig. 6.4a). We use a water

depth of 320 m (closest to gas anomaly 1 and 2), average geothermal gradients of 30◦ and

35◦ Ckm−1 (NPD, 2011) and a seabed temperature of 6 circC (NODC, 2011; Nickel et al.,

2012). However higher geothermal gradients may exist near faults, causing locally decreased
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thickness of the GHSZ. The results show that although the gas hydrates are unstable for a

pure methane system, the presence of higher order hydrocarbons (eg. 90 mol % Methane)

increases the thickness of the GHSZ. For the time immediately following the LGM (∼17

cal ka BP) we estimate the paleo-water depth to be 110 m lower than the present (Fleming

et al., 1998). We therefore assume a water depth of 200 m to estimate the possible effect

ice unloading had on the GHSZ, keeping the geothermal gradients constant (30◦ and 35

◦Ckm−1) and using a seabed temperature of 3◦ C during interglacials, assuming it was

2-3 ◦C colder than today (Archer et al., 2004). The results show that following the ice

retreat, the GHSZ formed by a thermogenic gas hydrate system (95-90 mol% methane)

may have been slightly shallower than today. During the LGM, we assume ice thickness

of 1700 m over the SW Barents Sea (Svendsen et al., 2004). Assuming 200 m water depth

at the time immediately preceding glaciation, the depression created beneath an ice sheet

due to glacial loading, will be approximately 0.27 the total ice thickness (Benn and Evans,

2010b). This would imply that 659 m of ice would have been below the water level, with

1041 m of ice above it (Fig. 6.11 a). Numerous ice streams on the Barents Sea seabed

indicate the temperature at the base of the ice sheet during the deglaciation must have been

close to pressure melting, around 0 ◦C (Winsborrow et al., 2010), which is in agreement

with recorded present day Antarctic ice stream basal temperatures (Engelhardt and Kamb,

1993). Assuming a constant geothermal gradient of 35 ◦Ckm−1, we estimate that a thick

GHSZ existed beneath the BSIS during the LGM, exceeding 300 m below the ice base for

a 100 mol% methane hydrate system, or even 600 m for wet gas compositions (90 mol%

methane).

6.6 Discussion

6.6.1 Structure II Gas Hydrates and Existence of Hydrocarbon Plumbing

Systems

Since the production of thermogenic methane due to cracking of organic matter to methane

would be produced at temperatures starting from 80-90◦ C (Kvenvolden, 1995), gas hydrate

formation from thermogenic methane must result from an upward flux of methane into the

GHSZ. Migration pathways such as deep reactivated faults could provide direct routes from

deeper hydrocarbon reservoirs or kitchen areas into the GHSZ (Hyndman and Davis, 1992;

Gay et al., 2007; Ostanin et al., 2012). Unlike biogenic methane related to bacterial activity,

the thermogenic methane seepage is sourced at greater depths either from maturation of

source rocks or from leaking hydrocarbon reservoirs. In the formation of gas hydrate,

thermogenic methane content may range from 27-97 mol% while biogenic methane generally

contains over 99% methane (Kvenvolden, 1995). Since the total organic carbon (TOC)

content of the late Weichselian glaciomarine sediments is lower than 2% (Boitsov et al.,



Chapter 5 Hydrocarbon Plumbing Systems above the Snøhvit field 160

2011) and this amount would be too low to produce biogenic methane that could explain

the observed seabed pockmarks (Solheim and Elverhøi, 1985), a deeper thermogenic source

of gas must be present. Geochemical studies conducted at active and paleo seepage sites

near Spitsbergen in the Barents Sea found higher order hydrocarbons in bottom waters and

shallow sediments, indicating that deeper thermogenically derived fluids have migrated to

the surface through reactivated faults (Knies et al., 2004). Additionally, gas flares have

been observed along the Ringvassøy Loppa Fault complex (Fig. 6.1) suggesting a deep

source of fluids and that fluid migration occurs along deep tectonic faults (Chand et al.,

2012). Moreover, the lack of present-day microbial activity in the pockmarks on the Loppa

high (Fig. 6.1) points to their inactive or ”fossil” nature and that they were likely to have

formed after glacial retreat following the LGM (Chand et al., 2012; Nickel et al., 2012).

Figure 6.11: Estimated Gas hydrate stability zone (GHSZ) curves for different gas compo-
sitions and salinity (using the CSMHYD software (Sloan, 1990) , during: (a) Last Glacial

Maximum (LGM), (b) interglacials and (c) present-day.

The depth of the BSR in this study could be related to the gas composition, as increasing

the thermogenic gas composition, (Ethane, Pentane and Propane, Fig. 6.11) increases the

depth of the GHSZ Alternatively the depth of the BSR (Fig. 6.9a) could indicate heat flow

variability, however further work would be required to test this hypothesis. Previous studies

in the Barents Sea, west of the Loppa High and around the Bjørnøyrenna Fault Complex

have reported similar occurrences of BSR anomalies, related to gas hydrates (Andreassen

et al., 1990; Løvø et al., 1990; Laberg and Andreassen, 1996; Laberg et al., 1998). The

BSR anomalies occur near major deep routed faults (Laberg et al., 1998), which suggests

a deep possibly thermogenic source of fluids. Thus, we propose a similar process for the

thermogenic gas leakage from the reservoirs and formation of the observed BSR anomaly

in the study area.
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6.6.2 On the Origin of the Mega-Pockmarks and Depressions

6.6.2.1 Pockmarks Associated to Gas Anomalies

The plumbing system above gas anomaly 1, interpreted as a potential BSR (Fig. 6.9), is

composed of shallow and regional reactivated faults (Ostanin et al., 2012) that penetrate

the gas anomaly and lead to seismic pipes, which terminate in buried and seabed pockmarks

(Figs. 6.5e, 6.9). To test whether the gas anomaly 1 represents indeed a BSR indicating base

of the GHSZ ,we computed the thermodynamic stability curves using CSMHYD program

(Sloan, 1990) for gas hydrates with different compositions (Fig. 6.11). The top of gas

anomaly 1, which lies at a depth of ∼740 m (740 ms TWT, using average sediment velocity

of 2 kms−1), can be correlated (±∼50 m) to the estimated e base of the GHSZ for gas

hydrates containing 90% methane, 7% ethane and 3% propane, which is the estimated

gas composition from the Snøhvit gas field at the depth of the gas anomaly 1 (see PVT

calculations in methodology, section 3.3). Hence, the gas anomaly 1 probably represents the

base of hydrate stability zone and indicates the possible existence of hydrate-rich sediments

overlying the anomaly, with free gas present beneath the hydrate deposits. In turn, this

also supports our initial interpretation of the gas anomaly 1 as a BSR. The locations of

the faults in relation to the seismic pipes suggests that they have served as conduits for

fluids originating from the underlying free gas zone. Fluids probably migrated upwards

via those faults to about 500 m (∼500 ms TWT, using an average sediment velocity of 2

kms−1)), where acoustic pipes formed at the fault tip terminations as a result of capillary

seal failure (Clayton and Hay, 1994; Cathles et al., 2010). If overpressure develops beneath

the hydrate layers, exceeding the so called the ”critical gas column thickness”, fault slip will

take place in the overlying sediments (Flemings et al., 2003), allowing overpressure to be

periodically relieved as the free gas beneath the GHSZ is bled off (Hornbach et al., 2004),

whilst hydrofracturing may result in creation of new fault networks. Since leakage along a

fault plane may happen periodically or in bursts (Haney et al., 2005), some faults may have

been leaking and conducting fluids more than once. Thus, repeated overpressure buildups

could have triggered the fluid escape events observed on the two separate chronological

surfaces: the URU and the present-day seabed. The plumbing system above gas anomaly 2

comprises acoustic pipes sourced from the top of the enhanced reflections from gas anomaly

2, terminating in pockmarks on the URU and the seabed. Shallow faults do not seem to

play a role in controlling the fluid transport to the surface (Fig. 6.10). Acoustic pipes

indicate seal-bypass systems and result in highly focused vertical fluid flux (Berndt, 2005;

Cartwright et al., 2007). When the subsurface pressure due to ascending fluids is sufficiently

high, the seal is overcome due to hydrofracture, resulting in generation of a fracture network,

which then leads to formation of an acoustic pipe structure (Clayton and Hay, 1994; Huuse

et al., 2010). Some of the seismic pipes can be traced up to the URU, whilst some are also

affecting the Quaternary and leading to seabed pockmarks (Fig. 6.10 b). This implies that
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gas anomalies 1 and 2 are active today and likely to have formed as a result of long-lasting

fluid leakage from the URU to Present day. Additionally, the higher frequency response

present within seismic pipes may be related to carbonate or hydrate cementation present

within the pipes (eg. Plaza-Faverola et al. (2010b)), whereas the frequency shadows may

indicate absorption of high frequencies due to the presence of fluids or gas accumulations

within the pipes. Whilst burial of the URU pockmarks indicates cessation of fluid and gas

escape through the pipes, the fact that some pipes also lead to seabed pockmarks shows

evidence of a more recent leakage event. Interestingly, the top of anomaly 2 (∼720 m

(720 ms TWT, using 2 kms−1) as average sediment velocity)) is close to the base of the

GHSZ using the hydrate stability phase diagram for a 90 mol% methane, 7% ethane and

3% propane composition (Fig. 6.11 c). This implies that the possible gas hydrate layer

above the gas anomaly 2 has been breached by vertical fluid conduits, providing a direct

route from the free gas zone below the GHSZ to the seafloor. Similar scenarios have been

reported in other settings eg. Mid Norwegian margin, Blake Ridge, the Congo Basin and

the Malvinas Basin, where acoustic pipes originate within the free gas layers, penetrating

the BSR and leading to seabed pockmarks (e.g. Gorman et al. (2002); Bünz et al. (2003);

Gay et al. (2006); Baristeas et al. (2011)). The high frequency of pockmarks in the NW

and N areas coincide with large subsurface gas anomalies 1 and 2 (Figs. 6.3, 6.7), which

suggests that gas and fluids were sourced from deeper formations and were responsible for a

widespread fluid expulsion event. The presence of buried pockmarks (large-giant) and mega

pockmarks (1’ and 2’) on the URU suggest that the older, ”fossil” pockmarks were buried by

the Quaternary sediments, and that renewed fluid escape activity produced the present-day

seabed pockmarks, which in turn implies at least two fluid venting events. Mega-pockmarks

1’and 2’ formed when the URU was not covered by sediments and fluid leakage continued

later on in the same location, resulting in the formation of mega-pockmarks 1 and 2 on the

seabed. We suggest that the loading by the marine ice sheet during LGM might have led to

an increase in pressure and a decrease in temperature, forming favourable conditions for gas

hydrates to form, which in turn acted as a seal for vertically migrating fluids, whilst the base

of the GHSZ was shifted down (Fig. 6.11a). Deglaciation following the LGM, accompanied

by the sediment erosion due to ice streaming probably led to an upward shift of the GHSZ

due to increased seabed temperature and reduction in pressure as the ice sheet decoupled,

which in turn led to hydrate destabilisation. Overpressure due to an increased volume of

free gas below the GHSZ resulted in the migration of free gas through seismic pipes, leading

to the formation of pockmarks.The pockmark distribution (Fig. 6.7) and their relative sizes

(Fig. 6.5f) suggest that a large area was affected by fluid and gas leakage through acoustic

pipes and pockmarks, which indicates a widespread overpressure release regime. Larger

area is affected by pockmarks on the URU than on the seabed, which in turn suggests that

the first fluid escape event recorded on the URU was either more vigorous compared to the

more recent one recorded on the seabed or more time was available for pockmark formation.

Additionally, the presence of BSR (gas anomaly 1) today points towards ongoing gas supply
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forming hydrates, thus suggesting continuous leakage from the reservoir.

6.6.2.2 URU Depressions: Glaciotectonics vs. Gas Escape

The size and density of the mega-pockmarks and depressions described in this study is

similar to others found in the Gulf of Mexico, the Barents Sea, the North Sea and offshore

New Zealand, where the destabilisation of marine gas hydrates has been proposed as the

main driving force for the development of these features (e.g. Prior et al. (1989); Solheim

and Elverhøi (1993); Long et al. (1998); Fichler C. et al. (2005); Davy et al. (2010)).

In the North Sea, buried Quaternary mega-pockmarks are much more abundant than in

the Barents Sea, but likewise, they are located in the vicinity of hydrocarbon discoveries,

shallow gas accumulations and regional faults (Fichler C. et al., 2005). Since the URU has

a glacigenic origin (Andreassen et al. (2008) and refs. therein) and elongate depressions

have been reported elsewhere in the Barents Sea (Rafaelsen et al., 2007; Andreassen et al.,

2008), glacial geomorphology (hill-hole pair landforms) has been drawn to our attention

as another potential mechanism for the formation of the depressions. The hill-hole pair

landform consists of a single positive relief feature (hill) immediately in the down flow

direction from a source depression. The hill is formed from ice shoved material and is

about the same size as the hole and can provide indication of ice flow (Ottesen et al., 2005).

However, it is interesting that no positive relief features at the rims or down flow of the

depressions were observed (Fig. 6.6b), which would otherwise support this mechanism.

Kettle holes or melt water cratering can also result in circular landforms. Isolated ice

bodies melt under or are surrounded by glacial till, forming circular depressions as the ice

blocks melt (Benn and Evans, 2010b). Depressions 3’ and 4’ do not have typical pockmark

geometry and thus may be a attributed to glaciotectonic erosion. The observed lack of

associated hill in a hill hole-pair could have resulted from both glaciotectonic erosion and

long distance material transportation by grounded ice or ice streams. Thus we do not

excluded this mechanism as buried consolidated hills have been found on the URU in

the NW Barents Sea, composed of Cretaceous sedimentary rocks and embedded within

glacigenic sediments, with the associated depressions located some 20 km upstream (Sættem

et al., 1992; Sættem, 1994). The prevalence of two mega pockmarks (1 and 2) on the seabed

(Fig. 6.6a, c-e) implies their preservation, whilst the other depressions on the URU (Fig.

6.6b) were draped or buried by the glacigenic deposits. If the depressions were caused

by glaciotectonics, with subsequent till deposition, all of the URU depressions would be

expected to have been buried. It must be considered that the mega pockmarks 1’ and

2’ on the URU could also be due to pull down of the reflections beneath the seabed mega

pockmark 1 and 2 as the water velocity inside the pockmarks is much lower compared to the

bedrock sediments next to these pockmarks and existence of pull downs beneath the mega

pockmark 1’ (Fig 6.6b) might support this theory. Nonetheless, the fact that the dipping

reflections underlying the URU mega pockmarks 2’ are truncated against the pockmark
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base (Fig. 6.6c, e), rules out this hypothesis, although this may not be the case for mega

pockmark 1’ (Fig. 6.6c, d). Additionally, observed discontinuous reflections (Fig. 6c-i) and

fault networks directly beneath the mega pockmarks (Figs. 6.6, 6.8) points to the fact that

processes related to glacial tectonics alone are insufficient to explain their origin. Another

mechanism for the formation of circular depressions involves gas venting commonly observed

in many sedimentary basins (Judd and Hovland, 2007). Crater-like seabed features form

as a result of gas induced doming due to overpressured gas accumulations in the shallow

subsurface. Fracturing and collapse of sediments above the overpressure zone, releases

gas, while suspending sediment in the water column (Judd and Hovland, 2007). Rapid

sedimentation may bury first generation of pockmarks, however if the gas supply continues,

new pockmarks may be created, given that overpressure exists and the seal is breached

(Cathles et al., 2010). Formation of pockmarks can be induced by earthquakes, tsunamis

and storm waves (Judd and Hovland, 2007). As the Barents Sea shelf became ice free,

post glacial earthquakes could also have produced subsurface fluid movements and further

escape of fluids (Arvidsson, 1996; Leynaud et al., 2009). Hence a fluid/gas venting episode

provides a more convincing argument for the genesis of these mega pockmarks and may also

explain their kilometer scale dimensions. Recent numerical modelling for the Niger delta

pockmarks revealed that giant pockmarks (≥1 km wide) have been caused by the dissolution

of gas hydrates (Sultan et al., 2010). The pockmark formation was thought to have been

triggered by discontinuation of gas flow through faults into the GHSZ or by decrease of the

temperature at the seabed (Sultan et al., 2010). Similar size features have been recorded

offshore New Zealand, formed due to hydrate destabilisation as a result of sea-level drops

and seabed temperature increase (Davy et al., 2010). This is an additional mechanism

for the formation of mega-pockmarks. The identified mega pockmarks are located in the

hanging wall of the NS fault, with reactivated and Paleocene-E. Eocene faults beneath (Fig.

6.6 c-g), which suggests that their development could be structurally controlled (Figs. 6.6,

6.8). It is accepted that pockmarks can form parallel to the fault strike (León et al., 2010)

and may be subsequently modified by fluvial or current activity (Andresen et al., 2009;

Sun et al., 2011). Depressions 2’, 3’ and 4’,present similar orientations, with the long axes

trending 150-165N (Fig. 6.6b). This could imply current-induced erosion active during

or after the formation of these depressions, with the long axes representing the direction

of paleo-currents. Since the strike trend of the MSGLs on the URU is 140-160N, similar

to the long axis of the depressions 2’, 3’ and 4’ (150-165N), it is likely that the original

morphology modification resulted from erosion by ice streams. This may indicate that

the depressions and mega-pockmarks were formed during or after the ice streams were

operating as the ice sheet retreated. Another scenario may be a combination of continued

fluid flow coupled together with glaciotectonic processes, forming depressions without hill-

hole pairs. In turn, the closely located mega-pockmarks may coalesce and become a laterally

composite depression. Overall, an area of ∼14 km2 on the seabed and ∼70 km2 on the URU

surfaces was affected by mega pockmarks and depressions in our study area. In our case,
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the proximity to the regional faults also provides the source of thermogenic fluids from the

Albatross and Askeladd reservoirs (Fig. 36.3). The existence of smaller pockmarks, to the

north of the mega pockmarks along the URU, indicates that a coeval gas venting event

took place over a large area. The formation of sediment waves and erosion due to seabed

currents will be sufficient to disturb the GHSZ. Erosion of low permeability sediments can

create a permeable connection between the seabed and the free gas underlying the GHSZ,

resulting in methane release (Holbrook et al., 2002; Bangs et al., 2010). Large melt water

outflow events accompanying the deglaciation and warmer Atlantic water flux following the

deglaciation (Sarnthein et al., 1995; Siegert et al., 2001) possibly had the effect of further

increasing the bottom water temperature (Kennett et al., 2000) and causing further hydrate

destabilisation, resulting in formation of seabed pockmarks. Such a mechanism has been

proposed for the formation of the Norwegian Channel pockmarks (Forsberg et al., 2007).

The size of the mega-pockmarks might also be related to the vigor of the gas escape event or

the large subsurface extent of the hydrate deposits, implying that a gas escape event could

have taken place locally producing clustered kilometer scale blowout features. We separate

the study area into two provinces, characterised by differences in fluid flow regimes. The

northern province may resemble widespread gas and fluid flow area and is characterised

by present day BSR occurrence (gas anomaly 1), seismic pipes and large-giant pockmarks,

suggest that a constant influx of gas is supplied to the GHSZ in order to maintain the

present day BSR. However, it is difficult to say whether the fluid escape in the study area is

active today, and recent B subsurface sediment sampling within the pockmarks, biomarker

and microbial activity analyses from the SW Barents Sea suggest that the thermogenic

fluid venting was likely to be a paleo event (Boitsov et al., 2011; Nickel et al., 2012). The

southern province is characterised by mega-pockmarks, possibly related to blow out type

events, without seismic pipes and lacking evidence of a BSR, which would suggest that the

fluid flow in this area has stopped.

6.6.3 Triggers and Timing for Fluid Escape

A 2D and 3D petroleum system model for the Hammerfest Basin (Cavanagh et al., 2006;

Rodrigues et al., 2011) showed that the main Triassic source rocks have been mature and

generating hydrocarbons since the Late Triassic (Kobbe Fm) and Early Cretaceous (Snadd

Fm), whilst the Upper Jurassic source rock (Hekkingen Fm) matured during the Early-

Late Cretaceous (Fig. 6.2). Hydrocarbon generation is thought to have stopped during

Oligocene-Miocene exhumation (Fig. 6.2). The main reservoir filling from the Triassic

source rocks were reported to take place between 65-30 Ma, whilst Jurassic sources con-

tributed between 40-2.5 Ma (Rodrigues et al., 2011). Remigration of hydrocarbons is

thought to have been active during this time due to gas expansion, reservoir structure tilt

and caprock fracturing in the SW Barents Sea (Ohm et al., 2008)). Fault reactivation dur-

ing late Paleocene - early Eocene would have had an impact on the hydrocarbon leakage as
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Figure 6.12: Conceptual proposed model for the fluid flow, thermogenic gas leakage and
gas hydrate destabilisation during A) pre Late Weichselian glaciation, B) Deglaciation
event forming fluid flow features on the URU, C) Last Glacial Maximum (∼19 cal ka BP),
D) Ice retreat in the study area ∼17-16 cal ka BP and E) Ice free conditions (15 cal ka

BP) and present day scenario. Calibrated ages are based on Rüther et al. (2011)
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the reservoir structures have already been filled by this time (Fig. 6.2). In the Barents Sea

shelf, preglacial uplift could have generated significant overpressure in the Cenozoic strata

due to western margin tilting (Faleide et al., 2008), thus causing lateral transfer of pressure.

During the preglacial uplift, the EW and NS trending faults in the Hammerfest Basin pro-

vided vertical migration pathways for deeper thermogenically derived fluids (Ostanin et al.,

2012), similar to what has been reported in other areas such as West Africa and Spitsbergen

(Knies et al., 2004; Gay et al., 2006; Anka et al., 2012b). Additionally during the glaciations,

the effect of ice loading and unloading may have caused further leakage of water and hy-

drocarbons due to reservoir overpressure development (Lerche et al., 1997; Cavanagh et al.,

2006), spill from structures and renewed regional fault reactivation (Fjeldskaar et al., 2000).

The thermodynamic stability of gas hydrates might have also been influenced as large scale

shelf erosion and litho and hydrostatic pressure fluctuated during multiple glacial cycles

(Cavanagh et al., 2006; Laberg et al., 2011). The pressure decrease effect due to the ice

sheet removal during the deglaciations would be enhanced as the seabed temperature also

increased. At the seabed, this mechanism may have caused relatively rapid destabilisation

of gas hydrates over a possible time span of ≤20 years (Nisbet, 2002), forming pockmarks

ranging from 150 m to 11 km wide (Davy et al., 2010). However, it can take longer for

the temperature change to propagate until the base of the GHSZ. Subsequently, reservoir

gas expansion in response to overburden erosion may lead to leakage of hydrocarbons and

result in fluid escape events due to increased overpressure buildup. Based on the identified

fluid flow indicators on the seabed and the URU, at least two major fluid escape events

must have taken place. We propose that the leaked hydrocarbons were trapped and stored

as structure II gas hydrates due to favourable pressure-temperature conditions during the

presence of the ice sheet. Once the ambient conditions change as the ice retreats and sed-

iment temperature increases, overpressure buildup is relieved by leakage and pockmarks

are thus produced. The timing of the fluid venting is not easy to constrain. The URU in

the Barents Sea is a polycyclic surface, representing erosion over the last 2.7 million years,

diverging into several unconformities on the outer shelf, namely reflectors R1 (∼0.2 Ma),

R5 (1.3-1.5 Ma) and R7 (2.3-2.5 Ma) (Knies et al., 2009). The presence of MSGLs on the

URU surface in the Hammerfest Basin (Fig. 6.4) indicates operation of fast moving ice

streams, which prevailed after the time of R5 on the outer shelf, indicating a change in

glacial style from erosion to aggradation (Knies et al., 2009). This fact restricts the URU

in our study to 1.5 Ma or younger. At least eight glacial advances reached the shelf break,

since R5, delivering vast volumes of sediments to the shelf break at high rates (Knies et al.,

2009; Laberg et al., 2011). However, since about 0.7 Ma glacial erosion over the Barents

Sea shelf took place mainly beneath paleo ice streams (Laberg et al., 2011) with about

440-530 m of net eroded sediments being transported from the shelf to the western margin

(Laberg et al., 2011). The existence of MSGLs on the URU implies that ice streams were

operating at the time in the study area, whilst the ploughmarks (Fig. 6.4b) are likely to
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have been caused by ice-sheet calving, indicating proximity to the ice sheet during deglacia-

tion. Additionally geotechnical drilling campaigns of the glacigenic successions in the SW

Barents Sea revealed several tills and glaciomarine deposits above the URU (Sættem and

Saettem, 1991; Sættem et al., 1992) which implies that the LGM did not erode down the

URU. Thus the URU in this area may represent initial stages of the deglaciation as the ice

sheet was retreating and could be correlated to the onset of ice free conditions, after one

of the glaciations prior to the Late Weichselian, but younger than ∼0.7 Ma. Recent work

using high resolution P-cable seismic data on Mid Norwegian margin showed that three

episodic overpressure-induced fluid escape events took place shortly after the Weichselian,

Saalian and Elsterian glaciations (Plaza-Faverola et al., 2011). We propose that similar

processes operated in our study area, governed by the waxing and waning of the ice sheets.

On the other hand, the seabed reflector marks the top of the glacigenic sediments deposited

since the last deglaciation following the LGM. During the late Weichselian, the ice streams

reached the western shelf edge twice (Sættem et al., 1992; Laberg and Vorren, 1995), prior

to 22 cal ka BP and second after 19 cal ka BP (Sættem et al., 1992; Laberg and Vorren,

1995; Rüther et al., 2011). Based on the reconstruction of ice streams (Ottesen et al., 2005;

Winsborrow et al., 2010), our study area is thought to have been under the ice sheet ∼19 cal

ka BP and was ice-free from 17-16 cal ka BP (Rüther et al., 2011), whilst the Barents Sea

shelf was completely ice free around 15 cal ka BP (Winsborrow et al., 2010). . Therefore,

the oldest fluid flow event on the URU must be much older than the Late Weichselian ,

whilst the more recent event recorded on the present-day seabed could have been around

17-16 cal ka BP, when the study area became ice free. This implies that the glacial retreat

in the study area occurred over a time span of one thousand years. Over this short time,

a large flux of thermogenic gases might have been released into the hydrosphere, resulting

in the observed seabed pockmarks and mega-pockmarks. In both cases, the URU and the

seabed horizons hold evidence of iceberg scouring and MSGLs, which would imply that

fluid venting took place after the ice retreated, during the early stages of the deglaciation.

Conceptual Model for Fluid Escape

Figure 6.12 summarises our proposed conceptual model for the gas leakage and the under-

lying control of the hydrocarbon plumbing system of the study area. During the ice loading

prior to the late Weichselian (≤0.7Ma) intensive ice loading, low basal temperatures dom-

inate. Thermogenic fluids leak from the Jurassic reservoir through EW and NS trending

tectonic faults networks and are sequestered as thick zone of gas hydrates (Fig. 6.12a). As

the ice sheet retreats, base of the GHSZ shifts whilst fluid flow features formed on the URU

(Fig. 6.12b) Following the LGM (∼19 cal ka BP, Fig. 6.12c), as the ice sheet retreated

over the Hammerfest Basin, ice streams rapidly removed the overburden, resulting in a

shorter distance between the seabed and the base of the GHSZ (Fig. 6.12d). As the ice

decoupled from the seabed, water column pressure dominated the stability of hydrates and
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increased seabed temperature led to an upward shift in the GHSZ. This caused overpres-

sure to develop as gas hydrates melted, resulting in regional fluid leakage. Following the

complete deglaciation (∼17-16 cal ka BP) and deposition of glacial tills and reworked sedi-

ment, pockmarks form as a second fluid venting episode, whilst evidence of a BSR indicate

continued fluid flow at present day (Fig. 6.12e).

6.7 Summary and Conclusions

Analysis of an industry quality 3D seismic dataset in the Hammerfest Basin reveals an

extensive and complex plumbing system above the Snøhvit and Albatross gas fields. Fluid

and gas leakage is manifested on the present-day seabed as abundant pockmarks, classed

as mega-pockmarks (≥ 1 km wide), large pockmarks (≤ 100 m wide) and giant pockmarks

(100-300 m wide). Buried depressions, mega-pockmarks and buried large-giant pockmarks

have also been identified on the Upper Regional Unconformity (URU), which marks the

base Quaternary, indicating an older fluid venting episode (ca. ≤0.7 Ma to prior to Late

Weichselian). The mega pockmarks are found exclusively in the southwestern part of the

study area, whereas higher concentrations of large-to-giant pockmarks are found in the

north-western part, suggesting localized vigorous fluid venting in the south and widespread,

probably diffuse, leakage to the north. The identified leakage features are connected to

seismic pipes, deep regional faults as well as shallow intra - Paleocene faults. Buried and

seabed large-giant pockmarks are much more abundant above a shallow gas anomaly, in-

terpreted as a bottom simulating reflector (BSR). The depth of the BSR coincides with

the estimated base of the stability zone for a thermogenically-derived gas hydrate with a

∼90 mol% methane, which is the composition of the Snøhvit gas at that depth based on

PVT calculations. This indicates that favourable conditions for gas hydrates formation are

present in this area. Deep-regional tectonic faults act as migration avenues for ascending

thermogenic fluids from the Jurassic reservoirs, which are then transported through shallow

intra-Paleocene faults, connected to seismic pipes. We propose that hydrocarbon leakage

from the Jurassic reservoirs provided a source of thermogenic methane for the local for-

mation of gas hydrates in the areas where the conducting fault networks are present. At

least two fluid venting and gas leakage events took place in the study area. The oldest

one, which may have taken place during a deglaciation phase (∼≤0.7 Ma to prior to Late

Weichselian), one was either more vigorous or lasted longer, as documented by abundant

buried pockmarks and six mega-pockmarks on the URU. The youngest fluid flow vent-

ing event, evidenced by the present-day seabed features, took place shortly after the Last

Glacial Maximum (LGM) during the deglaciation of the study area, estimated to have

been around ∼17-16 cal ka BP. Hence, we propose that the destabilization of thermogenic

gas hydrates during the deglaciation resulted in formation of the observed pockmarks and
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mega pockmarks. Consequently, a high methane flux is expected to input into the hydro-

sphere following the two leakage episodes. Finally, the large number of fluid flow and gas

leakage structures identified in this work indicate potential hazards for future exploration,

production facilities and carbon capture/sequestration projects in the greater Snøhvit area.
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Chapter 7

Modelling Petroleum Generation,

Migration and Leakage in a

Glacially Influenced Setting

7.1 Petroleum System Modelling Results

This chapter highlights some of the main results from the basin modelling simulation, ex-

plained in Chapter 7.1. The results of the analysis of petroleum leakage through faults

during glaciations is presented in Chapter 7.2, in form of a submitted manuscript. Previ-

ous numerical basin models in the Hammerfest Basin included a 2D NS model and a 3D

PSM model with 2x2 km grid size, focusing on capillary leakage (Cavanagh et al., 2006;

Rodrigues-Duran et al., 2013). Building on work of Rodrigues-Duran et al. (2013), novel

numerical modelling results are presented improving the horizontal resolution of the model

using local grid refinement techniques and implementing faults into the petroleum system

modelling.

7.1.1 Simulation

The results presented in the Chapter 7.2 have been modelled using the Hybrid approach,

combining Darcy flow and Flow Path modelling (see Chapter 3.7.4.1). The model setup

included a large regional model at 500x500m resolution covering the Hammerfest Basin

and the main petroleum fields (see Fig. 3.17). A higher resolution model was implemented

using Local Grid Refinement, at 200x200m grid spacing, situated around the main Snøhvit

field. Implemented faults were modelled as volume elements and therefore, took up a whole

cell when run at 1000x1000m grid size. To avoid loss of detailed geometrical fault and

carrier information, higher grid sampling of 500x500m was used for all models.
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7.1.2 Burial History and Glaciations

The results of the deposition, pressure-temperature calculations and compaction are pre-

sented as a burial history in figure 7.1. Full burial history is shown in figure 7.1a, which

involves the deposition and compaction of the major geological layers and major uplift

events. We focus our investigation in Chapter 7.2 on the last 1 My, shown in figure 7.1b.

The modelled glaciations exhibit a saw tooth pattern with a slow, steady growth and a

rapid deglaciation phase. The late Weichselian is modelled as a higher resolution event,

based on previous ice sheet models by Svendsen et al. (2004) and Siegert et al. (2001). The

ice sheet is shown as ICE lithology in figure 7.1b, having a basal temperature of 0 ◦ C.

7.1.3 Calibration and Accumulations

The main objective of this part of the basin modelling was to build a fit for purpose model

which reproduces the present day accumulations and burial history, which can then be

used to simulate migration through faults during waning and waxing glaciations. There

have been previous modelling efforts in the Hammerfest basin by Cavanagh et al. (2006)

and Rodrigues-Duran et al. (2013) focusing in simulating generation and migration and for

details we therefore refer the reader to the aforementioned works. The final results of this

work regarding petroleum migration and leakage through faults above the Snøhvit field are

presented in Chapter 7.2.

To test the sensitivity of the model to magnitudes of erosion and heat flow through out

the basin’s history, we have constructed first 4 models with varying heat flow histories,

having first constant heat flow of 60 mW/m2 through time and within the area of interest

(Cavanagh et al., 2006; Smelror et al., 2009) and subsequently introducing the high heat

flow spikes due to rifting events in the basin’s history (Cavanagh et al., 2006; Rodrigues-

Duran et al., 2013), which are presented in figure 3.30. The results of the sensitivity study

are presented in figure 7.2 and depth extractions for the wells are presented in terms of two

areas: the Snøhvit and the Albatross fields as the Albatross field is located shallower than

the Snøhvit field, due to a subtle structural high in the southern part of the Hammerfest

Basin (see figs. 4.3 and 4.4). A good match between the observed temperatures and

predicted temperatures for the Snøhvit and the Albatross well extractions is obtained using

heat flow 2 profile 3.30. A good fit is also observed for heat flow profiles 1 and 3, however,

these were corresponding to higher heat flow for the Cenozoic period and thus heat flow 2

was preferentially selected over the other profiles as it was also in agreement with previous

work (Cavanagh et al., 2006; Rodrigues-Duran et al., 2013).

Following the selection of the heat flow history, the erosion magnitude has been varied for

the Oligocene erosion event, and its impact on the temperature and maturity was tested.

Rodrigues-Duran et al. (2013) suggested that the magnitude of the erosion is of a 2:1 ratio
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Figure 7.1: Model results showing A) Burial history for the whole model and B) Burial
history during the modelled glaciations. Both plots have temperature overlays over the

burial history contours.
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Figure 7.2: Results of the model calibration. A) Model response to temperature cali-
bration for the Albatross area (wells: 7120/8-3, 7120/9-2, 7120/9-1, 7121/7-1 & 7121/7-
2. B) Model response to temperature calibration for the Snøhvit area (wells: 7120/6-2S,
7120/6-1, 7121/4-1, 7121/4-2 & 7121/5-1. C) Model response to heat flow (HF2) and
erosion calibration for the Albatross area (wells: 7120/8-3, 7120/9-2, 7120/9-1, 7121/7-1
& 7121/7-2. D) Model response to erosion and heat flow (using HF2) calibration for the

Snøhvit area (wells: 7120/6-2S, 7120/6-1, 7121/4-1, 7121/4-2 & 7121/5-1.
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Figure 7.3: Reproduced accumulation based on the 3D Petroleum System Modelling show-
ing the main Snøhvit, Albatross and Askeladd reservoirs as well as associated oil and gas
phases. Fault locations are also shown, as well as the breakthrough locations, based on max-
imum HC column height, reservoir structure and sealing capacity (Hantschel and Kauerauf,
2009). Insert (bottom left), shows discoveries and producing fields - the Snøhvit discovery

is a gas field with an oil leg (NPD, 2011)

of Oligocene-Miocene to Pliocene-Pleistocene. For our model, we have used a base case of

net eroded thickness of 1000 m for the Oligocene and 500 m for the Pliocene-Pleistocene

glaciations. Based on the work of Green and Duddy (2010), we have also included Miocene

erosion of constant 500 m over the study area. For the Pliocene-Pleistocene period, we

have separated the 500 m eroded thickness into the erosion due to glacio tectonic process

(200 m) and due to ice streams (300 m) based on Laberg et al. (2011). As the Oligocene

erosion and uplift episode is suggested to be key for maturity, we have tested 5 erosion

scenarios: using the calibrated Oligocene erosion map (fig. 3.23) and the same Oligocene

erosion map scaled by 25, 50, 75 and 125 %. The results are shown in figure 7.2c and d.

We find that in general increasing the erosion shifts the maturity profile to the right, which

can be explained by the greater maturity being reached due to thicker sediment load.

Following the calibration of the model we have run and tested several models with and

without faults. The modeled accumulations are presented in figure 7.3. We have reproduced

the main Snøhvit accumulation to be two phase: mainly gas with a residual oil leg. The

insert in fig. 7.3 shows the reported accumulations and phases for the study area which

shows a good match with the overall modelled accumulations. The migration flow paths
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and reservoirs in three dimensions are shown in figure 7.4. We observe from the modelling

that the petroleum migrates from the deeper kitchen area in the northern part of the

Hammerfest Basin (Rodrigues-Duran et al., 2013) into the Snøhvit structure as well as

vertically upwards from Jurassic and deeper Triassic source rocks. When the structure is

filled to spill, the petroleum continue to migrate along the western flank of the Snøhvit

structure (indicated by dashed circle), where a fault relay ramp is observed (Fig. 4.4) as

well as the gas cloud anomaly (figs. 4.10, 5.5). The model predicts that the petroleum then

migrates into the shallower Albatross structure (fig. 7.4b). For the Askeladd structure, the

charge is likely from the deeper Tromsø basin along westward downstepping rotated faults

blocks of the Ringvassøy Loppa Fault complex (see fig. 3.21), however, our focus remained

only on the Snøhvit and Albatross fields.

7.2 Role of Faults in Petroleum Leakage from the Snøhvit

Field

This sub-chapter investigates the role of glaciations and faults on the petroleum system of

the Hammerfest Basin using numerical 3D Petroleum System Model and high resolution

input from the seismic interpretation and analysis. 1

7.2.1 Abstract

In this study, we build a 3D Petroleum System Model in the Hammerfest Basin, constrained

by the interpretation of 2D and 3D seismic data. We analyse the sensitivity of the mod-

elled petroleum leakage (top outflow) by introducing and varying fluid flow parameters,

such as the permeability and capillary entry pressure, in open faults, coupled with the

history of glaciations-deglaciations on the Snøhvit and Albatross fields. Modelled highest

loss of accumulated hydrocarbons (HCs) in our model occurs during the first fault reac-

tivation and dilation period due to ice unloading and erosion, which accounts for 60-80%

reduction of accumulated mass in the reservoir. Subsequent deglaciation episodes caused

sequential loss of HCs from the Stø reservoir with 7-25% HCs lost of remaining volumes,

likely due to overpressure generation, gas expansion and oil spill. Latest leakage is seen

following the Last Glacial Maximum during differential loading of Quaternary strata which

resulted in reservoir tilt and further spilling of HCs from structures. The first modeled HC

leakage event coincides with a major fluid venting episode at the time of a major regional

unconformity (URU ∼0.7 Ma) and evidenced by the size and abundance of pockmarks at

this stratigraphic level. Our modelling results are in agreement with observed shallow-

subsurface leakage indicators such as pockmarks, gas chimneys and blow out pipes, whilst

1Submission in preparation - Results from this chapter will be submitted to the peer reviewed journal
G-cubed for publication



Chapter 7 PSM modelling of glaciations and leakage along faults 177

1
4

2

3

1

42

3Snøhvit nord
Gas

Oil

Askeladd �eldSnøhvit �eld

Snøhvit 
�eld

Albatross �eld

Hydrogarbon migration 
�ow paths

Albatross 
�eld

S N

E

W

Bypass along western �ank 
of Snohvit structure

structure, indicated by
dotted circle in A.

Torsk Fm

Kolmule
 Fm

Kolje Fm

Knurr Fm
Hekkingen Fm

Tubæn Fm

Fruholmen Fm

Snadd Fm

Nordmela Fm
Stø Fm

Kveite/
Kviting Fm

D
ep

th
 (m

)
D

ep
th

 (m
)

0 10 km

N

Easting
A

B

Figure 7.4: Present day accumulations in the Jurassic Stø formation showing: A)
petroleum migration flowpaths into the structures (see Fig. 7.3) as well as B) a NS profile
across the Snøhvit reservoir showing the location of the principal EW trending fault and

the relative depths of the reservoirs.
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deep reactivated faults link the deeper hydrocarbon bearing units to the shallow network

of leakage pathways. We further propose that leaked thermogenic gases could have been

locked in gas hydrates during glacial periods, with subsequent release through pockmarks

and blow out pipes, as predicted by gas hydrate phase stability diagrams. This large leak-

age event may well be synchronous in other Arctic petroleum provinces, where leakage due

to extensive glaciations and erosion is a major exploration risk.

7.2.2 Introduction

Following the oil discoveries of Johan Castberg, Wisting and Gotha fields (NPD, 2011) the

exploration in the Barents Sea has been renewed. However,this was not always the case, as

previously the greater Barents Sea was thought to be dominated by gas finds, with the main

exploration focusing on the Snøhvit field in the Hammerfest Basin (Fig. 7.5a). The Snøhvit

field has been producing since 2007 (NPD, 2011) and has been used in a carbon capture

and storage (CSS) project since 2008 (Estublier and Lackner, 2009). Additionally, paleo

fluid contacts in under filled structures in the Snøhvit field, as well as the predominance

of gas over oil and numerous gas leakage anomalies in the SW Barents Sea show that

leakage of hydrocarbons has occurred in the Hammerfest Basin in the past (Linjordet

et al., 1992; Andreassen et al., 1990; Doré and Jensen, 1996; Laberg and Andreassen,

1996; Chand et al., 2012; Ostanin et al., 2012, 2013; Nickel et al., 2012) Severe Cenozoic

erosion and exhumation (Nyland et al., 1992; Green and Duddy, 2010) as well as extensive

glaciations and associated erosion through ice streams (Andreassen et al., 2008; Laberg

et al., 2011) have all thought to have contributed towards petroleum phase change, reservoir

gas expansion and Tertiary remigration of hydrocarbons from the structures (Nyland et al.,

1992; Doré and Jensen, 1996; Lerche et al., 1997; Dore et al., 2002). Recent 2D and 3D

Petroleum System models in the Hammerfest Basin seem to indicate that leakage of HCs

is indeed episodic, peaking during deglaciations (Cavanagh et al., 2006; Rodrigues-Duran

et al., 2013), which is in agreement with direct leakage indicators identified on seismic

reflection datasets (Plaza-Faverola et al., 2011; Chand et al., 2012; Ostanin et al., 2012,

2013). Previous work in the study area involved a 2D model implementing glacial cycles

(Cavanagh et al., 2006). Recently, hydrocarbon generation, migration and accumulation

through the Pliocene-Pleistocene glaciation in the Hammerfest Basin has been modeled

on a 2x2 km resolution grid by Rodrigues-Duran et al. (2013). So far, the process of

petroleum leakage post accumulation has been addressed by capillary leakage through seal

failure (Rodrigues-Duran et al., 2013).

Up to now, faults were not included in numerical petroleum system models of this area,

although tectonic fault networks affecting the deep thermogenic reservoirs are documented

to have enhanced leakage and acted as HC migration avenues in this basin (Ostanin et al.,

2012, 2013). The Presence of thermogenic gas hydrates have also been reported in the

Snøhvit field (Ostanin et al., 2013), and elsewhere on the Barents Sea shelf, in the proximity
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Figure 7.5: A) Location and structural map of the SW Barents Sea. B) Interpreted cross
section of the stratigraphy (modified from Linjordet et al. (1992) and Ostanin et al. (2013))
showing the structural setting and the main stratigraphic units of the Stø reservoir. The
EW trending faults bounding the Snøhvit field have been repeatedly reactivated (Berglund
et al., 1986; Ostanin et al., 2012) and penetrate the sequences from Triassic up to the

Paleocene-Eocene Torsk Fm.

of deep regional tectonic faults (Andreassen et al., 1990; Laberg and Andreassen, 1996;

Laberg et al., 1998; Chand et al., 2012), which classes faults as primary migration pathways

required to be included in the petroleum systems modelling workflow. However, there is

a large uncertainty associated with the intrinsic properties of faults, as fault permeability

and entry pressures vary through geological time in response to cementation and fluid flow,

as well as to superimposed tectonic stresses (Caine et al., 1996; Fisher and Knipe, 1998;

Yielding et al., 2010). Nonetheless, empirical relationships of faulted rocks (Ingram and

Urai, 1999; Sperrevik et al., 2002; Manzocchi et al., 1999, 2010) and computed fault sealing

parameters (Knipe et al., 1997; Yielding et al., 1997) allow an estimation of the potential

fault conductivity in terms of permeability and capillary entry pressure.

In order to analyse and quantify both the impact on glaciations and faults on dynamics

of petroleum leakage, we constructed a refined 3-D petroleum systems model (PetroMod

v2012, Schlumberger) of the Snøhvit and Albatross gas fields, calibrated to the observations

from 2D and 3D seismic interpretation, which simulates in great detail accumulation and

leakage over geological time, with a particular focus on the glaciation events over the

last 1 My. Thus, this work aims towards a better understanding of the role of the deep

faults linking Jurassic hydrocarbon reservoirs with shallow subsurface gas sequestration

and leakage indicators in the area, as well as their impact on hydrocarbon accumulations

during the multiple Pliocene-Pleistocene glacial cycles.
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7.2.3 Geological Setting

The Hammerfest Basin (Fig. 7.5) has an ENE-WSW axis trend, and is bounded by several

fault complexes, namely the Troms-Finnmark Fault Complex (south), Asterias Fault Com-

plex (north) and Ringvassøy- Loppa Fault Complex to the west, which separate HB from

surrounding basins, highs and platforms (Gabrielsen et al., 1990; Faleide et al., 2008). The

fault pattern in the HB is dominantly EW, with NS and SW-NE and NW-SE orientations

also present. The faults have been reactivated repeatedly, following regional tectonic events

(Berglund et al., 1986; Ostanin et al., 2012) associated with leakage of thermogenic fluids

from reservoir (Ostanin et al., 2012, 2013). The Snøhvit field is located in the EW trending

horst, bounded by two EW trending reactivated faults (Fig.7.5b). The main reservoir is

represented by the Mid. Jurassic Stø Fm, consisting of shallow marine lagoonal and estu-

arine barrier sands (Wennberg et al., 2008) with additional reservoirs represented by the

lower coastal plain shallow marine deposits of the Lower Jurassic Nordmela Fm and upper

coastal plain fluvial deposits of the Lower Jurassic Tubæn Fm (Wennberg et al., 2008).

Three main erosion periods have been reported in this area: Late Cretaceous, Paleocene

(35-40 Ma) and Miocene (5-10 Ma), with magnitudes of 200, 1000 and 500m of average

eroded thickness respectively (Ohm et al., 2008; Green and Duddy, 2010), and additional

glacially-driven Pliocene-Pleistocene erosional events (Laberg et al., 2011), marked by a

regional angular unconformity, termed the Upper Regional Unconformity (URU) by Solheim

and Kristoffersen (1984).

7.2.4 3D model Construction

7.2.4.1 Definition of Pliocene-Pleistocene Glaciations in the Model

The interpretation of 3D and 2D seismic data allowed us to build a higher resolution (0.5x0.5

km) 3D geological model, which includes an updated glacial history, regional faults and

Local Grid Refinement (200m) to enhance the horizontal resolution in the proximity of

the Snøhvit reservoir. The full petroleum system model has been constructed from 270

Ma to present day in order to simulate the burial history, P-T development as well as

generation, migration and accumulation of HCs. Compositional kinetics (14 component) of

source rocks, with secondary cracking used in the model were provided by GeoS4 GmbH,

Germany.

The Local Grid Refinement (LGR) model allows nesting of high resolution grids within

low resolution models for a more detailed simulation of target areas without increasing

simulation processing times (Hantschel and Kauerauf, 2009). During our simulation, the

LGR computation was carried out targeting the area of interest: the Snøhvit structure (see

Fig. 7.5a). The model was constructed similarly to the larger model, having the same
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glacial history and boundary conditions, with a 200x200m grid resolution, nested inside

a larger 500x500m model, which was used as input of boundary conditions, pressure and

generated and migrated hydrocarbon volumes.

The Pliocene-Pleistocene erosion (Cavanagh et al., 2006) was refined in our model based

on the ice stream erosion sediment mass-balance reconstruction by Laberg et al. (2011),

having a constant net erosion of 200 m from 2.5-0.7 Ma and constant net erosion of 300

m from 0.7 Ma to present day. We used the analogue from Antarctica (Siegenthaler et al.,

2005) to model the glacial cycles prior to the Last Glacial Maximum (LGM), which consist

of a long growth period (150 ka) followed by a relatively rapid ice decay (20 ka). When

comparing with the Late Weichselian glacial cycles (Siegert et al., 2001), the overall glacial

progression curve shape is a better representation of the long-term cycle duration of the

glaciations on the Barents shelf. The rapid decay and deglaciation timing of the modelled

ice sheet is also in agreement with recent rapid ice volume decay and large erosion rates

due to ice streams (Laberg et al., 2011), as well as deglaciation chronology of the Barents

Sea Ice sheet (Winsborrow et al., 2010; Rüther et al., 2011).

The timing and ice sheet thicknesses have been constructed based on Svendsen et al. (2004)

and Siegert et al. (2001), with a maximum temporal resolution of 10 ka. The periodicity

of the major ice cycles is based on the Milankovic orbital forcing of 100 ka cycles and thus

we included 5 mega cycles in our model (Kukla and Ćılek, 1996). The ice thicknesses for

the modeled major ice ages were assumed constant at 1.5 km, based on the maximum ice

thickness for the last glacial maximum (Siegert et al., 2001; Svendsen et al., 2004). The

main glacial periods modeled during the last 1.2 My include overall 5 glacial megacycles and

the last 200 ka was subdivided as Saalian, Early Weichselian, Middle Weichselian and Late

Weichselian, having ice thicknesses of 500, 1000, 1250 and 1500m respectively (Siegert et al.,

2001). Prior to 1.2 Ma there are no constraints on ice thicknesses and ice periodicity is in

41 ka cycles. However the ice cycles the last 1.1 Ma were thought to be more extensive and

with thicker ice sheets, which were considered to make more impact in our model. Therefore

we assumed an ice sheet thickness of 1.5 km prior to the Late Weichselian. Additionally,

glacial erosion is also taken into account, based on the estimates of (Laberg et al., 2011).

The Pliocene-Pleistocene erosion is assumed to be constant at 200 m from 2.5-0.7 Ma and

300m from 0.7-0 Ma, with net erosion during glacial periods summing up to 500 m (Laberg

et al., 2011).

7.2.4.2 Fault Zones and Fluid Flow

Tables 7.1 and 7.2 present a summary of main considerations that are involved in fault zones

and fluid flow as well as how fault zones are handled in the basin modelling toolbox in this

study. Fault zones are generally composed of 3 components: 1) fault core 2) fault damage

zone and 3) a protolith (Caine et al., 1996; Bjørlykke, 2010). Most of the displacement is
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Figure 7.6: A. 3D visualisation of an interpreted regional EW trending fault through the
Jurassic reservoir up to the shallow subsurface, crosscutting a bottom simulating reflector
(BSR), linking with shallow faults, overlain by buried and present day seabed pockmarks.
B. 3D block interpretation of the Albatross field and the deep Jurassic fault overlain by

mega pockmarks (for details, see Ostanin et al. (2013)).
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usually accommodated in the fault core, which may act as a fluid conduit during the initial

deformation. Fluids flowing through the fault core may result in mineral precipitation in

this area. The fault core zone can consist of single slip surfaces, clay rich gouge zones,

altered brecciated zones or cataclasite zones with variable structure and composition along

fault dip and strike, where permeability is mainly on grain scale (Knipe, 1993; Gibson,

1994).

The damage zone accommodates mechanical strain and deformation around large faults

(fault propagation, displacement and linkage) consisting of small fault clusters of various

offsets and orientation, whilst having a higher permeability compared to the fault core

(Caine et al., 1996; Knipe et al., 1997). The properties of damage zone can be represented

by the fracture hydraulic conductivity (Caine et al., 1996). Finally, the protolith is a

relatively unreformed regional structure without fault related permeabilities and bearing

similar properties of the host rocks unaffected by fault related deformation (Caine et al.,

1996). In basin modelling, this complex deformation zone is represented by generalised

properties of permeability and capillary entry pressure.

The relative permeability of a fault zone is discussed in detail by Knipe (1993); Knai and

Knipe (1998); Fisher et al. (2001); Yielding et al. (2010). In general, flow through faults can

be controlled by: 1) Porosity collapse (disaggregation), mixing and grain boundary sliding

at shallow depths, 2) Dissolution, cementation and precipitation of minerals due to fluid

circulation controlling volumes of effective pore space (Yielding et al., 2010). 3) Cataclasis,

brecciation or degree of gouge (Gibson, 1994; Knipe et al., 1997; Knipe, 1993). 4) Degree

of slip and reservoir against seal juxtaposition, content of clay-phyllosilicate smearing by

abrasion, ductile shearing and clay injection during fluidization (Knipe et al., 1997; Aydin,

2000). 5) Present stress state (Shmax), in particular stress normal to the fault plane, which

will reduce the aperture width and inhibit fluid flow. In contrast, stress parallel to the

fault strike will prone open the faults and thus enhance fluid flow though the fault zone

(Bjørlykke, 2010). Additionally, the degree of shearing, as a result of high differential stress

is also effective at promoting fault dilation. In addition, fluid pressure can keep faults and

fractures open at depth, thus facilitating lateral and vertical flow of fluids (Downey, 1984;

Aydin, 2000). 6) Timing of fault movement with regards to fluid fill (reservoir dynamics),

fault zone hydraulics and potential earthquakes (Downey, 1984; Aydin, 2000) may impose

risk for seal analysis as the sealing capabilities of the fault membrane seal will vary through

geological time. On the other hand, faults are rarely a pathway for migrating HCs in

compressional settings as the fractures are unlikely to be dilated (Downey, 1984; Bjørlykke,

2010). Hence, faults can be generally considered to be fluid-transmitting in: 1) tensional,

geopressured zone. 2) Tensional and within geopressured zones, 3) active fault movements

(Downey, 1984).
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7.2.4.3 Fault Property Modelling

In general, the scale and detail of fault zones is far beyond the simulation capabilities of

basin modelling studies. Thus, fault zones are usually simplified and fault planes are mod-

eled as boundary or volume elements (Hantschel and Kauerauf, 2009; Manzocchi et al.,

2010). Boundary element faults are generally used in modelling petroleum accumulation

and migration (mostly applicable in 2D). However, since they have no grid volume, per-

meability values cannot be assigned and only capillary entry pressure is defined for this

type of modelled faults, which assumes that the flow is instantaneous. On the other hand,

volumetric element faults are defined as grids along the actual 3D fault plane. Although

both the pressure and fault zone aperture are usually overestimated, the permeability and

capillary entry pressures of the fault zone can be used for pressure modelling, defined as

fault capillary entry pressure (FCP) (Hantschel and Kauerauf, 2009). The faults can be as-

sumed closed if the FCP values are greater than 50 MPa and open with the FCP values less

than 0.1 MPa. In this study, we model faults as locally refined volumetric elements, which

enables to vary both the capillary entry pressure and permeability through them. The FCP

and permeability pairs have been assigned to the faults from empirical measurements by

Ingram et al. (1997); Manzocchi et al. (2010); Sperrevik et al. (2002); Sorkhabi and Tsuji

(2005). We have tested the model response with closed faults and with faults of varying

FCP and permeability pairs by order of magnitude (Table 7.1). Faults were assumed open

during deglaciation, due to large deviatoric stresses associated to glacial unloading and

isostatic compensation (Zatsepin and Crampin, 1997; Fjeldskaar et al., 2000), and closed

during glacial loading due to subsidence (Bjørlykke et al., 2005). The fault property and

timing of dilation and contractions are presented in table 7.2.

Table 7.1: Defined fault properties based on empirical relationship for the capillary entry
pressure for fault rocks (Ingram et al., 1997; Sperrevik et al., 2002)

Capillary Entry Pressure Permeability (log millidarcy - log mD)
(MPa) psi
Closed closed none

6.9 870 1E-02
2 290 1E+00
2 290 1E-02

0.7 102 1E+00
0.07 10 1E+03

7.2.4.4 Capillarity and Petroleum Leakage

Caprock and fault rock seals are essential in trapping of hydrocarbon accumulation and the

theory behind the membrane seal can be found in early works on capillary entry pressure

(i.e. (Smith, 1966; Berg, 1975; Schowalter, 1979; Watts, 1987).
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Table 7.2: Fault dilation and closure timing based on the glacial-interglacial ages and
(Bjørlykke et al., 2005)

Faults Open Faults Closed
Age from (Ma) Age to (Ma) Age from (Ma) Age to (Ma)

0.8 0.78 150 0.8
0.6 0.58 0.78 0.6
0.4 0.38 0.58 0.4
0.2 0.18 0.38 0.2

0.12 0.11 0.18 0.12
0.09 0.07 0.11 0.09
0.06 0.05 0.07 0.06
0.02 0 0.05 0.02

For hydrocarbons to leak from the trap, the buoyancy of the HC column must exceed

the capillary entry pressure of the sealing formation (Schowalter, 1979). In turn, the HCs

then displace water from the pore throats and thus migration occurs as continuous stringer

through the effective pore network (Schowalter, 1979). Thus, continuous flow occurs when

the seal becomes oil or gas wet as the interfacial tension and contact angles tend to 0

(Clayton and Hay, 1994). Following this, flow of hydrocarbon is then controlled by the

Darcy flow, with capillary leakage being the dominant process (Clayton and Hay, 1994).

7.2.5 Results

7.2.5.1 Modelled Pressure Histories

Figure 7.7 shows the main results of incorporation of faults into the model. The glacial

cycles are modelled as a slow growth, followed by a rapid decay (Siegenthaler et al., 2005),

presented in figure 7.7A. The pressure histories (figure 7.7b, demonstrate the effect of glacial

loading and unloading on the Jurassic reservoir in the Stø Fm over the last 1 Ma. We have

also tested scenarios for a slow ice growth and a slow decay, which in terms of pressure

yielded similar results where the peak pressure coincides with peak glaciations. In this case,

the scenarios (Fig. 7.7b) show how the lithostatic, hydrostatic and pore pressures vary over

glacial times. As expected, the lithostatic pressure increases with increasing ice loading

and decreases during the deglaciations to the present day due to the imposed erosion of 500

m during the last 2.5 My. Similarly, the pore pressure progressively increases compared to

the hydrostatic pressure, resulting in a build up of overpressure up to the maximum ice

thickness. During the onset of the interglacials, ice removal is accompanied by decrease in

the pore pressure, although not reaching down to the hydrostatic pressure values. Likewise,

the excess hydraulic pressure increases from the onset of glaciations to the glacial maxima

and decreases during interglacials. Thus, overpressure is expected to develop following

the onset and during glaciations and is maintained during interglacials without returning

to a hydrostatic pressure regime. Overall, the predicts that the Stø reservoir undergoes

a “pressure rollercoaster”, where the ice loading and unloading due to the glacial cycles
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Figure 7.7: Results of the 3D PSM model. A. Temperature profile at the top of the ice
sheet during last 1.2Ma. B. Pressure profiles of the Stø reservoir during the last 1.2 Ma.
C. Accumulated HC mass in the Snøhvit reservoir. Loss of mass is shown as a function of
changing fault properties. C. Outflow HC mass at the top of the model, as a function of
changing fault properties. White areas represent times of glacial loading and vertical grey

zones represent deglaciation events.
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cause “saw-tooth fluctuations” in the lithostatic, hydrostatic and, more importantly, the

pore pressures. The late Weichselian glaciations ca. 0.1-0.01 Ma show particularly higher

frequency pressure fluctuations due to shorter timed glacial cycles.

7.2.5.2 Petroleum Leakage History

Figure 7.7 C shows the accumulated hydrocarbon masses accumulated within the Snøhvit

reservoir only, whilst figure 7.7 D shows the net flux from the top of the whole model

(termed ”outflow top”). The masses in figure 7.7C,D were taken from the Snøhvit reservoir,

which was isolated from the rest of the model to obtain a better estimate of the mass

balance between the reservoir accumulation and the leakage (capillary and along fault) to

the shallow parts of the model. Initially, we tested the effect on capillary leakage when

faults are assumed closed and with very high FCP. The predicted mass accumulated in

the reservoir under this scenario turned out to be similar to the one modelled assuming

an open-fault scenario with high fault capillary entry pressures of 6.9 MPa (Red and dark

blue lines in Fig. 7.7D). In both cases, leakage occurs in a stepwise manner during the

interglacial periods, with 1-3 % mass lost during initial deglaciation events, increasing to 5

% during Weichselian glaciations.

Secondly, we have changed the fault entry pressure in the model by order of magnitude:

6.9 MPa, 2 MPa, 0.7 MPa and 0.07 MPa, corresponding to fault permeabilities of 0.01, 1,

100 and 1000 logmD respectively (Fig. 7.1). This range of associated permeabilities for

each capillary entry pressure is based on published compilations of fault rock properties

(e.g. Ingram et al. (1997); Sorkhabi and Tsuji (2005)).

There is some spread in the data by Ingram et al. (1997); Sperrevik et al. (2002) in terms of

variable permeability at a constant FCP. Two scenarios have been used for the faults with

2 MPa capillary entry pressure, keeping the FCP constant and changing the permeability.

Once the FCP is overcome, relative mass flow along faults is controlled by permeability.

As the FCP showed to be the dominant parameter, the permeability therefore was kept

constant for other scenarios.

We observe four main episodes of leakage form the Snøhvit reservoir, following the four main

glacial megacycles (0.8-0.78 Ma, 0.6-0.58 Ma, 0.4-0.58 Ma, 0.2-0.18 Ma) and additional

leakage episodes during Weichselian glaciations with the ultimate leakage event between

0.02 and 0.01 (see table 7.2), coinciding with times of deglaciations (Fig.7.7 and table

7.2). During the first deglaciation (0.8-0.78 Ma) there is a prominent leakage event for all

scenarios of FCP, which decreases the accumulated mass in Snøhvit by 60-80%. The FCP

shows a strong primary influence on mass loss, where low FCP values result in an increase

in lost hydrocarbon mass (Fig. 7.7a, b). The permeability at a specific FCP has secondary

controls on the mass of HC lost, where higher permeability at a same FCP results in larger

HC mass loss from the reservoir. This implies that once the FCP has been overcome (HC
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column pressure ≥ FCP ), fault permeability controls how much HCs flows out of the

reservoir through the faults, whilst no HC flow occurs along the fault planes if the FCP is

not reached.

Following the first fault leakage episode during the deglaciation, the HC mass accumulated

within the reservoir (Fig.7.7C) decreases sequentially at 7 to 15 % with each deglaciation

episode, with fault opening being the main driver for loss of HCs. Further 25% of the

remaining HC mass is lost following the LGM, which is larger than the all the previous mass

loss events from the reservoir. As mentioned in figure 7.7, the estimated mass lost from the

top of the model is not restricted to the Snøhvit field but represents a sum of mass loss from

all reservoirs in the modelled area and including the Snøhvit, Snøhvit Beta, Snøhvit Nord,

Albatross and Askeladd fields, as well as the additional intermediate reservoirs. Hence,

these absolute mass values should be interpreted with caution. Nonetheless, the patterns

of the HC mass loss from the whole model (Fig. 7.7D) reflects the sequential decrease in

accumulated mass in the reservoir (Fig. 7.7C). The closed faults and high FCP (6.9 MPa)

scenario show a sequential loss of HCs at the top of the model, which is due to capillary

losses with ∼0.01 % mass lost during each deglaciation. The first leakage event from the

model at 0.8-0.78 Ma is the same for all conductive fault scenarios, with 0.8-1% of total

HC mass lost from all modelled fields for 2 MPa and 0.07 MPa FCP scenarios respectively.

The following modelled leakage events through faults (Fig. 7.7D) show ranges between

0.01-0.06%, 0.02-0.04%, 0.02-0.03% and 0.02% for the 0.6-0.58 Ma, 0.4-0.38Ma, 0.2-0.18

Ma, and the last deglaciation (0.02-0 Ma, post LGM), respectively.

All in all, it can be stated that the outflow top (Fig. 7.7D) and accumulated (Fig. 7.7C)

are complimentary plots, as the mass lost from the reservoir in one field (Snøhvit) seems

reflected on the total mass leaked from the top of the model, with a generalised increased

leakage of HCs during deglaciations. The simulation including faults shows that in the first

leakage event the mass lost is 60-80% larger than in the subsequent fluid leakage episodes

through faults. Hence, our model indicated that the first episode (∼0.8-0.78 Ma) is the

most significant in terms of HC mass losses from the fault-bounded reservoirs.

7.2.5.3 Local Grid Refinement (LGR)

The results are presented in figure 7.8 displays the Local Grid Refinement model at 200x200m

during the LGM (Fig 7.8b), as well the deglaciation post LGM (Fig 7.8c). The model shows

fault planes A and B, which were assigned as closed during glaciations and open during post

LGM deglaciation. Hydrocarbon saturations, which are automatically calculated based on

fault-seal analysis by the software and computed from capillary entry pressures, trap geom-

etry and hydrocarbon column height (Hantschel and Kauerauf, 2009), are absent along the

fault planes during ice loading as the faults are assigned as closed. Conversely, during the

deglaciation, the faults present zones of hydrocarbon saturation. Interestingly enough, the
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predicted HC saturation zones appear connected to the deep reservoir as well as the upper

part of the model (Fig.7.8). Actual leakage is thus documented as vertical columnar pat-

terns in the westernmost section of the reservoir. These modelling results are in agreement

with previous observation, based on extraction from seismic data, where fluid flow along

faults occurs in discrete vertically-constrained zones, as opposed to curtain flow along the

entire length of the fault plane (Ligtenberg, 2005). Interestingly enough, the location of

interpreted gas cloud and BSR coincides with the predicted location of the migration and

leakage pathway in our model (Fig. 7.7a).

7.2.6 Discussion

7.2.6.1 Driving Factors for Petroleum Leakage

The first modelled episode of leakage (0.8-0.78 Ma) drives a major fraction of mass lost from

the Snøhvit reservoir. A possible mechanisms for this sudden release of HCs could be related

to continuous build up of the hydrocarbon column height against the fault plane until the

pore pressure exceeds the fault’s capillary entry pressure. Vassenden et al. (2003) showed

that about 35 % of the hydrocarbon column height would be lost before snap off occurs

(Schowalter, 1979; Vassenden et al., 2003). This implies that once the fault’s capillary

entry pressure is overcome following the deglaciation at 0.8-0.78 Ma, the HC column height

decreases to ∼ 1/3 of the original. This drastic reduction of the hydrocarbon column height

can therefore explain why the subsequent leakage events are not as important in magnitude

as the first leakage event. Following deglaciation, gas expansion and HC column height

increases as shown by Fauria and Rempel (2011). Once the first instance of capillary

invasion takes place, the subsequent capillary leakage becomes easier and the HC column

height does not have to be of the same magnitude to re-initiate leakage (Fauria and Rempel,

2011).

The deglaciations can have a significant impact on the HC leakage from the reservoirs.

Firstly, glacial unloading during ice sheet retreat causes a sudden decrease of lithostatic

pressure on geological timescale (Fig.7.7a). The removal of ∼1.5 km of ice is accompanied

by a net erosion of 500 m, during last 2.5 Ma, beneath fast flowing ice streams (Andreassen

et al., 2008; Laberg et al., 2011). Secondly, reducing the overburden pressure affects the

reservoir P-T conditions, causing existing reservoir gas cap to expand and additional gas

to come out of solution, which will trigger a progressive overpressure buildup due to the

increased hydrocarbon column height (Osborne and Swarbrick, 1997). During this process,

oil eventually will spill out of the closure. hence, the last leakage episode shown in fig-

ure 7.7d, around 0.02-0 Ma, could be related to the disequilibrium loading of Quaternary

strata following the ice retreat, which subsequently could have contributed to the tilting of

structures and additional spill and remigration of liquid hydrocarbons.
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Additionally, differential loading/unloading during Paleocene, Miocene (Green and Duddy,

2010) and deglaciations may have resulted in shearing on the fault planes, fault slip and

potential flow along numerous intersecting, reactivated and shallow faults present above

the Snøhvit field (Gartrell et al., 2004; Ostanin et al., 2012, 2013). Moreover, caprock seal

breach might have also taken place not only due to overpressure buildup during glaciations,

but also due to hydrofracturing of the seal because of the buildup of deviatoric stresses

during uplift (Makurat et al., 1997).

Overall, fault reactivation would likely have resulted from combination of elevated pore

pressures due to the increase of the HC column height, oscillations in pressure due to

ice loading-unloading and their orientation regarding the maximum horizontal stress field

(Shmax) (Wiprut and Zoback, 2000), and the characteristics of fault damage zone (Knipe

et al., 1997; Yielding et al., 2010). Gas cap expansion due to overburden removal by erosion

would contribute to elevated pressures (Dore et al., 2002; Ohm et al., 2008), enhancing

the likelihood of fault slip and increase in permeability. For this study, we took into

account faults parallel or sub-parallel to the orientation of Shmax, however, other previously

sealing faults could have also been reactivated during deglaciation (Wiprut and Zoback,

2000). After the initial leakage episode faults reseal, and if HCs migrate from neighbouring

accumulations, the pressure can exceed critical pressure and fault slip can take place once

again. This process can be enhanced during differential ice loading and unloading during

deglaciations when faults would be expected to dilate. Variable ice loading of non uniform

geometry on the Hammerfest Basin (Gabrielsen et al., 1990; Ostanin et al., 2012) probably

caused differential compaction of deep versus shallower sediments, resulting in overpressure

generation (Osborne and Swarbrick, 1997). We argue that the differential loading and

overpressure generation could have also influenced flow of brine and hydrocarbons leading

to tilting and remigration of HCs out of existing traps (Nyland et al., 1992; Doré and

Jensen, 1996).

Whenever HCs were able to migrate up to the surface, impermeable conditions at the

base of the ice sheet, coupled with favourable hydrate stability field may have trapped

the migrated thermogenic fluids into gas clathrate deposits, forming an additional seal to

further upward-migrating HCs. Large scale flexural loading due to glacial loading, tectonic

strain accumulation (Stewart et al., 2000), isostatic compensation and rebound could have

also impacted on differential basement motion and thus resulted in flexure and new fault

formation or reactivation of older existing fault trends as the ice sheet retreated (Lerche

et al., 1997; Stewart et al., 2000; Bolas et al., 2005). Evidence of this is documented by

a number of post glacial earthquakes (Arvidsson, 1996; Ekström et al., 2003). High ice-

loading periodicity (Siegert et al., 2001; Svendsen et al., 2004) also suggests high degree of

repetitive flexure and thus more opportunities of failure and fault reactivation by lowering

sediment cohesive strength. Since the Barents Sea Ice Sheet (BSIS) retreated in stages

(Knies et al., 2009; Winsborrow et al., 2010; Rüther et al., 2011), parts of the Barents
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Sea Shelf were ice free whilst other parts were still covered by the ice sheet, which was

likely to have resulted in lateral differential redistribution of maximum horizontal stresses,

and thus horizontal and vertical migration of HCs as well as structural inversion and fault

reactivation (Bolas et al., 2005).

As seen, at the onset of the glaciations, the effect of ice loading on reservoir pressure is

significant for overpressure development. By the time of 2.5 Ma the reservoir should be

fully compacted (i.e. very low porosity) and has been already uplifted, which implies a very

limited, if not non-existent “porosity rebound effect” (Terzaghi et al., 1996). Therefore,

the impact of overpressure is mainly controlled by the hydrocarbon column height. The

Snøhvit field is considered to contain petroleum condensate, with an oil residual column

(NPD, 2011). When ice loading takes place, the gas goes into solution, with the presence

of monophasic fluid in the reservoir. As the effect of deglaciation is similar to removal of

overburden, when the lithostatic pressure acting on the reservoir is reduced the gas phase

goes out of solution and expands in volume. This has the net effect of increasing the

hydrocarbon column height, thus increasing the buoyancy pressure. Since the interfacial

tension of gas to water is higher compared to oil at shallow depths (Schowalter, 1979;

Watts, 1987; Yielding et al., 2010), the seal therefore may be able to hold greater gas

column heights (Sylta, 2005), which for the Snøhvit field is shown in tables 7.3 and 7.4.

Nonetheless, as soon as the height increases to the point that the hydrocarbon buoyancy

pressure exceeds the capillary pressure of both the seal rock and fault membrane migration

takes place, dictated by the permeability. Since the permeability of the seal is low, the

hydrocarbons migrate preferentially through the fault rock (Fig.7.7).

7.2.6.2 Fate of Leaking Petroleum

Seismic data analysis (Fig. 7.6) shows that the oldest glacial erosive surface (URU, older

than ∼ 0.7 Ma) has the highest abundance of giant-to-mega pockmarks (Ostanin et al.,

2013). In addition, our model predicts that the first glacial unloading event is responsible

for the major loss of hydrocarbons from the reservoir, with the breakthroughs occurring

in columnar, diapiric-like patterns along the EW reservoir-bounding faults (Fig. 7.8). The

proximity of the BSR (Fig. 7.8a) to the modeled leakage location shows that the model is

consistent with the observations from the seismic data. Additionally, fault mapping above

the Snøhvit and Albatross gas fields has revealed the presence of numerous interconnected

reactivated polygonal faults and Paleocene-Eocene faults (Fig. 7.6a, b)(Ostanin et al.,

2012, 2013). Thus, the leaking thermogenic fluids could have been redistributed by pref-

erentially following the least resistive fault networks during the particular leakage event.

Additionally, migrating fluids could focus along the faults towards a localised zone where

pressure-temperature conditions favoured gas hydrates stability, thus acting as a buffer for

sink leaked thermogenic fluids. The occurrence of multiple fluid paleo-leakage events during

deglaciation cycles is depicted by our model as a stepwise decrease of the HC mass in the
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reservoir. Thus, if entering the gas hydrate stability field (Fig. 7.9), the hydrate deposits

may be reduced and increased, each time a glaciation-deglaciation cycle takes place. As

shown by our model (Fig. 7.7c, d), these dynamics explain the multiple fluid escape events,

reported by the occurrence of pockmarks on the URU and the present day seabed in the

study area (Ostanin et al., 2013) and elsewhere in the Barents Sea (Solheim and Elverhøi,

1985; Nickel et al., 2012; Chand et al., 2008, 2012).

The leakage along the fault planes has been previously reported as main link between deep

thermogenic reservoirs and the shallow subsurface (Linjordet et al., 1992; Ostanin et al.,

2012). In this study, we have shown that the intrinsic fault properties (Capillary entry

pressure and permeability) are indeed a major control on the fate of leaked HCs from

the reservoirs. Furthermore, results indicate that the presence of the EW faults on the

southern flank of the Snøhvit field controls the existence of the accumulation. Otherwise,

in the absence of these EW faults, all hydrocarbons would migrate to the Albatross field in

the structural high to the south (Fig. 7.5). Based on migration patterns, the hydrocarbons

migrate to the western edge of the Snøhvit field and are controlled by the fault membrane

seals there. In the Askeladd field (Fig. 7.5), dry structures are thought to result from

leakage of HCs along the boundaries of several fault intersections (Hermanrud et al., 2012).

The fault networks above the Snøhvit field form a dense network of deep 1st-order tectonic

faults (Fig.7.6a,b), linking the Tertiary strata with the underlying Jurassic reservoirs and

2nd-order faults, which are sealed below the Early Cretaceous (Ostanin et al., 2012). Fault

intersections are thought to be localised zones of high connectivity with high dilational and

low shear strain, which enables high permeability for leaking HCs (Gartrell et al., 2003).

Intersections between the Snøhvit faults, in particular between the EW and NS trends, are

proposed as critical points for leakage on the western flank of the Snøhvit field (Linjordet

et al., 1992), where a bottom simulating reflector (BSR, Fig.7.6a) is observed (Ostanin

et al., 2013). In the Cenozoic strata fault linkages also occur between the 1st order faults

and the Paleocene-E. Eocene faults, thus allowing HCs to migrate through them (Ostanin

et al., 2012, 2013).

Evidence of present-day BSRs, proximal to deep routed tectonic faults in the Barents Sea

suggests favourable conditions for gas hydrates formation (Andreassen et al., 1990; Laberg

and Andreassen, 1996; Laberg et al., 1998; Chand et al., 2008, 2012; Ostanin et al., 2013).

In addition, evidence of large seabed pockmarks in the study area (Fig.7.6) and elsewhere

in the Barents Sea (Solheim and Elverhøi, 1993; Ostanin et al., 2013) and offshore Norway

(Fichler C. et al., 2005), suggests that clathrates could have existed in the past elsewhere on

the Barents Shelf beneath the grounded ice sheet. Such conditions may have also existed

in the Hammerfest Basin during the time of glaciations beneath the ice sheet (Lerche

et al., 1997; Fichler C. et al., 2005; Ostanin et al., 2013), and could have resulted in rapid

destabilisation following the ice retreat, resulting in numerous pockmarks on the seabed

(Judd and Hovland, 2007; Nickel et al., 2012; Chand et al., 2008; Ostanin et al., 2013).
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There are also implication for remigration and long distance migration of hydrocarbons

from original traps. Rodrigues-Duran et al. (2013) proposed that the main Snøhvit field

filled around 55 Ma, whereas the Goliat field, located shallower up dip to the south, was

filling around 30 Ma following the Oligocene uplift and erosion (Nyland et al., 1992; Green

and Duddy, 2010). Long distance migration from the spilled reservoirs is thus expected

to be sourced from deeper structures. Similarly, such process could occur elsewhere in the

Barents Sea following the Oligocene erosion and may be explain the shallow Wisting oil

discovery (NPD, 2011).

The juxtaposition of the location of the modelled breakthrough paths and the observed

BSR (Fig. 7.8 indicates that most of the overpressure buildup, due to the increasing HC

column height, was occurring along the western flank of the Snøhvit reservoir.

Table 7.3: Parameters used for calculation of the hydrocarbon column heights based on
(Watts, 1987; Vavra et al., 1992; Linjordet et al., 1992)

gas oil 30-40 API

interfacial tension HC to water γh 72 15
contact angle HC to water φh 0 0

entry pressure (psi) Pc Table 7.1 Table 7.1
density water ρw 1.12 1.12
density HCs ρh 0.7496 0.8536

interfacial tension Hgair γm 485 485
contact angle HG air φm 140 140

Table 7.4: Hydrocarbon column heights computed using parameters in table 7.3. The
fault capillary entry pressures (FCP) are used as input. During the times of closed faults,
the capillary entry pressure of the cap rock was calculated using an pore throat radius of
0.05 µm (Soeder and Soeder. D.J., 1988) at a pressure of 3000psi/20.67 MPa, which is
approximately in the range of the pressure depth regime of the Fuglen and Hekkingen Fms.

HC column height (m)

FCP (psi) gas oil

closed faults (2880) 1061 307
closed faults (840) 309 90

870 320 93
290 107 31
290 107 31
102 38 11
10 4 1

7.2.6.3 Proposed Model for the Petroleum Leakage and Sequestration in the

Snøhvit Field

Based on the results and discussion presented above, we propose a conceptual model for

the petroleum leakage history of the Snøhvit and similarly Albatross gas fields (Fig. 7.9).

After the initial filling (about 55 Ma, (Rodrigues-Duran et al., 2013)) the hydrocarbons were
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Figure 7.9: Conceptual model of leakage from the Hammerfest Basin with gas hydrate
stability phase diagrams. A. Initial reservoir filling. B. Glacial loading (older than URU).
C. Recorded fluid event on URU, ca. 0.7 Ma. D. Weichselian glaciations. E. post LGM

tilting and last fluid flow event recorded on seabed.
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trapped in the reservoirs of both fields, producing initial fluid (gas, oil, water) contacts.

Then, during the first episode of glacial loading (0.9-0.8 Ma), the gas phase goes into solution

as the overburden pressure increased, with some of the fluids potentially lost by capillary

leakage through fracture networks, propped open by increased overpressure during glacial

loading (Fig. 7.9a). The pressure-temperature conditions could have then been favourable

for gas hydrate formation beneath the ice sheet, potentially sourced from the deeper leaking

Jurassic reservoirs (Fig. 7.9a). Following the first deglaciation event, the gas exolves out

of solution and expands, until the capillary pressure is overcome and migrates along the

reactivated faults, with oil being spilled from structure due to an increased column of gas

within the same structure (Fig. 7.9b). As the gas hydrate stability zone is reduced during

the decreased deglaciation due to decrease in pressure and increase in seabed temperature,

the liberated thermogenic methane from the gas hydrate redeposits escapes through the

shallow plumbing systems, thus resulting in the formation of pockmarks on the paleo-

seabed surface (Fig. 7.9b). With the further glaciations, the gas would go into solution

and favourable gas hydrate stability conditions prevail beneath the ice sheet, trapping the

ascending thermogenic reservoir fluids into their structure (Fig. 7.9c). Finally, after the

last glacial maximum tilting due to both the differential sediment load and overburden

removal forced gas phase to exolve out of solution, causing volume increase and flushing

oil out of the structure (Fig. 7.9d). The faults conduct the reservoir thermogenic fluids

faster than capillary leakage thorough the seal, which results in a fluid flow episode on the

seabed, with potential additional gas hydrate stability at present day.

7.2.7 Summary of Main Findings and Conclusions

We have presented results from a novel 3D petroleum system model that included imple-

mentation of high resolution 3D fault networks bounding the Jurassic Snøhvit field in the

Hammerfest Basin. Faults were modeled as sealing during glacial loading and conductive

during ice removal with varying intrinsic fault properties, namely capillary entry pressure

and permeability. We find that the main episodes of petroleum leakage from the Jurassic

Stø reservoir occurs during unloading of the ice sheets in the interglacial episodes, when

gas comes out of monophasic solution and expands out increasing the hydrocarbon column

height and thus the buoyancy pressure. The biggest loss of thermogenic methane, about

60-80% of initially trapped mass, occurs during the first episode of glacial unloading (0.8-

0.78 Ma). Subsequent deglaciation and erosion events resulted in further stepwise decrease

in the residual mass accumulated in the reservoir (7-25%). The results from the numer-

ical model are consistent with identified seismic manifestations of petroleum leakage and

the first and the largest episode of leakage in our model (0.8-0.78 Ma) coincides with the

observed higher density of buried pockmarks on the Upper regional unconformity (URU)

in the proximity of the modeled faults. Based on the calculated hydrate stability phase

diagrams, we propose that the leaked hydrocarbons have been sequestered in shallow gas
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hydrate deposits, which had a favourable stability potential during past glacial loading

events. Evidence of seismic pipes crossing the present day BSR is an indicator of recent

petroleum leakage, which is also evidenced by seabed pockmarks.

Our study reinforces the importance of incorporating glacial cycles and faults in basin

modelling in order to constrain petroleum migration, accumulation and leakage to a higher

degree of accuracy. Furthermore, this work outlines a number of factors affecting accumu-

lation and leakage of hydrocarbons in a glacially influenced area and should be considered

for future models in the greater Barents Sea area.

Finally, this holistic approach stresses that process of generation, migration and accumula-

tion of hydrocarbons must understood together with the interpretation of leakage indica-

tors (Løseth et al., 2009; Ostanin et al., 2012, 2013). Hence, future efforts should integrate

seismic observations of petroleum leakage with numerical tools that simulate generation,

migration and accumulation of hydrocarbons as a research and exploration tool.
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Chapter 8

Conclusions

There is clear the need of truly holistic approaches, integrating geophysical and geological

observations in conjunction with numerical modelling, in order to gain an in-depth under-

standing of hydrocarbon plumbing systems dynamics and the role of thermogenic fluids

leakage in the global carbon cycle. The results of this work are the outcome of the integra-

tion of the analysis and interpretation of high resolution and vintage 3D and 2D seismic

reflection datasets with 3D Petroleum Systems Modelling, for a holistic understanding of

the hydrocarbon leakage dynamics above the glacially influenced Snøhvit and Albatross gas

fields in the Hammerfest Basin, SW Barents Sea. The main conclusions have implications

for a wide range of scales: from reservoir scale (tens to hundreds of metres) basin scale

(half to kilometre scale). The results from this research have been validated by the scien-

tific community through several publications in peer-reviewed journals. The main scientific

findings are subdivided into: 1) structural development and deep hydrocarbon migration

avenues, 2) manifestation and triggers of hydrocarbon leakage and 3) 3D petroleum system

analysis and leakage of hydrocarbons during the last 1 My.

8.1 Structural Development and Deep hydrocarbon Migra-

tion Avenues

The main tectonic faults were identified and grouped into two classes - 1st and 2nd or-

der tectonic faults, presented in Chapter 4. The 1st order faults, having predominantly

EW orientation with a minor NW/SE component and one NS trending fault, have been

reactivated several times, during Late Jurassic, Early Cretaceous and during Paleocene -

Early Eocene. This class of faults serves as migration pathways of thermogenic fluids from

Jurassic hydrocarbon reservoirs through the shaly Cretaceous overburden into shallowed

Paleocene strata. The 2nd order faults, oriented EW and NW/SE, predominantly affect

the Jurassic - Early Cretaceous strata and are sealed below the Cenozoic strata.
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During the study, a previously unknown polygonal fault (PF) interval has been identi-

fied within Cenomanian-Campanian sequence in three non-interconnected blocks within

the study area. These networks present a preferential fault strike orientation in the EW

direction, with majority of faults striking 70-90N.

Above the polygonal fault networks, a series of curvilinear Paleocene-Early Eocene faults

(PEEFs) have been identified. Their main strike orientation coincides with the dominant

strikes of the PFs, biased towards 70-80N, thus implying that preferential PF orientations

prevail upwards into the PEEFs. As a result of detailed fault mapping, several shallow

gas anomalies have been attributed to the 1st order faults and PEEFs as structure fit-

ting amplitude anomalies. Hence, polygonal fault networks are proposed to have played a

very important role during the structural development of the basin, as their preferential

reactivation created a series of interconnected fault networks in the shallow Paleocene- E.

Eocene strata, which at a later stage served for lateral transport of deeper thermogenic

fluids, sourced by the deep and faulted Jurassic hydrocarbon reservoirs.

8.2 Manifestation and Triggers of Hydrocarbon Leakage

Integrated seismic volume and attribute analysis allowed a detailed insight into elements

of an intricate hydrocarbon plumbing system above the Snøhvit, Albatross and Askeladd

fields. Detailed mapping of the morphology of the present day seabed and the Upper

Regional Unconformity (URU), marking the base Quaternary (ca. ≤0.7 Ma and prior

to Late Weichselian) has revealed a number of recent and paleo- hydrocarbon leakage

indicators. Hydrocarbon leakage is manifested on the seabed by numerous pockmarks that

were classed as mega-pockmarks (≥ 1 km wide), large pockmarks (≤ 100 m wide) and

giant pockmarks (100-300 m wide). Buried giant and mega pockmarks occur on the URU

indicating a large paleo leakage event that occurred around 0.7 Ma. Mega pockmarks on

the URU and the seabed are restricted to the SW part of the study area, whilst higher

abundance of large and giant pockmarks dominate the NW part, which indicates diffuse,

widespread leakage in the northern part of the study area and localised and vigorous fluid

venting in the south.

The shallow plumbing system beneath the identified leakage indicators consists of seismic

pipes which are linked to both the buried and seabed pockmarks, deep 1st order regional

faults and shallow PEEFs. A large number of buried large-giant pockmarks exist above a

gas cloud anomaly, interpreted as a bottom simulating reflector (BSR). Based on the gas

hydrate stability phase diagrams, the depth of this BSR coincides with the expected base

of a thermogenically derived gas hydrate deposit with a ∼90 mol% methane composition.

Based on the PVT calculation, this composition matched the Snøhvit gas at that depth.

This shows that thermogenically-derived gas hydrates may form locally in the study are,
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sourced from the deep reservoirs through deep regional tectonic faults and shallow PEEF

networks. Shallow PEEFs and seismic blow out pipes connect the base of the gas hy-

drate deposits to the seabed, indicating that further destabilisation of the gas hydrates has

occurred with fluxes of thermogenic fluids and gases eventually reaching the hydrosphere.

Another important outcome of this investigation is that at least two fluid venting and gas

leakage events took place in the study area. The oldest one, during a deglaciation phase

about ≤0.7 Ma prior to the Late Weichselian is considered to be either more vigorous or

lasted longer, as documented by the abundant buried pockmarks and six mega-pockmarks

identified on the URU. The more recent fluid flow venting event, evidenced by the present-

day seabed features, probably took place shortly after the Last Glacial Maximum (LGM)

during the deglaciation of the study area, which has been estimated around ∼17-16 cal

ka BP. Based on the integrated analysis of all observations, it can be proposed that the

main driver for the formation of the observed pockmarks and mega pockmarks was the

destabilization of thermogenic gas hydrates following the deglaciation of the SW Barents

Sea. Finally, a database for fluid flow and shallow gas structures has been has been built

and is available for further investigation, indicating potential shallow geohazards for future

exploration, production facilities and carbon capture/sequestration projects in the greater

Snøhvit area.

8.3 3D Petroleum System Analysis

A 3D petroleum system model was constructed using high resolution stratigraphic grids

and 3D fault networks bounding the Jurassic Snøhvit reservoir. Faults were modeled as

sealing during glacial loading and conductive during ice removal, whilst intrinsic fault prop-

erties, namely capillary entry pressure and permeability were varied by order of magnitude,

namely, 6.9 MPa, 2 MPa, 0.7 MPa and 0.07 MPa, corresponding to fault permeabilities

of 0.01, 1, 100 and 1000 logmD respectively. Once the fault capillary entry pressure has

been overcome, migration along faults was controlled by permeability. Results from the

model are in agreement with the above findings (i.e. the main episodes of hydrocarbon

leakage from the Jurassic Stø reservoir occurs during unloading of the ice sheets). A to-

tal loss of about 60-80% of the initially accumulated hydrocarbon mass occurs during the

first episode of glacial unloading (0.8-0.78 Ma), whilst subsequent deglaciation and erosion

events resulted in a stepwise decrease of the residual reservoir accumulated mass (7-25%).

Modelling results are consistent with identified seismic manifestations of hydrocarbon leak-

age. The first episode of predicted leakage in our model (0.8-0.78 Ma) coincides with the

higher density of buried pockmarks on the URU surface (older than 0.7 Ma) in the proximity

of modeled faults.
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We propose that the leaked hydrocarbons have been sequestered in shallow gas hydrate

deposits, as the estimated PT conditions during glacial loading seem favourable for sta-

bility of thermogenic gas hydrates. Evidence of seismic blow out pipes across the present

day BSR is also an indicator of recent hydrocarbon leakage, which is also evidenced by

seabed pockmarks. This study reinforces the importance of glaciations and faults in basin

modelling to constrain migration, accumulation and leakage to a higher degree of accuracy.

Furthermore, numerical modelling of hydrocarbon generation, migration and accumulation

must be understood and validated by seismic interpretation of leakage indicators.
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Outlook

The results of this work have significance for areas that have been previously subjected

to glaciations, in particularly the arctic regions where petroleum exploration is ongoing or

planned. The methods outlined in this study, the hydrocarbon plumbing system elements

and the driving factors responsible for the leakage of thermogenic fluids from the reservoirs

all can be used as a risk and prospect tool in other glaciated margins.

9.1 Sediment Sampling

So far, besides the current oil- industry wells and shallow geophysical surveys (Chand

et al., 2012), the coring reported in literature has been carried out outside of the greater

Snøhvit area, north west of the study area, with gravity cores taken both within and

outside existing pockmarks to test their activity (Boitsov et al., 2011; Nickel et al., 2012).

The overall results have been somewhat of a mixed character. Present day leakage has been

reported as vertical seeps, thought to originate from deeper formations (Chand et al., 2012)

whereas Boitsov et al. (2011) and Nickel et al. (2012) find that in those areas the leakage

of thermogenic fluids has been a paleo event. Additionally, a sampled shallow gas hydrate

deposit has been sampled east of the Hammerfest Basin (Chand et al., 2008). Hence,

several questions remain to be addressed, such as: 1) the nature and the composition of

the seeping fluids, 2) whether the seep sites are currently active or inactive, 3) presence of

deep sea communities and 4) if there is evidence for presence of gas hydrates at present

day conditions. A short marine acquisition could be planned above the Snøhvit field, in

order to validate the existence of the interpreted gas hydrate deposits and to determine the

active or fossil nature of the reported manifestations of fluid flow and leakage. Shallow high

resolution geophysical datasets such as multibeam bathymetry, sparker or boomer profiles,

surface oil sleeks, water column gas concentration could be analysed to determine whether

active seepage is actively taking place today.

203



Chapter 9 Outlook 204

9.2 3D Gas Hydrate Stability Zone Modelling

From the results presented and discussed in Chapters 6 and 7.2 it is clear that a hydrocarbon

plumbing system exists above the Snøhvit gas field, whilst evidence of a bottom simulating

reflector (see Ostanin et al. (2012) in chapter 6) indicates presence of a possible gas hydrate

stability zone. The hydrates will form locally where a source of gas is available (Sloan and

Koh, 2008), which in our study area is provided through reactivated 1st order faults (see

5). There have been other reports of inferred BSRs in the Barents Sea (Andreassen et al.,

1990; Laberg and Vorren, 1995; Laberg and Andreassen, 1996; Laberg et al., 1998; Chand

et al., 2012; Ostanin et al., 2013) as well as reported sampled gas hydrate (Chand et al.,

2008). Furthermore, Chand et al. (2008) showed that a thick zone of gas hydrate existed

in the past in the Barents Sea. More detailed quantitative models defining the relationship

between the P-T conditions during glacial cycles and possible gas hydrate stability zone in

the Hammerfest Basin are needed. A further investigation could include modelling the gas

hydrate stability zone thickness during the glacial cycles, in conjunction with hydrocarbon

leakage along faults (see chapter 7.2). The existing model with fault properties build during

this work can be used with minor adjustments such as: 1) gas hydrate hosting unit should

be defined in lithology editor, 2) the host rock lithology must be well defined using facies

differentiation. 3) Models should be rerun with calculated hydrate overlays and multiple

gas hydrate stability curves. The Cenozoic Torsk formation is the gas hydrate hosting unit

in this case, with some possible sands and silts hosting the hydrate. Detailed modelling

of the gas hydrates deposits would allow estimation of mass and lateral extent of the gas

hydrates, which would significantly improve our understanding of the gas hydrate formation

due to hydrocarbon leakage and their destabilisation during glacial retreat.

9.3 Carbon Capture and Storage (CSS)

The results from this research should be considered as warning flags for future CO2 seques-

tration activities, which have been ongoing in the Snøhvit gas field since 2008 (Estublier

and Lackner, 2009), as clear evidence of an overall hydrocarbon plumbing system and

leaking faults from the Jurassic reservoirs (into which the CO2 is being sequestered) have

been presented. The results from the numerical modelling also indicate the importance of

episodic fluid flow along the faults, bounding the Snøhvit structure. Hence, future work

should be carried out to determine the effects of fault dilation, hydrofracturing of cap rocks,

and CO2 reservoir compartmentalization due to the CSS operation activities (Chiaramonte

et al., 2011, 2012). Furthermore, coupling of the proposed conceptual and numerical model

integrating stress modelling, CSS forecast and linkage and reactivation of shallow and deep

fault networks is recommended to be carried out in the future. We hope that this research

provides an insight into the deep hydrocarbon fluid flow systems and increases the level of
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awareness in terms of implications for future subsurface operations in the greater Snøhvit

area.





Appendix A

Appendices

A.1 Gas hydrate stability calculations

Table A.1: Hydrate stability data for 100 % methane feed gas composition

100% Methane
PressureKpa ATM Depth Kelvin Celcius

2364.62 23.34 233.37 270 -3.15
3137.05 30.96 309.60 275 1.85
5070.93 50.05 500.46 280 6.85
8417.50 83.07 830.74 285 11.85

14631.45 144.40 1444.01 290 16.85
26602.59 262.55 2625.47 295 21.85
47372.95 467.53 4675.35 300 26.85

Table A.2: Hydrate stability for 100 % methane feed gas composition with 3.5 wt % NaCl

100% Methane 3.5% NaCl
PressureKpa ATM Depth Kelvin Celcius

2364.62 23.34 233.37 270 -3.15
3611.54 35.64 356.43 275 1.85
5887.62 58.11 581.06 280 6.85
9934.18 98.04 980.43 285 11.85

17667.88 174.37 1743.68 290 16.85
32398.00 319.74 3197.43 295 21.85
56755.68 560.14 5601.35 300 26.85

Table A.3: Hydrate stability data for 96 % methane, 3% Ethane and 1% Propane feed
gas composition

96% Methane 3% Ethane 1% Propane
PressureKpa ATM Depth Kelvin Celcius

1100.91 10.87 108.65 270 -3.15
1547.25 15.27 152.70 275 1.85
2732.78 26.97 269.70 280 6.85
4962.46 48.98 489.76 285 11.85
9826.55 96.98 969.81 290 16.85

21998.51 217.11 2171.08 295 21.85
44266.73 436.88 4368.79 300 26.85
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Table A.4: Hydrate stability data for 96 % methane, 3% Ethane and 1% Propane feed
gas composition with 3.5 wt % NaCl

96% Methane 3% Ethane 1% Propane 3.5% NaCl
PressureKpa ATM Depth Kelvin Celcius

1100.91 10.87 108.65 270 -3.15
1814.69 17.91 179.10 275 1.85
3222.83 31.81 318.07 280 6.85
5977.77 59.00 589.96 285 11.85

12507.95 123.44 1234.44 290 16.85
28098.84 277.31 2773.14 295 21.85
53815.81 531.12 5311.21 300 26.85

Table A.5: Hydrate stability data for 90 % methane, 7% Ethane and 3% Propane feed
gas composition.

90 % methane 7% Ethane 3% Propane
PressureKpa ATM Depth Kelvin Celcius

731.89 7.22 72.23 270 -3.15
1035.66 10.22 102.21 275 1.85
1856.75 18.32 183.25 280 6.85
3360.68 33.17 331.67 285 11.85
6451.60 63.67 636.72 290 16.85

15055.13 148.58 1485.83 295 21.85
34657.78 342.05 3420.46 300 26.85

Table A.6: Hydrate stability data for 90 % methane, 7% Ethane and 3% Propane feed
gas composition with 3.5 wt % NaCl

90% Methane 7% Ethane 3% Propane 3.5% NaCl
PressureKpa ATM Depth Kelvin Celcius

731.89 7.22 72.23 270 -3.15
1223.21 12.07 120.72 275 1.85
2193.00 21.64 216.43 280 6.85
4016.31 39.64 396.38 285 11.85
8070.49 79.65 796.50 290 16.85

20229.30 199.65 1996.48 295 21.85
42977.71 424.16 4241.57 300 26.85
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A.2 3D Petroleum system model input and boundary con-

ditions
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Table A.8: Ice sheet periodicity input for the 3D model with durations and ice thicknesses.
MC = Glacial Megacycle and LGM = Last Glacial Maximum

Ice Stage Age (Ma) Thickness (m) Ice growth (My) Ice decay (My)
LGM 0.03-0.01 1250 0.03-0.02 0.02-0.01

Mid Weichselian 0.06-0.03 1000 0.06-0.05 0.05-0.03
Early Weichselian 0.1-0.07 750 0.1-0.09 0.09-0.07

Saalian 0.13-0.11 500 0.13-0.12 0.12-0.11
Ice MC 2 0.35-0.18 1500 0.35-0.2 0.2-0.18
Ice MC 3 0.55-0.38 1500 0.55-0.4 0.4-0.38
Ice MC 4 0.75-0.58 1500 0.75-0.6 0.6-0.58
Ice MC 5 0.95-0.78 1500 0.95-0.8 0.8-0.78

Table A.9: Paleo Water Depth boundary conditions input table showing the depth of the
sediment-air interface, which in PetroMod is negative above sealevel. The PWD top was
used as final input, whereas base ice sheet was used in calculation to derive the top of the

ice sheet taking into account isostatic compensation due to ice load.

Age Ma Ice thickness (m) PWD (Top) PWD (base ice sheet)
0.00 0 300 300
0.01 0 300 300
0.02 1500 -795 705
0.03 0 300 300
0.05 0 300 300
0.06 1000 -430 570
0.07 0 300 300
0.09 750 -248 503
0.10 0 300 300
0.11 0 300 300
0.12 500 -65 435
0.13 0 300 300
0.18 0 300 300
0.20 1500 -795 705
0.35 0 300 300
0.38 0 300 300
0.40 1500 -795 705
0.55 0 300 300
0.58 0 300 300
0.60 1500 -795 705
0.75 0 300 300
0.78 0 300 300
0.80 1500 -795 705
0.95 0 300 300
2.00 0 300 300
5.00 0 300 300

35.00 0 300 300
40.00 0 300 300
70.00 0 300 300
95.00 0 300 300

125.00 0 300 300
129.00 0 300 300
140.00 0 300 300
156.00 0 300 300
173.00 0 300 300
183.00 0 300 300
196.00 0 300 300
200.00 0 300 300
235.00 0 300 300
237.00 0 300 300
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Table A.10: Timing and magnitude of input erosion events used in the 3D PSM Model.
The Oligocene erosion map was made by calibrating the model with vitrinite measurements
obtained from wells and is shown in figure 3.23. Miocene erosion is based on Rodrigues-
Duran et al. (2013) and Green and Duddy (2010), whereas the Late Cretaceous erosion is
based on Ohm et al. (2008). The Glacial and Ice stream erosions are based on work by

Laberg et al. (2011)

Erosion Age (Ma) Eroded Formation Eroded thickness (m)
Glacial 2.5-0.7 Torsk Fm 200

Ice streams 0.7-0.01 Torsk Fm 300
LGM 0.02-0.01 Ice Sheet 1250

Mid Weichselian 0.06-0.05 Ice Sheet 1000
Early Weichselian 0.09-0.07 Ice Sheet 700

Saalian 0.12-0.11 Ice Sheet 500
Ice MC 2 0.2-0.18 Ice Sheet 1500
Ice MC 3 0.4-0.38 Ice Sheet 1500
Ice MC 4 0.6-0.58 Ice Sheet 1500
Ice MC 5 0.8-0.78 Ice Sheet 1500
Miocene 10-5 Torsk Fm 500

Oligocene 35-15 Torsk Fm 300-1000
Late Cretaceous 70-55 Torsk Fm 200

Table A.11: Sediment water interface temperature (SWIT) boundary condition input
table. The SWIT values from 245-1 Ma are based on the automatic SWIT tool, which takes
into account temperature variation with latitude and water depth (Wygrala, 1989; Hantschel
and Kauerauf, 2009). The temperatures from period 0.95-0 have been manually adjusted to
take into account variations in temperature due to wanning and waxing ice sheets, calibrated
using known basal ice sheet temperatures (Winsborrow et al., 2010; Engelhardt and Kamb,

1993) and surface temperature of the Greenland ice sheet (Hall et al., 2008).

Age (Ma) Temperature C Age (Ma) Temperature C
0 6 0.6 -49

0.01 0 0.75 0
0.02 -56 0.77 3
0.03 0 0.78 0
0.04 3 0.8 -49
0.05 0 0.95 0
0.06 -35 1 3
0.07 0 5 5
0.09 -33 35 11.5
0.1 0 40 13.5

0.11 0 70 15.7
0.12 -17 95 18.3
0.13 0 125 18.5
0.17 3 129 18.5
0.18 0 140 17.2
0.2 -49 156 16.2

0.35 0 173 13.6
0.37 3 183 13.6
0.38 0 196 14
0.4 -49 200 16

0.55 0 235 20
0.57 3 237 20
0.58 0 245 20



Appendices 213

Table A.12: Skin depth calculations for given periodicity. Depth is given by: L =
√
κt

and skin depth is given by: L =
√

2κ
ω

Duration t (s) omega (1/s) L (m) Skin depth (m)
1 day 8.6E+04 7.3E-05 0.1 0.2

1 month 2.7E+06 2.3E-06 0.7 0.9
1 year 3.1E+07 2.0E-07 2.2 3.1

10 y 3.1E+08 2.0E-08 7.0 10.0
100 y 3.1E+09 2.0E-09 22 31
1 ky 3.1E+10 2.0E-10 70 100

10 ky 3.1E+11 2.0E-11 222 315
100 ky 3.1E+12 2.0E-12 704 995

1 My 3.1E+13 2.0E-13 2225 3147

Table A.13: Compilation of typical values of thermal conductivities for standard litholo-
gies used in PetroMod (Hantschel and Kauerauf, 2009)

Lithology Vertical Conductivity (W/mK)
Chalk 2.9

Limestone 3
Dolomite 4.2

Sandstone 3.95
Shale 1.64

Siltstone 2.05
Salt 6.5

Quartz 7.69
Marl 2

Water 0.6

Table A.14: Well locations used for model calibration with coordinates and final heat flow
value used for present day basal heat flow,

Well X Y heat flow (mW/m2)
7121/4-1 505508 7944529 56
7121/4-2 502205 7950919 53
7121/5-1 514307 7944422 58
7120/6-1 497651 7946757 58

7120/6-2 S 493948 7944558 63
7121/7-2 501987 7927117 58
7121/7-1 503105 7930306 56
7120/9-1 498125 7932343 60
7120/9-2 489425 7932810 43
7120/8-3 485900 7929358 58
7120/8-4 480342 7930889 58
7120/8-1 479898 7923384 58
7120/8-2 480928 7915359 58
7120/7-2 476012 7913418 64
7120/7-1 471012 7912389 58
7119/9-1 458334 7924276 62
7120/1-2 474840 7966032 38
7121/5-2 523051 7952738 58
7121/5-3 523421 7935227 58
7120/2-2 486119 7971348 58
7120/5-1 480136 7942514 38
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Doré, A. G., Jensen, L. N., 1996. The impact of late Cenozoic uplift and erosion on hydrocarbon exploration:
offshore Norway and some other uplifted basins. Global and Planetary Change 12 (1-4), 415–436.

Dore, A. G., Lundin, E. R., Nov. 1996. Cenozoic compressional structures on the NE Atlantic margin;
nature, origin and potential significance for hydrocarbon exploration. Petroleum Geoscience 2 (4),
299–311.

Downey, M. W., 1984. Evaluating seals for hydrocarbon accumulations. AAPG Bulletin 68 (11), 1752–1763.

Ekström, G., Nettles, M., Abers, G. A., 2003. Glacial Earthquakes. Science 302 (5645), 622–624.

Eldholm, O., Sundvor, E., Vogt, P. R., Hjelstuen, B. O., Crane, K., Nilsen, A. K., Gladczenko, T. P., 1999.
SW Barents Sea continental margin heat flow and H̊akon Mosby Mud Volcano. Geo-Marine Letters
19 (1), 29–37.

Elverhøi, A., Fjeldskaar, W., Solheim, A., Nyland-Berg, M., Russwurm, L., Elverhøi, A., 1993. The Barents
Sea Ice Sheet – A model of its growth and decay during the last ice maximum. Quaternary Science
Reviews 12 (10), 863–873.

Elverhøi, A., Solheim, A., 1983. The Barents Sea ice sheet - a sedimentological discussion. Polar Research
1 (1), 23–42.

Engelhardt, H., Kamb, B., 1993. Vertical temperature profile of Ice Stream B,. Antarctic J. US 28, 63–66.



Bibliography 222

England, W. A., MacKenzie, A. S., Mann, D. M., Quigley, T. M., 1987. The movement and entrapment of
petroleum fluids in the subsurface. Journal of the Geological Society 144 (2), 327–347.

Estublier, A., Lackner, A. S., 2009. Long-term simulation of the Snøhvit CO2 storage. Energy Procedia
1 (1), 3221–3228.

Etiope, G., 2012. Climate science: Methane uncovered. Nature Geosci 5 (6), 373–374.

Etiope, G., Ciccioli, P., 2009. Earth’s Degassing: A Missing Ethane and Propane Source. Science 323 (5913),
478.

Etiope, G., Klusman, R. W., 2002. Geologic emissions of methane to the atmosphere. Chemosphere 49 (8),
777–789.

Etris, E. L., Crabtree, N. J., Dewarm, J., Pickford, S., 2001. True Depth Conversion: More Than a Pretty
Picture. Canadian Society of Exploration Geophysics Recorder 26 (9, November), 11–22.

Evans, R., Stewart, S., Davies, R., 2007. Phase-reversed seabed reflections in seismic data: examples related
to mud volcanoes from the South Caspian Sea. Geo-Marine Letters 27 (2), 203–212.

Faleide, J. I., Gudlaugsson, S. T., Jacquart, G., 1984. Evolution of the western Barents Sea. Marine and
Petroleum Geology 1 (2), 123–150.

Faleide, J. I., Solheim, A., Fiedler, A., Hjelstuen, B. O., Andersen, E. S., Vanneste, K., 1996. Late Cenozoic
evolution of the western Barents Sea-Svalbard continental margin. Global and Planetary Change 12 (1-4),
53–74.

Faleide, J. I., Tsikalas, F., Breivik, A. J., Mjelde, R., Ritzmann, O., Engen, O., Wilson, J., Eldholm, O.,
2008. Structure and evolution of the continental margin off Norway and Barents Sea. Episodes 31 (1),
82–91.

Faleide, J. I., Vagnes, E., Gudlaugsson, S. T., 1993. Late Mesozoic-Cenozoic evolution of the south-western
Barents Sea in a regional rift-shear tectonic setting. Marine and Petroleum Geology 10 (3), 186–214.

Fauria, K. E., Rempel, A. W., 2011. Gas invasion into water-saturated, unconsolidated porous media:
Implications for gas hydrate reservoirs. Earth and Planetary Science Letters 312 (1-2), 188–193.

Fichler C., Henriksen S., Rueslaatten H., Hovland M., Fichler, C., Henriksen, S., Rueslaatten, H., Hovland,
M., 2005. North Sea Quaternary morphology from seismic and magnetic data: indications for gas hydrates
during glaciation? Petroleum Geoscience 11, 331–337.

Field, M. E., Jennings, A. E., 1987. Seafloor gas seeps triggered by a northern California earthquake.
Marine Geology 77 (1-2), 39–51.

Fisher, Q. J., Harris, S. D., McAllister, E., Knipe, R. J., Bolton, A. J., 2001. Hydrocarbon flow across
faults by capillary leakage revisited. Marine and Petroleum Geology 18 (2), 251–257.

Fisher, Q. J., Knipe, R. J., 1998. Fault sealing processes in siliciclastic sediments. in: Jones, G., Fisher, Q.
J. & Knipe, R. J. (Eds.) Faulting, Fault Sealing and Fluid Flow in Hydrocarbon Reservoirs. Geological
Society, London, Special Publications 147 (1), 117–134.

Fjeldskaar, W., Lindholm, C., Dehls, J. F., Fjeldskaar, I., 2000. Postglacial uplift, neotectonics and
seismicity in Fennoscandia. Quaternary Science Reviews 19 (14-15), 1413–1422.



Bibliography 223

Fleming, K., Johnston, P., Zwartz, D., Yokoyama, Y., Lambeck, K., Chappell, J., 1998. Refining the
eustatic sea-level curve since the Last Glacial Maximum using far- and intermediate-field sites. Earth
and Planetary Science Letters 163 (1-4), 327–342.

Flemings, P. B., Liu, X., Winters, W. J., 2003. Critical pressure and multiphase flow in Blake Ridge gas
hydrates. Geology 31 (12), 1057–1060.

Forsberg, C. F., Planke, S., Tjelta, T. I., Svano, G., Strout, J. M., Svensen, H., 2007. Formation of pockmarks
in the Norwegian channel. Proceedings of the 6th International Oshore Site Investigation and Geotechnics
Conference: Confronting New Challenges and Sharing Knowledge, 1113 September 2007, London, UK.
The Society for Underwater Technology.

Forsman, J. P., Hunt, J. M., Dec. 1958. Insoluble organic matter (kerogen) in sedimentary rocks. Geochimica
et Cosmochimica Acta 15 (3), 170–182.

Forwick, M., Baeten, N., Vorren, T., 2009. Pockmarks in Spitsbergen fjords. , vol. 89, pp. 65-77. Norwegian
Journal of Geology, Trondheim 2009. ISSN 029-196X. 89, 65–77.

Foucher, J.-P., Westbrook, G., Boetius, A., Ceramicola, S., Dupré, S., Mascle, J., Mienert, J., Pfannkuche,
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Kukla, G., Ćılek, V., 1996. Plio-Pleistocene megacycles: record of climate and tectonics. Palaeogeography,
Palaeoclimatology, Palaeoecology 120 (12), 171–194.

Kvenvolden, K., McMenamin, M., 1980. Hydrates of Natural Gas: A Review of Their Geological Occurences.
U.S. Geol. Surv., Circ. No.8, 11 pp.

Kvenvolden, K. A., Dec. 1988. Methane hydrate A major reservoir of carbon in the shallow geosphere?
Chemical Geology 71 (13), 41–51.



Bibliography 228

Kvenvolden, K. A., 1993. Gas Hydrates - Geological Perspective and Global Change. Reviews of Geophysics
31 (2), 173–187.

Kvenvolden, K. A., 1995. A review of the geochemistry of methane in natural gas hydrate. Organic
Geochemistry 23 (11-12), 997–1008.

Kvenvolden, K. A., Rogers, B. W., 2005. Gaia’s breath–global methane exhalations. Marine and Petroleum
Geology 22 (4), 579–590.

Laberg, J. S., Andreassen, K., 1996. Gas hydrate and free gas indications within the Cenozoic succession
of the Bjørnøya Basin, western Barents Sea. Marine and Petroleum Geology 13 (8), 921–940.

Laberg, J. S., Andreassen, K., Knies, J., Vorren, T. O., Winsborrow, M., 2010. Late PlioceneâPleistocene
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