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PREFACA

The MSc thesis, title®lay-based exploration and common risk segment analysis of the main
Cenozoic plays in the Norwegian North Seas undertaken in partial fulfillment of the
interdepartmental Mat er 6 s degree i n fAHydrocarbon Ex
by the Aristotle University of Thessaloniki. The aim of the dissertation is to utilize
hydrocarbon probability mapping in order to refine and identify additional petroleum

potential in tle target area of the thesis, the Norwegian North Sea.

In the context of a petroleum conference in France, | attended a number of {haygiking
talks and observed a number of things that aroused my interest in this subject, which is also
of great impor ance i n my country. It Sshoul d be 1
position and geological structure, hydrocarbon exploration and exploitation have become

prominent in recent years.
This project is addressed to anyone who is interested or invalvdte exciting field of

hydrocarbon exploration and exploitation, either in an academic or a professional capacity. |
hope that this work is both factually relevant and academically stimulating.
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ABSTRACT

The main Cenozoic, i.e. Paleocene and Eocene, plays in the Norwegian and UK parts of the
North Sea have been mapped and studied. Play fairwgpintatechniques have been
initially reviewed and then utilised to construct play chance and common risk segment (CRS)
maps for the Paleocene and Eocene plays and their associated play elements. As Paleocer
and Eocene fields comprise an important pathefdiscovered oil and gas fields in the North
Sea, assessing these plays in a systematic way could potentially lead to maximizing
discoveries. During the Paleocene and Eocene periods, uplift of the basin margins resulted in
a series of submarine fans tsported from the Shetland Platform towards the east, and
provided the reservoir in a series of stratigraphic and combined @apserning, the active
petroleum system this is related to the prolific source rock of the Upper Jurassic Kimmeridge
Clay/Draume Formation, and generated and expelled hydrocar@d¢ms main part of the

study included the construction of all associated play elements both for the Paleocene and
Eocene plays(1) reservoir presence and effectiveness; the latter was split into lieservo
thickness and burial depth; (2) source rock presence and effectiveness; the latter was split intg
vertical effectiveness representing maturity and thus generation and expulsion of
hydrocarbons, and horizontal effectiveness representing the effectiveheks carrier
system with hydrocarbon migration and charging; and (3) seal presence and effectiveness. A
series of maps depicting thvarious play risk elementsave been subsequently constructed
utilising Ex pr odat 6s E x p $oftiware t(a plugn tA E &S RY 65 .Alm ¢c G| §
particular, for each play element a proxy conversion table was constructed based on publicly
available data and detailed geological reasoning, and the software was utilized as a
conversion toolThe final outcome for each play issangle CRS map that derives from the
combination (multiplication) of the intermediate combined outcoiredhermore, creaming
curves have been presented and reviewed for the Paleocene and Eocene plays in the Nort
Sea, together with yao-find (YTF) reurces for these plays that appear to represent
considerable undiscovered resourdd®e final CRS maps for both the Paleocene and Eocene
plays from this study can be used in combination with the available wells to chase further the
two plays in a locasale on available 2D, and mainly 3D seismic reflection.dl-based
exploration can contribute significantly in this aspect by addressing the key risk play

elements to be considered in the exploration effort.

81 & <7 4 h

S




Tableof Contents

1. INTRODUCTION ittt ettt e e e e e e e e e et e bbbt e e e e e e e eeeeeanbennnnnns 12
2. EXPLORATION HISTORY ..ttt e e e e e bbb 16

2.1 EXPIOration NiSOIY ....ccoooviiiiii e a e e e 16

2.2 TECLONIC SEHING.ceiiiiiiiiiiiiiie e e e e e e e e e e e e e e e e aaaaaaaaens 17

2.3 Main tectonic events and StruCturd elements.............occcveiiiiiieiniiie e 22
3. Play fairway MapPing........cocooi i e e s e e s e r e e e s e e 50

3.1  Play definition @nd CONCEPLS.......uuiiiiiiiiiiieiie e e s 50
3.2 Playbased exploration and Common Risk Segment (CRS) mapping...........ccceeeeecvnnvnnns 56
R U (][ ST=To o b1 - PP PP P PP UPPPP PP 65
G YV o a1 [0V VAR= T o Ir= T o (o = Tod o 68
4. Summary and Review of the main PreCenozoic Exploration Plays..........ccccoccvvvveeeeninnns 72
4.1 SUB-TTISSIC PIAYS. .ttt e e et e e e s e e e e e e e e b e e e e e e e e nnnnees 72
4.2 Upper Triassic to Middle JUrassiC PlayS........coviiiiiiiiiie e 14
R W o] o= A TN = 1T ol ] = 1/ 76
4.4 CretaClOUS PIAYS. ... .eiie ittt e e e e r e e e e e e e e e e e e e e as 78
5. EXPIOration SUCCESS FALES .........uuieiiieeeiiiiiiieeeee e e sttt et e e e s ettt e e e e e e st r e e e e e s s annnbereaaeeesanneees 80
5.1 BASIC CONSIARIALIONS. ...eceiiiiiiieeii e e e e ettt e e e e e e e e e st r e e e e e e s b e e e e e e e e e annenees 80
5.2 Paleocene/EOCENE fIElUS..........uiiiiiiii et 82
5.3 Licensing rounds and exploration SUCCESS FAteS.......cuvviviiiiiiiiiiiieeeeeeee e 84
6. CrEAMING CUNVES .....uiiiiiie ittt e e e e ettt e e e e e sttt e e e e s et e e e e e s bbb e e e e e e e e aanbb b e e e e e e e annnnnreeeee s 86
6.1 HYdroCarDON PIAYS.........ooiiiiiiiiiiiee et e e e e e e 86
7. YET-TO-FIND RESOURGCES...... oottt e e e e e eeennens 96
7.1 North Sea: all Main PIAYS.........ooooiiiii e e e e e e e e e e e e e e e e e e 96
7.2 North Sea: Pale0CENE PlaY........cccccuuuiiiiiiiiiiiiiieeiiee et e e e e e e e e e e e e e e e e e e e e e e s e e annes 103
S J O @ ] N[0 I U 1 [ ] 106
0. REFERENGCES . ...t e ettt r e e e e e e e e et e e ta b a s s s e eeeeaeeeeesene 110

9l ¥ <




Picture Table

t vt

Picture 1: Textural classification of reef limestones.....; . h <>h H npns A w, s
Picture 2: Pathways of carbonate precipitation in aquatic environmirascasade of options
governed by the degree of biotic influence................... 1.>"P<>hH psaA w,s* ¥ 71
Picture 3: From precipitation modes to edronate factories. At the scale of geological foations,

the pathways of precipitatioof Picture 1 combine in characteristic ways to form tanate
factories. The typical material of the factory is biotically controlled precipitate from tropical
autotrophic organisms (or heterotrophic organisms with autotrophic symbionts); the  facto
dominated by heterotrophic orgaams and the M factory by bioticallyinduced pogpitates, mostly
MICTIEE. .ottt 1> h<>hH psaA w, " '
Picture 4: Production rates and depth widow of production of carbonatiactories. Width of
shaded bars represents estimated production rate at a given depth as a fraction of the tropical standar
Dominance of photautotrophic (i.e. lightlependent) organisms in the tropical factory leads to very
high production rates but nin a narrow depth window. Production of the other factories is largely
independent of light, the depth windows extend over hundreds of meters and their lower limits are
poorly known. In modern oceans, production by the M factory is low at shallow dq:mdhmbly
because of competition by the T factory..........cocceeeeeid. » A <>h H pe A w, " ot
Picture 5: Geometry characteristic of each of the three carbonatqtypds< >h H np s A L
‘B<'{"45’¢_'Icp

Picture 6: Shore to slope profiles of siliciclastics, cawhter carbonate ramps, and rimmed carbonate
platforms. Tropical platforms may start as a ramp and evolve into a rimmed platform or shelf (A)
Siliciclastic shelf. (B) Rimmed shelf. (C) Carboneaenp..y i <>h H ps A w, s 7
Picture 7: Standard facies belts on a rimmed shelf.....q . i <>h H npns A w, 8"
Picture 8: The carbonate ramp depositional model.....] . h <>h H ps A w, 8"
Picture 9: The response of a sabdund shelf margin to the changing relationships of the growth
rates of the platform rim and platform proper to the rate of generation of new accommodation space
duringa third order sedevel cycle.............ccoocvvveeeiiiniid 1>"P<>hH psaA w,s* ¥ 7°F
Picture 10: The response of a rebbund shelf margin to the changing relationships of the growth
rates of the platform rim and platform proper to the rdtgemeration of new accommodation space
during a third order selavel cycle..............cccccvvvierieinnid 1>"P<>hH psaA w,s* ¥ 7°F
Picture 11: Sequence stratigraphic framework of Devonian-beefnd carbonate platform of the
Canning Basin, Waern Australia. The second order supersequences are represented as indicated by

~ ot

the DOId arrOWS.........ooooiiiiiiiii s 1> "P<>hH psaA w, s 770"
Picture 12: Facies characteristics of a sand dominated margin on a moderate slope thsoglé a
third order sedimentary cycle..........cccccceeviiiiiiieeeens 1 - h<>hH pes A’ wgsy ™ g0 |

Picture 13: Facies characteristics of a reef bound shelf margin development into an escarpment
margin a) during transgression, b) during highstandcaaidiring lowstang. .  <>h H ps A w . &
‘5<'{"45’C_'|cp

Picture 14: Bahamian oolite shoals in transgressive and highstand condition. A) Cat Cay
transgressive shoal. Sand bars are thin and anchored behind Pleistocendicgdhmtisinnels (c) are

wide. B) Joulters Cay highstand shoal. Tidal channels are few and narrow, sand bars have coalesce
to one continuous beIt C) Prograding beach ridges (r) and eolian dunes on Joulters sheal>h H p &
w o, B ' oo 5 B o<t I S (0

~

101 & < 4 h

=



1.INTRODUCTION

11| & < 4 h




1 Chapter 1

1. INTRODUCTION

North Sea is a shallow epicontinental sea that comprises the northeastern arm of the Atlantic
Ocean. The North Sea is located between the British Isles and the mainland of northwestern
Europe and is covering an area of approximately 570,000 sgkm. It is bordered by the island
of Great Britain to the southwest and west, the Orkney and Shetland islands to the northwest,

Norway to the northeast and Denmark to the east (Fig. 1.1).

Norway
"
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Legend
0 1500 3000 Km

Area of study
= = Boundaries

Figure 1.1: North Sea location and study area outlined by red polygon.

The North Sea is connected to the Atlantic by the Strait of Dover and the English Channel

and opens directly onto the ocean between the Orkney and Shetland islands and between th

12|17 & < 4 h




Shetland IBnds and Norway. The Skagerrak, an eastward extension of the North Sea
between Norway and Denmark, connects the North and Baltic seas via the Kattegat and the
Danish straitsThe North Sea exhibits water depths, in general, significantly less than 200 m
(Fig. 1.2), although glacial erosion has resulted in deeper waters in the extensive Norwegian
Channel that leads northwards into the Norwegian Basin. The continental break of slope to
the Norwegian Basin is evident only in the far north.

.

-449 -340 -231 -1‘22 “13m 1 870 1740 m

- Area with NO data

Figure 1.2 Bahymetry of the study area. This map is based on a map by British Geological Survey (1987), and
data supplied by Statoil.
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Exploration in the North Sea, since 1966, has involved drilling approximately 1750
exploration and appraisal wells and resulted some 270 discoveries with originally
recoverable hydrocarbon reserves and resources of ca. 8?Bx1l6il equivalent (50 x 10

bbl). The occurrence of these hydrocarbons is intimately associated with the presence of a
complex late Jurassic to early efaceous rift system buried beneath a Cretaceous and
Tertiary cover. Thick, organidch, synrift mudstones were laid down throughout most of

the rift system and provide the main source rocks. Reservoir rocks, principally sandstones,
occur in every systerfitom Devonian to Oligocene, and several geological plays (confirmed

or potential) have been mapped in the region. Although North Sea is a mature hydrocarbon
province with more than 50 years of exploration, there are still discoveries that are being
made Assessing geological plays in a systematic way and potentially maximizing discoveries
is a key priority for the North Sea. In this context, peged exploration (including play
fairway mapping and common risk segment analysis) provides perhaps theffiectstiee

way of presenting regional prospectivity analysis without requiring detailed prospect specific
knowledge. Play fairway mapping builds and leverages on understanding of the existing
basins, petroleum systems and geological plays contained in an.r@die creation of a
petroleum play utilises its essential elements, namely the source rock, reservoir and sealing
lithologies in combination with plausible migration pathways and the maturity of the source
rock(s). Considering a systematic plagsed exioration approach and common risk segment
analysis for key plays can further contribute to better map the various plays and thus lead to

further discoveries.

The study area of the thesis comprises the Norwegian and UK parts of the North Sea located
betwea latitudes of 588 2006 N and 62AN. -Wdstefromaadloseato thex t e
Norwegian coast andA&E to near the coast of the Scottish mainland and a projected line
close to the eastern coasts of Orkney and Shetland to the Greenwich Merididd @Ei§2
1.2). The thesis focuses on the Norwegian North Sea and includes also part of the UK North
Sea and deals specifically with the main Cenozoic, Paleocene and Eocene, plays. The mair
objectives include the following:

1 review the main exploration plays inetiNorwegian North Sea, and perform updated

mapping focussing on the Paleocene and Eocene plays
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1 utilise modern play fairway mapping (pHnased exploration) techniques to construct
play chance (Common Risk Segment, CRS) maps for the Paleocene and Eogene pla
and their associated play elements

1 analyse the basin maturity through construction of basin and play statistics, including
field size distributions, exploration success rates and creaming curves focussing
specifically on the Cenozoic plays

1 review yetto-find resources with focus on the examined main Cenozoic plays
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2. Chapter 2

GEOLOGICAL FRAMEWORK

2.1 Exploration history

2.2 Tectonic setting

2.3 Main tectonic events and structural elements
2.4Stratigraphic framework

2. EXPLORATI ON HISTORY

2.1Exploration history

It wasné6t until the 1960s that exploration
early years. Geologists estimated that the same rock formations might be found beneath the
southern North Sea basin in UK wateThey were right and gas discovered off English East
Coast in the 1960s. The first exploration well in the Norwegian sector was Ndr. 8/3
However, the first Norwegian discovery was not drilled until 1967 when the Balder Field
well, Nor 25/111, found dl in Paleogene sandstones. Twelve exploration wells were drilled

in the central or northern part of the UK North Sea before oil was discovered in Eocene and
Paleocene sandstones in well UK 21A30now called Gannet Field, in March 1969.
Interestingly, tis field did not start production for nearly 30 years, when the building of
adjacent infrastructure, amongst other factors, made it economic in 1997.

The amount of exploration drilling in the North Sea since 1964 has fluctuated in response to
many factos. These are indicatives of the influence of oil price, which itself may be affected
by both political and economic global events. The Norwegian exploration drilling effort, for
example, appears to have fluctuated directly with oil prices, but may edpgaltpmpared

with the licensing rounds or changes in the fiscal regime. In the Danish sector, the frequency
of drilling appears to follow a cyclical trend similar to that for Norway. In the UK, the first

peak in the number of exploration wells in 1975 ccwdde been in response to the oil price
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increase due to political instability in the Middle East, but may also be due in part to the

success of the"¥icensing Round.

Discoveries of petroleum and natural gas beneath the seafloor began in 1959 sedweard
extension of a major natural gas field in the northeastern part of the Netherlands was
identified. Within two decades, natural gas production sites were located alongkan 160
band stretching from the Netherlands to eastern England. Farther Nooth, way 6 s  f|i
offshore oil field went into production in 1971, and the United Kingdom began recovering
offshore oil from the North Sea four years later. The two largest producers are Norway and
the United Kingdom, and untll990 the annual yields of thed countries were comparable.

By the early 21 century, however, Norway had clearly become the leader of oil and gas
production in the North Sea region. Other minor producers include Denmark, the
Netherlands, and Germany. New fields are being exploredieveloped farther north in the

Norwegian and Barents seas.

During exploration of the study aré@m the mid1960s to today, there have been enormous
changes in weltrilling and welllogging technologies. Although such technologies are
applied worldwide many innovations were first made and applied in the North Sea. Basic rig
design has not changed substantially since the early days of North Sea exploration, although
larger rigs have been employed more recently to cope with the high overpressures in the

deeper parts of the Central Graben.

Deviated wells are particularly important for development drilling in all sectors of the study
area. In the Danish sector especially, horizontal wells are common in Upper Cretaceous
reservoirs where the bit can be geeered along particular beds based on information from
immediate analysis on the rig of the biostratigraphy or heavy minerals. In order to reduce
costs, operators are beginning to look at the possibilities of etibedg drilling and utilizing
barges istead of rigs. There has also been wide interest recently in the use of so called slim
hole drilling as a means of reducing costs, while most conventional logging technology is

available in devices suited to the narrower boreholes.

2.2 Tectonic setting
The North Sea is an intraratonic basin and the crust beneath it has experienced several

phases of crustal stretching/thinning with subsequent subsidence, which is necessary for|
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continental basin formation. In this context, Late Carboniferous, Peiasidy Triassic, and

Late Jurassic/Lower Cretaceous basins were formed. The Viking Graben rifting accompanied
the Late Jurassic/Lower Cretaceous phase, where the rifting partly followed older structures
(e.g. Faleide et al., 2008). The major structural elemeatsrown in Figure 2.1. The Viking
Graben and its margins are characterized by large rotated fault blocks, important for forming

traps.

d ¢-
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Figure 2.1: Structural elements in the North Sea (NPD, Halland et al., 2011) with majandigadields.

The presentday structural configuration of the North Sea has resulted mainly from the Late

Jurassic to Early Cretaceous rifting event. The northern NortiM®eay Firth system is
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characterized by rigid, faultdalock rotation, whereas the most obvious strusture the
central North Sea are dominated by halokinetic deformation. These structural styles have a
directinfluence on the formation of hydrocarbon traps, and structural traps can be divided
into two main categories: syift traps containing mainly prgft reservoir rocks, and post

rift traps induced by tectonic inversion and diapirism, and involving mainlyrgostservoir

rocks. The suQuaternary outcrop map (Fig. 2.2) shows that the largely Precambrian and
Paleozoic rocks of the UK and Norway figrerop out more than a few kilometers offshore.

The only exception lies in the area to the east of Orkney and Shetland, including the East
Shetland Platform.

Neogene and Palaeogene
Eocene-Pliocene
Palaeocene
Cretaceous
Upper Cretaceous
Lower Cretaceous
Jurassic
Upper Jurassic
LY Middle Jurassic
§ Lower Jurassic
Permian/Triassic
Triassic
Permian
Permo-Triassic
Carboniferous
Upper Carboniferous
Lower Carboniferous
Devonian
Upper Devonian
Middle Devonian
BN Lower Devonian
Lower Palaeozoic and Precambrian

Cambrian-Silurian

0 Undivided, largely Precambrian
Granite
- Granite
[: Study Area

50 100 200 300 402

Figure 2.2: Sub-Quaternary subcrop map.

Off the coasts of northern England and Scotland,hsofithe Moray Fifth, the Permian and
Mesozoic outcrops become successively younger away from the shore, with tiebase
Triassic outcrop pattern mimicking the coastline. Farther offshore, these strata are overlain by
a postrift blanket of Paleogenend Neogene sediments that thickens towards the graben at
the center of the North Sea. Around the Moray Fifth coast, the outcropping Mesozoic strata
are commonly in faulted contact with older rocks, and there is an extensive cover of

Cretaceougocks. Off he coast of Norway, the band of Permian to Paleocene outcrop
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bordering the land is narrow as younger Paleogene and Neogene strata occur relatively closg

to the coast (Fig. 2.2).

The distribution of the oiland gadields within the study area (Fig. 2.4hows that these are
concentrated along the central zone of the North Sea, with a branch into the Moray Firth
region. This is because a thwvaened graben system developed, principally during Late
Jurassic. This rift structure has controlled many aspeicthe petroleum geology of the
region. The highly organic Kimmeridge Clay Formation deposited during late Jurassic has
provided the source for almost all of the oil and gas, and both the distribution and burial
history of this formation has been contrdlley the structural developments associated with
graben rifting and posift subsidence. The structures that hold the hydrocarbons are many
and varied, but are generally directly related to the rifting history, particularly the large,
faultedblocks of he Viking Graben that were formed during the main rifting phases. Both
the syn and postift development of the basin has been punctuated by important episodes of
emplacement of deep water sandstones into the rift, proving many reservoirs that are readily

sealed by the deepater argillaceous rocks that surround them.

Postrift subsidence has been centered over the main grabens, with over 5 kmhfrpesic
sediments deposited over extensive areas. However, this pattern is not reflected in the
preserdday bathymetry as the earlier basin configuration has been largely filled with Plio
Pleistocene deposits (Fig. 2.2). Furthermore, Quaternary glaciers have eroded the relatively]
deep Norwegian Channel, close to the Norwegian coast, that gives a recenihgdacq

asymmetry to the basin topography.

The basic structural framework of the North Sea is mainly the result of Upper Jurassic/Lower
Cretaceous rifting, partly controlled by older structural elements. A short description of the

main geologic events at #aus time intervals is given below.

CarboniferousPermian

Major rifting with extrusion of basic volcanics and deposition of reddish eolian and fluvial
sandstones (Rotliegendes Formation) took place at that time interval. Two basins were
developedwith deposition of thick evaporate sequences (Zechstein Formation). When
overlain by a sufficient amount of younger sediments, buoyancy forces caused the salt to

move upwards (halokinesis). This is important for the generation of closed structures,
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including hydocarbon traps, in the southern part of the North Sea and also as a control on

local topography and further sedimentation.

Triassic

Major N-S to NESW rifting with thick coarse fluvial sediments deposited along rift margins,
grading into finergrained rver and lake deposits in the centre of the basins. The transition
between the Triassic and Jurassic is marked by a widespread marine transgression, both fron
north and south.

Jurassic

The marine transgression was followed by the growth of a volcanic denteed over the

triple point between the Viking Graben, Central Graben and Moray Firth Basin. The doming
caused uplift and erosion and was followed by rifting. Large deltaic systems containing sand,
shale and coal were developed in the northern NorthaBdathe Horda Platform (Brent
Group). In the Norwegiaanish Basin and the Stord Basin, the Vestland Group contains
similar deltaic sequences overlain by shallow marine/marginal marine sandstones. The most
important Jurassic rifting phase in the NorthraS#ea took place during Late Jurassic and
lasted into Early Cretaceous. During this tectonic episode, major block faulting caused uplift
and tilting and created considerable local topography with erosion and sediment supply. In
anoxic basins thick sequese of shale accumulated, producing the most important source
rock, the Kimmeridge Clay/Draupne Formation, which acts both as a source rock and an

important seal for hyrdocarbon traps in the North Sea area.

Cretaceous
The rifting ceased and was followeg thermal subsidence. The Upper Cretaceous in the
NorthSea i s dominated by two contrasting | it

chalk, while to the north the carbonates give way to siliclastic;ddayinated sediments.

Cenozoic

During thePaleocene and Eocene periods there were major earth movements with the onset
of sea floor spreading in the North Atlantic and mountain building in the Alps/Himalaya. In
the North Sea, deposition of chalk continued until Early Paleocene. Uplift of basgmsya

due to inversion, produced a series of submarine fans transported from the Shetland Platform

towards the east. These sands interfinger with marine shales in both the Rogaland and the
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Hordaland Groups. In the Miocene, a deltaic system had developed the Shetland
Platform towards the Norwegian sector of the North Sea, and is represented by the Skade an(
Utsira Formations. Due to major uplift and Quaternary glacial erosion of the Norwegian
mainland, thick sequences were deposited into the NortliBew the Neogene. This led to
burial of the Jurassic source rocks to depths where hydrocarbons could be generated and th

seals were effective.

2.3Main tectonic events and structural elements
Structures which shaped the central and northern North Sea iseniqfmth those which

formed the crustal framework and those that subsequently reworked that framework into the
preserdday configuration. Structures that formed the-jdiesozoic tectonic framework
include those resulting from:
1 Early Devonian and earlier &alonian deformation that produced some of the major
crustal lineaments
1 Rifting of Devonian and Carboniferous age that was associated with larges$iprike

faults

The main pulses of Mesozoic and Cenozoic deformation that shaped the structural framework
of the North Sea were:

1 Permian and Triassic rifting
Thermal uplift and volcanism during Migurassic
Late Jurassic rifting
Latest Jurassic to Early Cretaceous rifting, including a change in rift direction
Cretaceous to Cenozoic thermal subsidence

Cretaceas to Cenozoic pulses of tectonic inversion

=A A2 A 4 -4 -

Cenozoic uplift of the basin margins

In the area of the North Sea Central Graben there is some form of triple junction between the
north-dipping thrust zones of the Southern Uplands, the-gkinned collisionathrusts of
Scandinavia and the sow#iasterly dipping suture of the Tornquist Sea. Closure of the
Tornquist Sea and the lapetus Ocean involved soft docking, with some thin arskihioéd

thrust tectonics and basin inversion on the subducting platesobuplift of the obducting

crustal materialLate movements along both sutures were slke
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Figure 2.3: Structural framework of the study area

Figure 2.3 shows the main tectonic elements of the Jurassic to Early Cretaceous rift system,
as wellas the main Triassic basins (Stord Basin, Unst Basin and Sogn Graben) and older
faults. Colour coding on the faults corresponds to their principal age of movement; significant
reactivation of faults is marked by the addition of subordinate colour. Thdeesoof faults
related to their amplitude of throw are represented, showing the variably symmetric and
asymmetric geometry of the rift system. Small faults with throws of less than 100 m are not
represented. The limit of Zechstein salt and the locationiseofmain salt diapirs are shown

and the movement of Zechstein salt has been a major factor controlling the style of

deformation and hydrocarbon trapping in the central North Sea.

Central Graben
In the Central Graben area rifting took place during Pewfaly Triassic and Middiate

Jurassic times, and Zechstein salt was deposited north of thdviild Sea High. When this
area was first drilled, the target was the Permian sandstones beneath the salt. It was by

accident that oil was discovered in thppér Cretaceous rocks (Chalk). Ekofisk was the first
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field to be discovered, but now there is a string of fields with Upper Cretaceous reservoirs,

both on the Norwegian side and in the Danish Sector.

There are other sandstone reservoirs too, such asdhbaigper Jurassic age in the Ula and
Gyda fields. These fields are found south of the Brent delta, which excluded the Brent Group
from forming reservoir rocks there. The area was uplifted and Middle Jurassic sediments are
mostly absent. Later, oil has lmeound in Upper Paleozoic reservoir rocks which had been
the original prospecting target in the area. In the Embla Field, the reservoir rock is a

sandstone believed to be of Devonian.age

The Ekofisk Field, discovered in 1969, was the first largdieldi in Europe. The Chalk in
the Ekofisk reservoir is of the same type as we have onshore in Denmark and eastern England
in stratigraphic levels approaching the Cretaceous/Cenozoic boundary (Maastrichtian and
Danian). Chalk lithologies had previously beemswmsed to be far too fingrained to be
reservoir rocks, and Ekofisk was the first largefigld of this type. The Austin Chalk in
Texas is one of the few other occurrences where Chalk forms a reservoir rock, but the fields

there are fairly small by compson.

2.3.1 Paleozoic continental collision and plate accretion

Devonian: West Viking Graben

Devonian basins were probably much more widespread than is evident today. Grabens occu
both onshore and offshore southern Norway, and a larg@grmian, proably Devonian,

basin developed in the northern North Sea. This basin was possibly formed by gravitational
collapse of the thickened crust, but also by japlrt development. This pdpart system

was bounded by the Great GIBN3 rTer B3nd el ag ftha ndrthweszandh by the n
Midland ValleySolund fault systems in the sotghst. An analogous ptdipart system may

have developed south of the Files/Vestfjorden fault zone. Paleomagnetic data (Torsvik et al.,
1996) confirm that Baltica and Laurentia weneving laterally relative to each other at this

time.

Roberts et al. (1999) argued that the basaldkinned extensional detachments of western
Norway link with inclined structures in the middle and lower crust that were associated with
the lapetus sute. This thirskinned extension probably involved at least-200 km of

normal fault movement to achieve vertical uplift and denudation of about 60 km, as
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evidenced by Caledonian eclogites unconformably overlain by Devonian sediments in
western Norway. Acording to Coward (1993), the p@apart basin in the northern North Sea

was deep, forming the predking Graben. It may account for much of the crustal thinning

in the Viking Graben and the northern North Sea, and for the initiation of faults and sub
basins that were subsequently reactivated during the Mesozoic (Coward, 1993; Chauvet and
Serrane, 1994).

Seismic data from the East Shetland Platform show a thick sedimentary sequence infilling
approximately norttwesterly trending grabens. These grabemse subsequently inverted

with the development of nortiwvesterly trending folds and reverse faults prior to Mesozoic

sedimentation, and the structures can be traced onshore in eastern Shetland (Serrane, 1992).

The Devonian basins of west Norway were foldey eastwvest compressional folds that
become | ighter nor tThrwlanrddesl atgo whaarudl st tzhoen-eM 3ar ng
folding magnetic overprint of Late Devonian to Early Carboniferous age. It is considered here
that these structures record lotenspressional zones within the stridg systems (Fig.

2.4).

Late Carboniferous

During the mid to Late Carboniferous there was reversal in the sense of displacement on the
original Devonian and Late Carboniferous strét and normal faults in ®tland and the
northern North Sea, causing tectonic inversion (Coward et al., 1989; Roberts et al., 1999).
Large inversiorrelated fold structures were formed in eastern Shetland and on the East
Shetland Platform at this time (Serrane, 1992), and-tagétal displacement occurred along

the line of the Great Glen Fault and in the Midland Valley of Scotland. In the Midland
Valley, the folds are arranged-enhelon and cross the region with a right lateral offset, and
thinning of sediments across the foldasybnstrates growth in the mid to Late Carboniferous
(Fig. 2.5).
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Figure 2.4: Palinspastic map of active structures and sediment facies during tHeeMahian.
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Figure 2.5: Palinspastic map for the Late Carboniferous showing the distributiorctive astructures and
sediment facies.

Permian: East Greenland

On the Norwegian shelf, the Mesozoic shelf and section (Fig. 2.6), appears to be underlain by,
a thick package of Upper Paleozoic sediments, possibly deposited in a graben. A presumeg
intraPemi an refl ector recognized on the Tr Bnd
Permian carbonates exposed in East Greenland and similariggiestmiePermian block
faulting (Bukovics et al., 1984; Ziegler, 1985).
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Figure 2.6: Palirspastic map for Early Permian and Rotliegend times showing the distribution of active
structures and sediment facies.

2.3.2 Mesozoic continental rift tectonics

In the northern North Sea, a Devonian basin, the pfdtmg Graben, formed the locus of
JurassieCretaceous extension. During Cretaceous and Paleogene rifting, new basins
developed to the west of the Paleozoic mountain belt of Scotland and to the west of Ireland

where they cut across the Paleozoic structures
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Triassic

The pattern of Triassidfting in the study area can be differentiated from the influence of
subsequent rifting during the Late Jurassic. Triassic faulting was particularly significant in
thenotheast ern North Sea in the region oh the
mainland. In the central and northern North Sea, the Permian structural pattern was modified
by the superimposition of a graben system that transected the Northern Permian Basin and
breached the Mid North Sé&i n g k-Bym Highg It has been suggestedattthe dominant
extension direction in the northern North Sea was nwdst to soutkeast and that the
Central, Horn and Bamble grabens are-aplhrt structures in a righdteral system parallel

to the TrandEuropean Lineament.

The presence of Zechstesalt that was deposited during Late Permian had a pronounced
influence on the subsequent evolution of the North Sea Basin, beginning with its effects on
Triassic sedimentation patterns. Salt tectonics were active in areas where faulting affected the
Zedstein basin and mirbasins, associated with salt withdrawal, developed across much of
the Central Graben. These basins are bounded by listric faults and their asymmetry
demonstrates local tilting due to basement faulting and regional subsidence. Bt to
Triassic minibasins subsided into the Zechstein salt over much of the central North Sea.
Differential loading was important for mhiasin development near sediment entry points,
and thinskinned extension on the platforms was balanced by basememsiex in the
central axis of the basin. Along the edges of the Triassic fault basin, the faults are commonly
softlinked and offset through the Zechstein salt (Fig. 2.7).
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Figure 2.7: Palinspastic map for the Mi@lriassic showing thelistribution of active structures and sediment
facies.

Early to Mid-Jurassic

The continued northward drift of Europe in latest Triassic times, and the erosion and collapse
of the Variscan mountain belt, led to an increasingly humid climate in-n@$hEurope,
resulting in a rapid change from red to grey bends (Roberts et al., 1999). Ultimately this led
to the deposition of paralic cebearing sediments in offshore Norway where there are up to
500 m of interbedded fluvial distributary channel sandstofiesdplain mudstones, and

coals that may be local sources for gas.

There seems to have been very little Early Jurassic rifting in the northern North Sea (Fig.
2.8). The paleogeography indicates infilling of the passively subsiding Triassier

Jurasg rift.
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Callovian volcanics in the northern North Sea suggest the presence ofJaudssic mantle

hot spot. According to Undelhill and Partington (1993), uplift associated with the hot spot
allowed erosion down to Liassic or Triassic strata in théraeNorth Sea. The shape of the
Toarcianearly Aalenian regional well correlations showing the form of the-Jicssic,
Mid-Cimmerian Unconformity, identified as the Inthalenian Unconformity by Underhill

and Partington (1993). The uplift restricted, ammpletely closed, the seaway between the
northern Boreal and southern Tethyathantic regions, causing faunal provinciality and
unconformities as far west as the northern Porcupine and Slyne basins (Tate and Dobson
1989).

ChB Cheshire Basin .

s Caic Soa I:I Deep-marine shales I:l Emergent area
68 GrandBarks [ Shalow-marine shales ] Vocanics

LB  Lusitania Basin F)

PB  Porcupine Basin / l:l Shelf carbonates \‘\?‘_‘\-‘_ D‘ka SWarms
SoB Solway Basin N '

SEB Slyne-Erris basins I:I Cﬂa&[aj_margm dEmSl[S el Nﬂrmal faul[
VG Viking Graben I:I Nonmarine sediments

WeB Wessex Basin

Greenland High

Figure 2.8: PaImspch map for the Early Jurassic showing the distribution of active structures and sediment
facies. The location of the Midurassic thermal dome in the central North Sea is also shown.

Middle to Late Jurassic

The most important rifting phase in the stuaga took place during the Late Jurassic, when
the basic structural framework of the North Sea Basin was established. Relatively minor
amounts of extension had probably begun in the Viking Graben during Bajocian to Bathonian
times, but during the Calloviaon early Kimmeridgian the rifting in the Arctic spread into the
North Sea. There it formed noréasterly trending normal faults with nomresterly trending

tear and transfer faults in the Viking Graben. In the northern North Sea and Viking Graben,
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there is evidence for continued extension during Oxfordian, and presumably the same
occurred in parts of the midorway shelf. This zone of extension can be traced into the
Moray Firth. In the central North Sea much of the extension was olglgyealong earér
Triassic faults. However, some Late Jurassic grabens in southern Norwegian and Danish
waters were nearly perpendicular to this extension, and in the eastern part of the Viking
Graben the major Triassic faults were largely abandoned as basin developwedtfarther

west.

There were multiple pulses of faulting separated by intervening stages of relative tectonic
guiescence, this provided a fundamental control on sedimentation in the study area. For
instance, the faulting created a considerable logpbdraphy, with pronounced footwall
highs that became significant landmasses and provided a supply of sediment sufficient to fill
adjacent basins, but elsewhere lesser footwall uplift led to relative sediment starvation (Fig.
2.9).
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Figure 2.9: Palinspastic map for the Late Jurassic showing the distribution of active structures and sediment
facies.
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Early Cretaceous

In the central and northern North Sea, normal faults were still active during the earliest
Cretaceous, with deposition of clastic wedgesiast the faults scarps. Extension ceased
during the Early Cretaceous with the onset of passive thermal subsidence, -l syn
topography was covered by transgressive sediments to form -telet Base Cretaceous
Unconformity. Marine shale depositigmedominated (Fig. 2.10), the uplifted footwalls were
gradually onlapped and covered, although there were several pulses of minor fault
reactivation, possibly due to compaction of earlier sediments. The stratigraphy of the Lower
Cretaceous records the costipg effect on accommodation space of initial topographic relief
inherited from Volgian rifting, of postft thermal collapse and of loAgrm changes in

global sea level, all overprinted by local halokinetic and tecearstatic events.

BR  Bara Ridge M Magnus Basin l:l Oceanic crust l:l Turbidite fan
CB Celtic Sea Basin OrB Orphan Basin D .
Volcanics ;
EW EndoftheWorld Faut  PB  Porcupine Basin é‘tf Spreading ridge
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. =l Aptian-Albian fault
MB  More Basin l:l Shelf carbonates and shales
=M. Pre-Albian fault
I:l Coastal-margin deposits
P Fault extension
|:| Nonmarine sediments direction
l:l Emergent area

Figure 2.10. Palmspastlc map for the EarIy Cretaceous showing the distribution of active structures and
sediment facies.
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Late Cretaceous

The North Sea also underwent pafit thermal subsidence, although inversion affected a

broad swathe of the central NloiSea, in particular the southern part of the Central Graben in

the Danish sector (Cartwright, 1989). This inversion varied in intensity and timing along

strike, and was probably associated with early Alpine collision in eastern Europe. These

tectonic evats exerted a profound influence on chalk deposition in the central North Sea

because reversal of fault movement and uplift of local blocks triggered widespread mass

movement of chalk that was redeposited in slope and basinal settings (Fig. 2.11).
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Figure 2.11: Palinspastic map for the Late Cretaceous showing the distribution of active structures and

sediments facie€oastlines are uncertain.
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2.3.3 Late Mesozoic to Cenozoic continental separation and ocean spreading

Extension in the North Atlait and the North Sea ceased around this time, and the basins

underwent passive thermal subsidence, while locally there was basin inversion.

Paleocene to Eocene

Continental breakip and initiation of the Norwegian Sea began at about 57 Ma. During the
earlyphase of continental separation, oceanic crust was formed Hpseapreading south

of the Senja fracture zone when the nerthth-westward motion of Greenland away from
Svalbard took place along a regional transform fault without the formation eém luhsin
(Fig. 2.12). Between 57 and 47 Ma, spreading occurred along-&xtavet spreading axis in

the Norwegian Basin.
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Figure 2.12: Palinspastic map for the Paleocene showing the distribution of active structures, sediment facies
and volcanic rock associated with the North Atlantic mantle plume.
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Oligocene to early Miocene
The palinspastic map for the early Oligocene (36 Ma) illustrating the distribution of active

structures and sediment facies is shown in Figure 2.13.
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Figure 2.13:Palirspastic map for the early Oligocene (36 Ma) showing the distribution of active structures and
sediment facies.

Miocene to Pleistocene
Uplift affected onshore and nearshore Norway (Japsen and Chalmers, 2000), and minor
inversion affected parts of the noglastern North Sea (Fig. 2.14). From fissicack data, an
estimated 174000 khof material has been eroded from Norway, and the volume of the thick
Plio-Pleistocene sedimentary wedge produced offshore is 10000(Ris and Fjeldskaar,
1992), most of with lies on the Atlantic margin (Evans et al., 2000, 20PRich of this can

be explained by rapid erosion onshore, and rapid deposition offshore during the Pleistocene

glacial intervals.
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However, if the calculated uplift is removed from the present t@piyr and isostatically
compensated, there must have been uplift across Norway during the Neogene. Seismic dat3
nearshore suggest that some tilting and uplift of the Norwegian coast occurred during the
Oligocene and certainly during the later Neogene. Thi#t west of Norway may be related

to renewed shear during the Oligocene to Miocene, with initial tectonic uplift magnified by

subsequent glacial erosion and isostatic readjustments (Riis and Feldskaar, 1992).
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Figure 2.14: Palinspastic map for thearly Mlocene showmg the distribution of active structures and sediment
facies

37|11 8 <7 4N




2.4 Stratigraphic framework

A number of Triassidurassic formations with sandy intervals are found throughout the
North Sea, as evident in the lithostratigraphituomm shown in Figure 2.15. These units
constitute important reservoirs and aquifers. Thick shale formations with good sealing
capacity occur through both the Jurassic and Cretaceous sequences. Much later, Early
Cenozoic rifting took place with the onset bfeakup of NE Atlantic and sefoor
spreading. A number of subarine fans were built from the Shetland Platform (a local
source also existed in western Norway) due to uplift of basin margins. These sands
interfinger with marine shales (Rogaland and détand Groups), which constitute good seal
rocks (Fig. 2.15).
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Figure 2.15 Lithostratigrapic summary for the North Sea (NPD, Halland et al., 2011).
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Jurassic

The Upper Jurassic succession belongs to the Humber Grothma(&s et al., 1993) and its

l ater al equivalents such as the Viking Gr
1984). It comprises several highly diachronous lithostratigraphic formations including the
mudstonegiominated Heather, Kimmeridge Clay dbchupne formations (Fig. 2.16). It also
contains a plethora of sandstes@minated intervals, of which the most significant
hydrocarborbearing intervals include the shallenarine Fulmar and Piper formations, the
deepmarine Magnus sandstone member anceBFormation, and the coastiltaic

Sognefjord and Fensfjord formations.
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Figure 2.16: Table of the principal lithostratigraphic schemes used in the study area.

Kimmeridge Clay

The unit is typically made up of brownish black, medium to dark olivg grel greyblack,

non calcareous mudstones. It is locally silty and micaceous, and may also include nodular
carbonates. The type section for the Kimmeridge clay formation in the Wesssex Basin of
southern England is up to 508 m thick (Ainsworth et al., 198Bhough the thickness may
locally exceed 1200 m in the study area, a value of 50 to 250 m is a more typical thickness
range. In the East Shetland Basin, the Kimmeridge Clay unit is up to 500 m thick (Goff,
1983). Organic acids generated in source rditlesthe Kimmeridge Clay Formation in the
North Sea are likely to be neutralised by reactions with calcite which is commonly present in
these source rocks. The uppermost Jurassic Kimmeridge Clay Formation is transgressive ang
often forms a several hundreakters thick ricksource rock which on the Norwegian side is
called the Draupne Formation. The rift topography produced numerous, locally

overdeepened, basins with poor bottom water circulation. The Kimmeridge Clay unit is
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absent on some structural higinstably the Fortiedontrose High in the Central Graben,

the Halibut Horst, and the Utsira High on the Norwegian flank of the South Viking Graben
(Fig. 2.17ed). The organigich shales of the Upper Jurassic are thus the prime source rock in
the North Seaand provided the main petroleum source in both the Statfjord and Ekofisk

areas. The thickness of the Upper Jurassic sediments along the rift axis may reach 3,000 m|

The source rock for the hydrocarbons at Ekofisk is the underlying Kimmeridge Clay which
attains its optimal maturity at this depth. The source rock is the Kimmeridge Clay from the
Upper Jurassic (Draupne Formation), and the oil has migrated up to the top of the fault

blocks, but stratigraphically downwards from Upper to Middle or Lower Jarassi

The Dunlin Shale succeeds the Statfjord Formation, and has enough organic material to be &
source rock even if its contribution is very modest compared to the Kimmeridge Clay
(Draupne Formation). TOC contents of mudstones within the Heather unit2(Eia) are
typically lower than in the Kimmeridge Clay unit, at aroun#.2% (Goff 1983; Field, 1985;
Brosse and Huc, 1986). Pyrolysis hydrogen indices are similarly lower, associated with a
greater proportion of terrestrially derived, humic kerogen dfimfic and inertinitic
composition. Organic carbon contents exceed 4% in a limited number of areas and exceed
7% only locally within the southern part of the South Viking Graben. These absences may be
due to condensing over the paleohighs, or to subséguesion and the unit on these highs is
likely to have been thin and also to have contained kerogens of marginal facies that have a
high proportion of terrestrially derived organic material with rather poor source potential. The
unit is fully preserved thin the main depocentres where the best source rocks were likely to
have been deposited, as well as in some restricted shelf areas such as north of the Witcl
Ground Graben.

The main source rock for the area is the Upper Jurassic Kimmeridge Clay. Where
Kimmeridge Clay is dowafiaulted deeply enough along the listric faults, oil has migrated up
into the tectonically overlying but stratigraphically underlying Statfjord and Brent Groups.
The oil began to migrate into the reservoir during early to-hedary times, when the
source rock(Kimmeridge Clay) began to be mature. The oil/water contact in the Statfjord
Formation and the Brent Group is at different levels which relate to two different pressure

cells.
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Figure 2.17 TOC and hydrogen index (Hiaps of the Kimmeridge Clay and Heather formations (Evans et al.,
2003).

Draupne Formation
The Draupne Formation is a dark grey to black carbonaceous claystone that was deposited in
a marine environment with restricted bottom circulation, often with anoxditions. It has

very good seal properties and is the most important source rock in the North Sea, with a wide
extent,found in East Shetland Basin, Viking Graben, and Horda Platform. It is generally
quite thick, with 163 m in the typeell. It is of Oxfordian to Ryazanian age. The Draupne
Formations (Viking Group) is also the primary seals for the Sognefjord Formation.

Sognefjord Formation (Upper Jurassic)
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The Sognefjord Formation comprises a siliciclastic wedge covering the Horda Platform area
in thenorthern North Sea. It was deposited in a shallow marine setting during the Jurassic rift
phase (Oxfordian to Kimmeridgian) (Vol |l se
latest of three westwatgrograding deltaic formations within the Viking Groupe.

Krossfjord, Fensfjord and Sognefjord formations).

Heather Formation

The Heather Formation is a grey silty claystone, in parts carbonaceous with limestone
streaks. It is found over most of the northern North Sea, but has variable thicknessnit is 30
thick in the typewell, but has thickness variations from 14 to 232 m in reference wells, and
may get more than 1000 m thick in graben areas. The sedimentation took place in an open

marine environment during Bathonian to Kimmeridgian time.

Paleocene

Maureen Formation

The Maureen Formation (Fig. 2.18) is of ad@nian to latest Selandian age and is laterally
equivalent with the Ty and Vale formations. The formation is composed predominantly of
amalgamated high and lowdensity sediment gravitflow deposts of sandstones
interbedded with siltstones, and reworked slope and basinal carbonates. Liu (1995) indicated
that the Maureen Formation has a 41% net-gaath volume, making it the most saptbne
depositional system in the Paleocene. Lamp et al. {1p8®ided a description of the
Maureen Formation sandstones that from the main reservoir in the Maureen Field. The
primary depocentre for the Maureen Formation extended from the Outer Moray Firth Basin
to central North Sea, with an additional depocenteated in the hanging wall of the East
Shetland Platform bounding fault in UK Quadrant 9. The gande shelf and slope areas
were restricted to the Moray Firth basins and the southern and southeastern margins of the
East Shetland Platform; these areaseviiee primary sources for sand input into the deeper
basin during mieDanian to latest Selandian times. Additional minor sandstone fairways have
been located on the northern Horda Platform and on the -sastern margin of the

NorwegianrDanish Basin.
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Figure 2.18:Paleogeographic map of the Paleocene for the Maureen Formation.

Lista Formation

The Lista Formation (Fig. 2.19) is of latest Selandian to Thanetian age and typically overlies
the Maureen Formation, although on paheghs it may lie dire¢y upon Cretaceous or pre
Creataceous strata. It is composed largely of-calcareous, blocky, grey mudstones
interbedded with sandy, higkensity, gravityflow or debrisflow deposits and minor
volcanaclastic rocks. The Lista Formation, with thicknesskcess of 600 m (Fig. 5.3), has

an estimatedet sanegrain volume of 35% (Liu, 1995), making it the second most-sand

prone depositional system in the Paleocene after the Maureen Formation.
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Figure 2.19:Paleogeographimap f the Paleocene for the Lista Formation.

Sele and Dornoch formations

The Sele and Dornoch formations (Fig. 2.20) are of late Thanetian to early Ypresian age. The
Dornoch Formation is composed of shelf or deltaic sediments, whereas the Sele Formation
contains timesquivalent sandstones and orgamihh hemipelagic sediments that were
deposited in deepavater and morglistal areas of the North Sea Basin. The Dornoch and
Sele formations ncl ude the Forties, Cromart yvstoneFI| ug

members as well as the Beauly Member.
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Figure 2.20: Paleogeographic map of the Paleocene for the Sele and Dornoch formations.

The recognition of at least four distinct sandstone members of the Sele Formation in
restricted depocentres suggests that sand deposition became more localized at this time. Liji
(1995) estimates 28% net sagiin volume for Sele and Dornoch formations, which can
reach respective thicknesses of 200 and 600 m. Sandstones from the Set®kdonma the
reservoirs for 20 of the fields producing in the year 2000; the majority of these have the
FortiesSandstone Member as their reservoir (Wills and Peattie, 1990; Whyatt and Rhodes,
1991; Wills, 1991).

45| 8 < 7 4 h




Balder Formation

The Balder FormatiorHg. 2.21) is described here together with the Odin Member of Mudge
and Copestake (1992b) and the self deposits of the Beauly Member. The transgressive Balde
Formation largely comprises muttoloured, laminated shales, with coals, tuffs, and
occasional hin limestones interbedded with local sandstones that may be massive. The
Balder Formation can be subdivided into two units. The lower unit, commonly called the
Balder Tuff, is characterized by subaqueous airfall tuffs and provides a strong datum for
corrdation. The upper unit is characterized by poorly consolidated mudstone and contains the
Odin Member sandstone. This upper unit marks a major transgression that resulted in
widespread shale deposition. Liu (1995) indicated an estimated 10% neajraangblume

for the Balder Formation, which generally has thicknesses of less than 100 m, but can reach
300 m where sandstones are common. Although the overall sand content is relatively low, the
sandstones are usually very clean as they are derived direattyrfearby mature shelf
settings and make excellent reservoirs with average porosities of 33% and permeabilities of
up to 10 Darcies (Newman et al., 1993; Timbrell, 1993).

Ty Formation

The Ty Formation (Lower Paleocene) was deposited from the Shetlandrifla$ a deep
marine fan and has been identified in the southern Viking Graben in thewestérn part of
Quadrant 25, and northern part of Quadrant 15. The formation consists mainly of clean
sandstones with a thickness in well 23/8f 159 m. The loweboundary is calcareous rocks

of the Shetland Group, and the upper boundary is transitional to the shales of the Lista
Formation, but also against the sands of the Heimdal Formation. The formation may also
interfinger with the helithbsegatigiaphy foratheiPaleogetneandt h

early Neogene reservoir units is illustrated in Figure 2.22.
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Figure 2.21:Paleogeographic map of the Paleocene for the Balder Formation.

Heimdal Formation

The Heimdal Formation was deposited as langarine fan sourced by shallow marine sands

on the East Shetland Platform. It is identified in the western parts of quadrant 30, most of
guadrant 25 and 15 and as cleaner sand in the-sasthrn part of Quadrant 15 into the
northhwestern part of Quadrad6 (Meile Member, informal). The thickness of the Heimdal
Formation is 356n in the typewell (25/41) and 236 m in well 15/9. It thins rapidly east of

these wells and south of well 1889 The base is usually the transition from the shales of the
Lista Formation, but also sandstones of the Ty Formation. The upper boundary is usually a
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transition from the Heimdal sandstones into the shales of the Lista Formation. Locally it is

overlain by the sands of the Hermod Formation.
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Figure 2.22:Lithostratigaphy for the Paleogene and early Neogene reservoirs.

Hermod Formation

The Hermod Formation consists of mainly figeained sandstones deposited in a submarine
fan setting connected to the deltaic Moray Gp in the UK sector. The formation is located
mainly in the South Viking Graben in the nontvestern part of Quadrant 25 and extends into
the southern part of Quadrant 30. The thickness of the formation is 140 m in theetlpe
25/2-6 and it thickens toward the central part of the distribution area. Tes lmoundary of
Hermod Formation is usually a transition to silts and mudstones of the Lista Formation or the
Sele Formation. It may also rest directly on the more varied sandstones of the Heimdal
Formation. The upper boundary of the Hermod Formationaspsagainst the dark silt and

mudrocks of the timequivalent Sele Formation.

Fiskebank Formation

The Fiskebank Formation has been identified from the Norwddamsh Basin and in the
type-well, 9/11-1, with a thickness of 148 m. The lower boundarylisasid mudstones of the

Lista Formation and the upper boundary is tuffaceous shales of the Balder Formation. The
formation is developed mai nl yDanish Grabere The st a
thickness in wells varies between 26 to 148 m. The Fiskebarmation probably represents

basin margin deposit and appears to be mostly time equivalent with the Sele Formation.

Lower Eocene

Frigg Formation

The Frigg Formation is located offshore seuthst Norway within the northern North Sea.
The lower Eocensediments have been deposited as submarine fans triggered by gravity
flows coming from the East Shetland Platform. The formation has a thickness of 279 m in the
type-well and 140 m in the reference well. The reservoir properties of the Frigg Formation

are very good with porosities between 25 % and 32 % and high permeabilities varying
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between 900 mD and 3000 mD (NPD, www.npd.no). The Frigg Field, operated by EIf Norge,
was discovered by well Nor 2541 in 1971, which was used as a typell for the Frigg

Fomation by Deegan and Skull (1977). The reservoir sandstones were deposited as part of §
submarinefan system in the South Viking Graben during early Eocene times (Fig-&.23a
The Frigg Field comprises a number of hydrocarblbarged closures formed by a

combination of fault seal and differential compaction across the fan.

a) Lower Eocene Sequence T60 b) Lower Eocene Sequence T70 c) Lower to middle Eocene Sequence T82 d) Middle Eocene Sequence T84

w

Figure 2.23: Thickness maps for the Eocene sequences.

Lower Miocene

Skade Formation

The Skade Formation, Lower Miocene, consists of marine sandstones (possibly turbidites)
deposited over a large area of the Viking Graben (from-46f.the south to 302 in the

north). The maximum thickness exceeds 300 m and decreases rapidly towards the east, wher

the sandstones terminate towards large shale diapirs.
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PLAY FAIRWAY MAPPING

31 Play definition and concepts

32 Playbased exploration and Common Risk Segment (CRS) mapping
33 Utilised data

3.4Workflow and approach

3. Play fairway mapping

3.1Play definition and concepts
't i s an explfoerdattihoant ,f fwahcitl eo ft hle Pr ospect

the Play is the operational unit. Due to the magnitude of expenditures (both money and
manpower) and time framework involved, the most difficult and critical task in Exploration is
selectng which plays to explore, not which prospects to drill. We present a simple but
powerful method for evaluating the geologic (and economic) chance, volume and value of
geologic plays. The methodology is applicable for a spectrum of opportunities, from a
medium-sized concession to a fideologic play. This monetization approach fills an
6anal ytical gapbd between traditional me t h ¢
plays (e.g. Baker et al., 1986) and assessing the value of individual prospgciRo&e,

1992; White, 1993). Required inputs are tied to company strategy (e. g., activity level, risk
tolerance), and to units of natural measure (forecast geologic discoveries, their size
distribution, and historic success rates) that can be validgtadsa historical (or analog)
results. The small number of requisite input variables encourages making multiple sensitivity
cases for an exploration program. Calculated outputs provide powerful information that can
be used to pri or i ¢tovagousarends) legdiagrtoyadpsrtfokorofpPtagsu r
Spreadsheets can be customized to model optimal activity levels and working interest, based

upon a company6s risk tolerance.
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Play and acreage analysis form a key part of the exploration process .(Bigb@& are
generally the most poorly defined from a standardised process point of view. Decisions are
often driven by subsets of the large volumes of data available to an exploration team, and by
personal or historical bias, based on past experiencexpboration strategies. This can
present a challenge to oil and gas exploratias Peter Rose, the petroleum geologist, noted
in 1996, Aithe most di fficult and critica
prospect to drill, but instead, whicerw pl ay to entero. A play

of prospects with one or more common factors. Plays are groups of related hydrocarbon
accumulations and prospects are characterized by combinations of similar geologic
parameters such as charge tymservoirseal couplet and trap style. Plays should have a
clear geographic distribution that can be defined omap and be confined to limited
stratigraphic intervals. Play is a geographically and stratigraphically delimited area where a
specific set ofyeological factors is present so that hydrocarbons should be able to be proven
in producible volumes. All fields, discoveries and prospects within the same play are
characterized by t he pl ayods speci fic set
distinguished from the fields, discoveries and prospects belonging to other plays. The play
should consist of prospects with similar ¢
a company (recommended), inputs should reflect company dry hole tolematicguccess

case activity levels.

—————

Basin Analvsi| I P]n}':ini]}'!i%# m.—‘tni]ﬁ%

Figure 3.1: The exploration process.

In play assessment, we separate the probability factors into two groups; marginal play
probability factors, and conditional prospect probability factors. The marginal play
probabilty is common for all prospects in a given play and is hence similar to the product of
the common probability factors. In practice, we face many challenges when attempting to
define and delineate a play. These challenges are often due to lack of dathasatito
inconclusive geological information. An assessment of whether we are dealing with mature,
semimature or frontier areas also presents a challenge to play definition. A useful approach

to play definition is to prepare play maps for all those fadtoat are anticipated to define the
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play. Such maps may illustrate reservoir facies, porosity and/or permeability changes, the
presence and maturity of source rocks; areas of effective migration, effective traps and seals
together with areas favourabler feffective retention of hydrocarbons. The main purpose of

these maps is to illustrate where these factors are favourable or unfavourable to the success ¢

the play.

Experience has shown that in some cases it is convenient to group together plays which
exhibit large similarities, in particular in frontier areas where the plays are unconfirmed and
the database is very limited. On the other hand, in mature anekweslin areas with
confirmed plays, it can be more useful to use the available data controleamnky defined
criteria to distinguistbetween plays. In both cases, it is important to bear in mind that the
purpose of defining distinct plays is to group mapped and unmapped prospects into
manageable units which enable us to make as reliable an testined undiscovered
resources as possible. A geographically and stratigraphically delimited area where a specific
set of geological factors exists in order that petroleum may be provable in commercial
guantities. Such geological factors are reservoir,rtrelp, mature source rock and migration
paths, and the trap must have been formed before termination of the migration of petroleum.
All discoveries and prospects within the same play model are characterized by the specific sef

of geological factors of thelay model.

It is also important to consider the possibility of interdependency between plays. In some
geological basins, there may be geological factors that are common to two or more plays. A
typical example would be a regionally extensive source rbdke plays are unconfirmed,

there will be interdependency between all plays which share the same source rock. When

assessing the undiscovered resources in a basin, interdependent plays must be treated |n

similar way to interdependent prospects with eespo their conditional probabilities. Given
that the play is properly defined (Fig. 3.2), the common or shared geological probability
factors for all mapped and unmapped prospects in the play will form part of this definition.
The product of these facwrs the marginal play probability, which is equal to 1.0 if the play

is confirmed.

Individual probability factors defining the marginal play probability may differ between
various plays. This wil!/l be rel at-efd huonbbo

guidelines are given in the table presented in Figure 3.3. The conditional prospect probability
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iS an average probability factor for all mapped and unmapped prospects for a given play.
Clearly, some prospects within the play will have a higlmebability, and some will have a
lower probability, than the average value. For confirmed plays, the historical success ratio is
an important guideline in determining the average conditional prospect probability, although
meaningful comparisons betweenysdanust take the number of previously drilled prospects

into account. A limited database may give misleading comparisons.

—— Extent of
regional top
steal
Exienﬂ of /
Traps
A7 -\
:, y
l |
O BASIN
Reservoir O SYSTEM
Extent Extent of A
Mature
— source rock O PROSPECT

Figure 3.2: Schematic illustration of the relation between basin, petroleum system, play and prospect.

Probability Marginal play Conditional prospect Comments
factor probabilities probabilities
Reservoir facies Effectiveness; porosity and
permeability
Sealing properties Mapping quality and reliability
Sufficient volume Migration
mature source rock
Retention Retention Unless local variations are
identified

Figure 3.3: Partial probabilities classified as marginadybrobabilities and conditional prospect probabilities.

An independent petroleum system is defined as a continuous body of rocks separated from
surrounding rocks by regional barriers to the lateral and vertical migration of liquids and

gases (includindnydrocarbons), and within which the processes of generation, accumulation,
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and preservation of oil and gas are essentially independent from those occurring in
surrounding rocks (Ulmishek, 1986). According to this definition, a petroleum system may
contain one or more plays, the success of which may depend on others. The common
geological factor in a petroleum system is typically the source rock, but other common
factors may also occur. It is therefore crucial to define the petroleum systems within a basin
when we ar e as s e spetioleugn potemtal. Ibissadso imposantttootake the

interdependency of plays into consideration when performing an aggregation of their

resources.

Play risk consists of regional risk elements, which can be detednfiy regional mapping,

and are not just specific to a single prospect. Thus, the probability of discovering petroleum
in a prospect often includes elements of play risk as well as those risks solely associated with
the prospect. It is possible to draw aprfor each of the regional risk elements showing areas

of common relative risk for example, areas where there is a relatively high risk (low chance)
of finding an effective reservoir due to depth of burial. These areas are termed risk segments,
and the mp of a regional relative risk element is termed a common risk segment (CRS) map.
All of the regional risk elements for a specific play can be combined into one map which
illustrates the overall variation in play risk across the fairway. Such maps aredterme

composite common risk segment (CCRS) maps or play fairway summary maps.

Risk comes in many forms and can be defined in various ways, as for example the effect of
uncertainty on objectives. It is worth noting that this is a very broad definition thest ik

both the positive and negative aspects of uncertainty. With regard to the oil and gas industry
Risk is categorized in four major groups. First, there is geologic risk, which is basically or
roughly the chance of making an oil and gas discovery. Setbare is economic risk. It's

not enough to find and produce hydrocarbons. These ventures must be done is such a fashior
their profit can be realized. Third, we have political risk. These come in various forms
varying from total political upheaval todeslation that impedes a development opportunity.
There are many incidents around the world where major discoveries have been made but ther
suspended due to adverse political situations. Finally, we have environmental risk. When
exploring and developing kbyocarbons, operations must be carried out in an environmentally
friendly fashion. The risk of harming the environment must be considered in every project no
matter its size, and every effort to eliminate a chance of an environmental error must be

consideed.
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Geologic chance of success, or the inverse risk, is that element in the oil and gas industry,
that defines the chance of making a discovery. As such, before discussing risks, and its
association with the oil and gas exploration, we need to definesnbeess, or the chance of
making a discovery actually is. Significant quantity relates geology to economics, in the fact
that thequantity discovered must be perceived as meeting an economic threshold. So, for a
well to be geologically successful, it ntusneet criteria that are particular for its
circumstance. A quick review of the geologic elements required for success is discussed

below.

Generation of hydrocarbons imply that there must be a source rock where hydrocarbons have
actually been generatebh brief, source rocks are formations that contain sufficient amount

of TOC, or total organic carbon. It has matured to the point that hydrocarbons have both been
generated and expelled. There must be a migration pathway through which hydrocarbons
generagd in the source rock interval can move, or migrate from that source rock interval into
the sedimentary interval acting as the reservoir. There must be a reservoir section which is a
sedimentary interval, where hydrocarbons generated in the source rodle csiored. A
reservoir is a formation that has sufficient porosity and permeability, such that the
hydrocarbons can first be stored in significant quantities, and then produced at a sufficient
rates, that one or more wells can produce significant questii the hydrocarbons at a
sufficient rate to constitute a discovery. Reservoir formations are geologic formations with
significant permeability. In other words, they have properties that allow oil or gas to flow
through that formation with relative eages this is the case, reservoir intervals must be in a
subsurface configuration, such that hydrocarbons that have been generated from the sourc

and then migrated into the reservoir are now trapped in that formation.

These traps take varying forms. Froabsurface structures, such as anticlines, which tilt to
fault blocks; to stratigraphic traps, formed by lateral variations in the types of sediments that
were formed. All of these elements must take place in specific order. Hydrocarbons generated
in the sairce rock must migrate into the reservoir rock at such a time as the trap has already
been formed. Each of the five elements mentioned above must take place in order, to have

geologic successful hydrocarbon discovery.
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Prospect risk can be subdivided irmptay risk and prospedpecific risk. The play risk
comprises the regional risk elements, i.e. those elements of risk which can be estimated and
mapped regionally without detailed mapping of the prospect structure. Prospect specific risk
reflects localrisk elements within the fairway. In order to assess relative risk across the play

fairway, each play can be subdivided into several risk elements or factors. These include:

A presence and effectiveness of a reservoir,
A presence of a source rock and theatiteness of the carrier system,
A presence of an effective vertical seal

Each risk element is then subdivided into areas of common risk. This is done by subdividing
each el ement into areas of |l ow, moder at e

scheme a corresponding green, yellow or red colour to each to produce a common risk

segment (CRS) map. In the case of reservoir, source or seal presence, the delineation of

common risk areas is based on the regional understanding of the basin stratiguaibiey.

data are then integrated to assess the risk that the predicted stratigraphy provides an effectiv
reservoir, carrier system and/or seal. These data include core porosity and permeability,
pressure and leadff data, well test results, geochemiocddta, well log analysis and
thermal/basin modelling work. Other regional risk elements (such as timing of trap formation
and biodegradation) are often mapped but are not important regional risk elements for the

play discussed here.

Individual common risksegment maps can be combined to provide play fairway summary
maps and composite common risk segment (CCRS) maps for each play. These provide §
powerful pictorial representation of relative risk within the play fairway. Uncertainty maps
are also produced feach play. These illustrate our confidence in the geologic model. They
are controlled by the density, quality and reliability of well and seismic data. They are used in

conjunction with the risk maps, taking care not to confuse risk with uncertainty.

3.2 Play-based exploration and Common Risk Segment (CRS) mapping
The fundamental elements or building blocks of the -plased exploration (PBE)

methodology are represented by the PBE pyramid. The pyramid is organised into Basin, Play
and Prospect focus leigeand appropriate key inputs and activities are identified in Figure

3.4. The essential ingredients for the petroleum system are verified by examining the basin as
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a whole. Elements such as the plate setting, tectonostratigraphic framework and bagin histo
determine the fill, stratigraphic sequences and potential for generating and trapping
hydrocarbons (Basin Focus). An understanding of the petroleum system in the basin leads tg
the identification, mapping and quantification of plays within the basirstiag knowledge
is summarised in play element, summary play maps, and common risk segment maps, leading
to the identification of sweet spots (Play Focus). Most play execution activity is concerned
with defining prospects through seismic interpretatioril@ateon and other maturation

activities, and eventually drilling selected prospects from a portfolio. A geological model is
built and then volumetrics, technical risk and confidence are assessed for a range of models
and prospects (Prospect Focus). New tWien opportunity evaluation usually occurs at the

lower part of the pyramid (basio-play focus levels). Decisions are typically made about

selecting the right basin, the right play and then the best acreage (sweet spots) for investment,.

Detailed prospedevel evaluation activities occur in the upper part of the pyramid both for

new and existing ventures, turning geological leads from the play inventory into firm,
drillable prospects. In order to be done in the proper way, these prospect evaluaticies need
be carried out with a firm grounding in the play context (Fig. 3.4).

During the early stages of searching for new fields, explorers must build up a thorough

understanding of the overall basin to evaluate and grade the potential of the petroleum
systems Across the globe, consistent and highly effective methods to analyze these systems
are used. The process to develop this understanding is known dmpéad/exploration and it

is a technique that has increased the ability to make timely andyhaity decisions. By the

end of the studies in a certain area, geologists and geophysicists would have defined a certaif
number of prospects. For each prospect they would have calculated a range of probabilities
for the accumulation of oil and gas. With the béld engineers, they would have also
calculated a range for the potential reserves. The reserves represent that part of thg

accumulation that can be extracted and brought to the surface for exploitation.

The pyramid (Fig. 3.4) shows the importance of fleendations that are the solid
understanding of the basins and plays needed to build a good prospect inventory and selec
the best of these for drilling. An inventory built upon an incomplete understanding at the play
or petroleum system will not be optan Playbased exploration can be seen as having

gual ity agsuresmceaeatittdlel conclusion of each
allow us to proceed with confidence to the next level of evaluation. Our understanding at
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each of the levelssinot static and there is an iterative feedback loop that takes new
information from conducted geological and geophysical (G&G) studies and drilling back to
the appropriate level to update the totality of knowledge. For example it is very important to
clanfy the definitions below:
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Figure 3.4: Play-based exploration (PBE) pyramid (from Royal Dutch Shell).
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A Prospect: a potential trap, a successful prospect turns into an oil/gas field when drilled
or disappears when it is unsuccessilny can exist in one play.

A Play: a group of hydrocarbon fields and prospects having a chance for charge,
reservoir, and trap, and belonging to a geologically related stratigraphic unit (e.g. the
Upper Jurassic play).

A Play Segment: subdivision of aedjogic play. Fields and prospects that share
common geological controls and thus a common probability of success (PoS) profile.

A Petroleum System: a natural system that links an active or once active source rock to
all of the geologic elements and promes that are essential for a hydrocarbon
accumulation to exist in time and space regardless of economics (Fig. 3.5).

Important geological factors include: reservoir rock, presence of a mature source rock and of
migration routes, seal, trap and the requeat that the trap was formed before the migration

of petroleum ceased. These factors are seldom all present simultaneously. If one or more arg¢
missing, no accumulations of oil and gas will be found in the area. Uncertainty always
prevails about the presem of hydrocarbons, and wells must be drilled to establish it. A
prospect is a potential trap and a successful prospect turns into an oil/gas field when drilled or
disappears when it is unsuccessful. All discoveries and prospects in the same play are
charat eri sed by the playos speci fic set o f

prospects, discoveries and fields can be found within a single play.

A play fairway, in this case, is therefore the area defined by the maximum possible extent of
reservoir roks within the stratigraphic interval of the play. The extent of a play fairway is
here defined as the maximum possible extent of reservoir rocks. This is based on sequence
stratigraphic analysis of well and seismic data to predict the distribution ofmsystacts.

The maximum basinward extent of reservoir is based on the predicted distribution of-the low

stand deposits.
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Petroleum System

Figure 3.5: Petroleum system, plays and prospects (from Royal Dutch Shell).

A play fairway is the area where a particular play tigpexpected to occur and play fairway
analysis is used to identify and rank areas within the fairway by examining the spatial
distribution of the elements of the play. A minimum of three elements are typically used to
define a play: a source rock, potahtreservoir and seal or capck. Additional elements

may be added to the map set depending on the geologic circumstances in the basin or play,
The goal of this approach is to provide an assessment of the elements of the play resulting in
a more objectivdinal product that can be easily understood. The method is usually referred
to as Common Risk Segment (CRS) mapping. All the elements being considered are mappec
at the same scale using a simple color code for the confidence level or the probability that
element has of being effective in that area. These maps are often called traffic light, or stop
light, mapsbecause they use green, yellow and red to depict high confidence, moderate
confidence and low confidence, respectively. If probabilities are, tlse green or yellow or

red indicate high probability (low risk), moderate probability (moderate risk) and low
probability (high risk), respectively. Actual probability ranges can also be assigned to these

map colors.
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When the individual element mapseacompleted, they are then overlain to produce a
resultant map. The example shown in Figure 3.6 uses a common risk segment (CRS)
approach for the source rock component of the petroleum system. Organic richness, keroger
type and maturity are the input elem® Map interpretation uses a Venn diagram approach
to evaluate the area on a point by point basis. For any point in the map, if there is red on any
of the input maps, the overall rating is red. If there is green on all the input maps, the overall
ratingis green. If there is yellow on all the input maps, the overall rating is yellow. For any
combination of greens and yellows on the input maps, the overall rating is yellow. On the
resultant map, the green regions represent the lowest risk explorationwaeras efforts
should be concentrated, while the red regions is the high risk areas and should be avoided
The yellow regions may or may not be prospective and will likely require additional study to
make that determination. Although this is a very uskfol for visualizing exploration risk, it

is not used extensively but should be considered as part of any petroleum systems analysis.

¢

Kerogen
Type

Figure 3.6: A simple example of common risk segment mapping for the source rock component

An area on a map thaontains the same general chance for success or probability of success
(PoS) and confidence for a given chance factor: reservoir, charge, seal or structure, define the
Common Risk Segment (CRS) mapping and risking. CRS mapping and risking uses all
availeble geological and exploration history data to create a view of thesptdg risks and
dependencies. This work follows upon the play element mapping, and uses the boundaries
(segments) created during that work. The play is divided into segments witlarsimi
probability characteristics, with the boundaries reflecting changes in either geology, or
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confidence (data quality and/or density). Probability values are assigned to each segment. The
number of maps or chance factors that go into the CRS mappingsexaray vary, but
experience has shown that playel and prospedevel maps for Reservoir, Charge and
Entrapment are usually sufficient to describe the risks.

The Common Risk Segment (CRS) analysis is a technique that enables geoscientists tg
summarig vast quantities of geological knowledge. This term is actually something of a
misnomer as the accepted use of the analysis refers to probability or chance, rather than risk|
The basic theory is that geological map data is converted into a numeric mégireseof

chance for a particular petroleum play element. In play chance or common risk segment
mapping, a geologist is able to assign a chance of success (COS) to each key petroleum pla
element, such as reservoir, seal, source, migration and struCtce. the data has been
converted into a consistent numeric schema geoscientists can perform mathematical
calculations on the play element data stack in order to summarize play adequacy or overall
chance of success (Fig. 3.7). If a region has a high C@lb¢ategories it is coloured green,

if one or more categories are risky, it is coloured amber or yellow, and if a critical element is

known to be absent the block is coloured red. The resultant layers or maps are referred to as

play chance maps.

Seal
Play elements | Reservoir /4
Source 0.8 -
0.8-1.0

Play adequacy / / ﬂ I:l 0.3-0.6
‘Common risk segments’ -
0.0-0.3
%

1.0709*08=072
Figure 3.7: Common Risk Segment (CRS) analysis (after Hood, 2000).
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Prior to the use of Geographic Information System (GIS) software and tools this could be a
slow process, with each block having to be individually assessed against a series of regional
maps. Aty changes to the regional risk model would mean the whole process would need to
be repeated. However, once the process is set up within GIS it can be carried out in minutes
rather than days and iterated repeatedly which has the effect of dramaticallyimgpro
decision quality. Exprodat 6 s Exopuseotools tffor o n
creating play chance or common risk segment maps using GIS. Ranking opportunities via
guantitative analysis using all available information require data integrath a massive
scal e. It is usually seen as too time con
carried out at all in a structured, repeatable way. GIS provides the perfect environment in
which to rapidly evaluate and grade oil and gas aereggortunities, such as license or lease
blocks (Fig. 3.8). It provides a unique way of mining large quantities of different types of
data in order to help make a decision. GIS allows the user to integratalisciflinary asset

data (e.g. geology, emanment, economic, infrastructure) in order to define analysis criteria
and weightings; rank acreage and company acreage positions; and ultimately identify and

prioritise opportunities.

Using GIS technology, acreage and portfolio ranking workflows canddaenatically
shortened, standardised and rapidly iterated in order to improve decision quality, reduce
uncertainty and cut decision cydimes.Ex pr odat 6 s E x pdftwareacontaiosn A
tools for rapidly ranking petroleum leases, blocks and companising GIS data. GIS is
occasionally used in prospect analysis, generally as apéisst hydrocarbon reserve or
volume estimation tool before more specialised software is deployedconventional
hydrocarbon plays where petroleum reservoas be diineated and mapped it is possible to

use GIS rastebased analysis to calculate the volume between two gridded surfaces, or
between a single surface and a series of depth levels. The resulting volume can be multiplied
by other volumetric factors such ascovery efficiency, net to gross, porosity and oil
saturation to produce a first pass deter mi
hydrocarbon plays such as shale gas, shale oil or coal bed methane it is often useful to know
the amount of i@a estimated to contain proven, possible and probable reserves, based on
preliminary drilling results from exploration or development pilot wells using the common

drill spacing unit (DSU) gricbased reserve classification technique.
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Figure 3.8: North Sea block outlines (modified from NPD database).

3.3Utilised data

Many companies apply different processes to their analysis, varying between countries, asset$

or even individuals. This makes it very difficult to objectivelyiesw opportunities on a

companywide basis, and leads to greater uncertainty in opportunity ranking and portfolio
management. It is also rarely seen as an iterative process; new data is rarely fed back on i
regular basis to refine the model. Technology wesdhave traditionally focused on the

prospect analysis part of the exploration process, then down into the earth model and the)

651 ¥ <~ ¢ N

p




o0Di gital Ooi | Fiel do. There are also seve

analysis, often driven by academiceasch. However, there is less technology support for the

play and acreage analysis components. GIS technology has been used increasingly in thig

area in recent years, with much success. A challenge theroll ust ry has i s
boxd GI Shorbied onrgt aal technol ogy, is not o6tu
companies only use GI'S as a data integrat:.

analytical capabilities.

GIS is beginning to be used more in basin analysis, genasldy firstpass screening tool
before more specialised software is deployed. GIS can be used for petroleum systems
analysis using data such as regional, structure, faults, gross depositional environment,
hydrocarbon seeps, gravity and magnetics. Stand&du@ctionality can be used to produce

a number of exploration statistics, commonly employed by geoscientists such as creaming
curves, field size distributions (Fig. 3.9) and-f@find analysisEx pr odat 6 s Ex ¢
Analystsoftware contains powerftols for easily generating such basin (and play) statistics.
More advanced GIS analytics we can be used to map likehswstilice secondary fluid
migration, using tool®riginally designed for hydrological mapping. GIS has been used for

some time in expl@ation play fairway mapping and play assessment.

Fields CNS (Volume MmEBOE): Fool Size Distribution

PL0

P50

Cum. Prob. =

pon |

1 10 100 1000 10000

Pouol Size (Volume)
Figure 3.9: Pool size distributions produced using ArcGIS for desktop.
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Maps of areas of interest can be produced showing well results, well penetrations,
paleogeography, gross depositional environmg&mnticture and other pertinent datasets. GIS
allows the geologist to see all the data available in a single application for the first time. In
addition, the ability of GIS to label and symbolise features using complex patterns and shapes
allows multiple feture attributes to be displayed on the map, e.g. a well may show the well
location, the depth of penetration, net to gross value, as well as indicators for whether the

play source, reservoir and seal are present or not.

A

Exprodat 6 s Ex potwareavas used asAlre anterpretation tool in this study.
The primary objective of the work is to perform a ptmsed exploration (PBE) and common

risk segment (CRS) analysis of the main Cenozoic (Paleocene and Eocene) plays in the
Norwegian North Sea. Filmermore, the basin maturity for these plays is analysed through the
construction of basin and play statistics. The above analyses provide a simple and fast routs
to creating common risk segment maps to help identify play fairways and sweet spots; and
poweful basin and play resources analysis, including the integration eT&€&ind (YTF)

volume estimates.

Chronostratigraphic diagrams of the basin are used to identify the key petroleum system
elements and for each play summary gross depositional endrmin(DE) maps are
constructed of each petroleum system element. Typically these maps would include reservaoir,
seal and source facies; these maps are then used to create component risk maps for reservoyr,
seal and source presence. Additional component miaks are constructed for reservoir
guality, seal effectiveness and source rock maturity. The maps are compiled in ArcGIS which
facilitates the incorporation and synthesis of data from a disparate of data sources. Initially,
areas of low play risk are ideied by overlaying the component risk maps in ArcGIS.
Subsequently, the layers are combined mathematically based on risk values and yield a
composite map of play risk. This study is based on detailed work for the main Cenozoic
(Paleocene and Eocene) @aytilizing all relevant geological information and hydrocarbon
fields in the Norwegian part of the North Sea. The Norwegian Petroleum Directorate (NPD)
has large amounts of public data about petroleum activities on the Norwegian Continental
Shelf. The wdk is based on several studies as well as data from more than 40 years of

petroleum activity in the North Sea area.
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3.4 Workflow and approach
Initially, the key controls on a play first need to be summarised. Most commonly these will

relate to specific satigraphic levels and each play will have a wgdfined set of likely
reservoir, seal, source and trap lithologies and their ages. If the interpretation is to be tasked
with investigating total basin prospectivity, then this needs to be repeated f@i@aanthe
basi n. The wutilized workflow with Exploda
input datasets for each of the petroleum system elements and use geologically meaningful
proxies to convert the input maps into common risk segment l&ech. proxies are used as
a way to represent the risk of having the play element present or of representing the quality
risk associated with the play element. Common proxy layers used in such analysis are:

A Stratigraphic thickness
Depth
Paleogeography
Gross depositional environment (GDE)
Porosity

Permeability

—a -4 -—a & T T

Total organic carbon (TOC)

The use of proxies depends on the data available. Once the proxies have been identified
then numeric values of chance will be assigned. The probability scale raoge$.@ to

1.0; the end points of the scale are: P = 1.0 means 100% certainty and P = 0.0 means 09
certainty. The opposite of probability is risk, as shown on the left of Figure 3.10.
Probability theory provides four fundamental rules, which must be amesidvhen dealing

with prospect or play risk assessments:

1. The probability of a given occurrence or event is equal to 1 minus the risk for this event
not occurring:
Pprob. = 1i Prisk

2. The probability of the simultaneous occurrence of several indepeedents is equal to
the product of their individual probabilities (the multiplication rule):
P =PaxPbx Pcx Pd
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The second rule is used when we estimate the probability of discovery for a mapped

prospect. The prospect probability is the product of s¢wedependent factors. It employs

four geological factors (reservoir, trap, petroleum charge and retention) all of which must be

present concurrently to make a discovery.

Increasing Probability

0.0 01

-
02 03 04 05 06 07 08 09 1.0

%
10 09 08 07 06 05 04 03 02 01 00

<€
Increasing Risk
Figure 3.10: Probability and RisKafter Hood, 2000).

3. Given the occurrence of weral mutually exclusive events, the probability of
occurrence of at least one event is equal to the sum of the probabilities of each
individual event (the addition rule):

P=Pa+Pb

The third rule is used when dealing with several alternativeomés such as the

guestion of whether oil or gas will be the dominant phase in the prospect being

evaluated. This rule is also frequent

which the sum of all possible outcomes is equal to 1.0.

4.

The probability ofeither one or both of two independent events can be estimated
by calculating the risk that neither of the events will occur (the combination rule):
(2-P) = (1- Pa) x (17 Pb)

The fourth rule is used when risking outcomes that are dependent on one or more
events occurring. For example, during the risking of an unknown area where two
potential stratigraphic levels are predicted as possible hydrocarbon sources, but
only one effective source rock is required to source the prospect being risked. This

rule is dso used when dealing with the interdependency between prospects.

69|17 & <~ L h




The nature of the estimation of probability of occurrence of a given event will always depend
on available information and knowledge. Depending on the quantity of relevant information,
we may classify the probabilities according to how we arrived at thiéon. example,
stochastigprobability is represented by the ratio between how many times an event occurs
and the total number of trials. An example is the success rate of drilling in a.rég®n
important to note that stochastic probability requires a statistical basis and cannot be applied
directly when the database is limited. Objective probability is related to the extent to which
available evidence/arguments support a given hypotHesipirical data, historical data and

data from relevant analogues are used in this process. Subjective probability represents the
sum of individual understanding of the probability of occurrence of a given event ("belief").
Such beliefbased estimates sHdwbe avoided, or at least employed as little as possible. Our
task as exploration geologists is to identify and evaluate evidence that contributes to the

estimation of an objective probability.

The probability of discovery is a value that is based pamiyobjective knowledge and
historical data, partly on extrapolations and partly on our subjective judgements of local
geological parameters. It is also a value that cannot directly be measured after the fact, since
the result of drilling will always be #ier a discovery or a dry prospect. Pdsli evaluation

can be performed on a suite of exploration wells and the results analysed statistically for
calibration purposes. Such studies can be very helpful in calibrating knowledge of the
geological historyand prospectivity in a given region. The calibration of risk parameters in
an area should always be performed when new information is acquired. This will enable the
consistent revision of petroleum geological models, which will in turn impact on the

estimded probability of discovery of the remaining prospects.

The probability of discovery will vary from prospect to prospect, and is defined as the
product of the component probabilities of wadifined geological factors, given that each of
these factorssi independent of the others. The four major factors are: reservoir (P1), trap
(P2), petroleum charge system (P3), and retention after accumulation (P4). The probabilities
of these factors are estimated with respect to the presence and effectiveneggolotjieal
processes associated with them. The estimation of discovery probability is based on the
principle of fAgeochronol ogi cal ri sk assess

to avoid Adouble riskingo of the geol ogi ca

70|17 & < 7 L h




P1 Time

Fos samrvnilr
fa S Ca L el |

’( P2
Trap amd ses
o rmiadion P3

LN

Dwneration, mikgrathon
aind soourmulation of

hy drocarbons ’f P4

{Fadeniiong.

B roaarhans. -
¥ Buria afmr sooumulstion

Figure 3.11:Geochronological risk assessment (after Hood, 2000).

Geochronological risk assessment is achieved by evaluating the relevant geological processe
and events in a logical time sequence. The geological process starts with the deposition of the
resevoir rock, and continues with the formation of a sealed trap. We must consider source
rock maturation, the migration of hydrocarbons from the mature source rock into the trap, the
accumulation of hydrocarbons in the trap, and finally the-postimulationhistory of the

trap and its hydrocarbons. If, for a given basin, we group together all prospects (mapped and
unmapped) with common geological factors, we have defined a play. We may also define a
petroleum system, which contains one or more plays, and ey atso describe the
interdependency between plays within the petroleum system. The most likely common

geological factor within a given petroleum system is a source rock that may charge several

plays.
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4. Chapter 4

SUMMARY AND REVIEW OF THE MAIN PRE -CENOZOIC
EXPLORATION PLAYS

4.1 Subriassic plays

4.2 Upper Triassic to Middle Jurassic plays
4.3 Upper Jurassic plays

4.4Cretaceous plays

4. Summary and Review of he main Pre-Cenozoic Exploration Plays

4.1 Sub-Trissic plays
The Triassic rocks of the studirea are widely distributed but contain less than 5% of the

study areads petroleum reserves (NPD, AAWY
scattered fields where generally deep, Late Jurassic erosion has resulted in Triassic rocks
forming the shéowest reservoirs (Fig. 4.1 and Table 4.1). The Triassic is notable for its
lithologically monotonous rebtled intervals and for its common lack of fossiliferous
sequences. Triassic and subsequent Upper Jurassic extension events were of the same ord
of magnitude, but Jurassic basin formation was focused to the west of the Triassic basins.
During PermerTriassic times, there was no significant continuation between the regions now
forming the South Viking Graben and the Central Graben; the mainsbiaurtidel axis of
Triassic sedimentation was located farther east (Erratt et al., 1999). This extended southwards
from the Horda Pl atfor m i ndasiwardshiro the€gesundsr a
and NorwegiarDanish basins. Other bastontrolling faults nclude the NiniarHutton fault

and the western margin faults of the North and South Viking grabens. Triassic deposits are
relatively thin in the South Viking Graben, where a minor phase of rifting is suggested by
slight westward thickening and divergendéldassic units (Thomas and Coward, 1996).

The Upper Jurassic Viking Group consists of the two subdivisions: Heather Formation and
Draupne Formation (Figure 4.1). The group range from Bathonian to Ryazanian in age and

mainly consists of dark, grey to lbla marine mudstones, claystones and shales (Vollset and
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Dor®, 1984)"

North Sea Sub Triassic plays

_ npl-2 npl-1 (unconfirmed)

[ETelo)i=elinEUe[g Rotligendes Group and unnamed groups of Devonian and Carbonaceou

Age Devonian, Carboniferou®ermian and possible Triassic
Area Central Graben, southern Viking Graben DanishNorwegian Basin,
SBrvestl|l andet Hi gh Egersund Basin, Ling Graben
and Sele High

Reservoir rock Sandstone

Depositional Mainly continental
environment

Rotated fault blocks

Source rock Upper Jurassic shale (Haugesund, Farst Unknown source of Pre
and Mandal Formations) Triassic age

Critical factors Presence of mature source rocktie eastern part of the area is not
confirmed, migration, timing, resewsir quality due to reservoir depth

Table 4.1:Play summary of the North Sea pre/sitassic plays (from NPDyww.npd.ng.

Figure 4.1: Location of the Norwegian North Sea pre/siufassic plays (from NPDyww.npd.ng.
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4.2 Upper Triassic to Middle Jurassic plays
The predurassic play is of least importance and the most important field belonging to this

play is the Snorre Field (Hollander, 1987). There, erosion has cut so deepédhddrge
areas Cretaceous shales rest directly on the Triassic reservoir sequence and only in the wes
the important Statfjord Formation reservoir is still preserved. Theifbrdpper Triassic to
Middle Jurassic fluvial, deltaic and marginal marine stords play (Fig. 4.2 and Table 4.2)

of the North Sea contains several major oil and gas fields (e.g. Gullfaks Field). This play
alone contains 1/3 of the total Norwegian petroleum resources and more than half of the
resources in the Norwegian North Sea. THerwegian Petroleum Directorate (NPD)

estimates that this play still has a significant undiscovered resource potential.

Figure 4.2: Norwegian North Sea Upper Triassic to Middle Jurassic plays (from M#&.npd.ng.

In the northern part of the Northiking Graben, the LoweMiddle Jurassic sequence is of
outstanding importance. These rocks contain many of the largest fields. During Middle
Jurassic times, the Brent Group delta system dominated the North Viking Graben. All the
subdivisions of the Brent 1IGup are diachronous. The delta system prograded northwards
during early Middle Jurassic times, reached its maximum extent in the late Bajocian times,
and retreated southwards during Bathonian and Callovian times (Graue et al., 1987). The
Brent Group plays the most successful to date with over 50% of the discovered hydrocarbon
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reservesAlthough the basic source rocks throughout the northern North Sea are the Draupne and

Heather formations, it seems that there are limited but further potential depoegwtiatchens

such as at the Sleipner and Ness formations.

North Sea Upper Triassic, Lower to Middle Jurassic plays

nru,jm -1

Group/

Hegre Group with
Lunde Formation,
Statfjord gp, Dunlin
Group with
Amundsen an€ook
Formations, Brent
Group with Broom,
Etive,

Formation

Norian- Callovian

MRBr e Basir
Spur, Lomre Terrace.
Sogn Graben, Horda
Platform, northern
Viking Graben, Utsire
High

RESEY e[l 6d Sandstone

Depositional
environment

Trap
sealing fauls

Source rock

njl,jm -1 njm-1

Hegre Group  Vestland
with Skagerrak Group
Formation,

parts of and
Statfjord Sandnes
Group,
Vestland Group
with Sleipner
and Hugin
Formations
Bajocian-
Callovian
Southern Egersund

Viking Graben, Basin
Utsira High,

Ling

Depression,
JPren H

Fluvial, deltaic and shallow marine

Structural, rotated fault blocks, occasionally with stratigraphic component,

Upper Jurassic shale (Draupne, Heather, Tau, Farsund and Mandal Form:
and Middle Jurassic shale and coal (Gassum, Bryne, Ness and Sleipner
Formations, possible Drake Formation

(@il IR 6] Mature source rock in Farsund Basin

with Bryne Gassim

Formations Formations

njl,jm -4

Hegre Group with
Skagerak Formations,

Formation, Vestland
Group with Bryne

Rhaetian Bathonian

Central Graben

Table 4.2: Play summary of the Upper Triassic to Middle Jurassic plays in the Norwegian North Sea (from

NPD, www.npd.ng.
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4.3 Upper Jurassic plays
Upper Jurassic plays (Fig. 4.3 and Table 4.3) occur both in the southern and the northern

partsofthe M r wegi an North Sea. Norwayo6s IlYscfgest
gas and 1.8xTbbl liquids) belongs to this play. The Upper Jurassic is the most variable and

complex in the North Sea bot h for regioffi@rway analysis and prospect evaloati It is

also one of the most important plays in terms of proven discoveries and remaining

undiscovered hydrocarbon potential (David, 1996; Johnson and Fisher, 1998).

Figure 4.3: Norwegian North Sea Upper Jurassic plays.-hjwiking Group with Heather, Krossfjord,
Fensfijord and Sognefjord formations; +§u Viking Group with intra Draupne and intra Heather formations

(from NPD,www.npd.ng.

Within the Upper Jurassic play fairway, the key controlliagapneters of both the shalloew
marine and deepater sandstone plays are reservoir, top seal, and hydrocarbon charge
(Johnson and Fisher, 1998). The key success factors of this play comprise: (1) widespread
high-quality sandstone reservoirs, although thésse a complex distribution; (2) the

overlying and/or interfingering Kimmeridge Clay Formation, which provides both the top

76]1 & < 7 L h



http://www.npd.no/

seal and, in graben areas, a mature source rock; (3jdsbiaice migration routes, generally

not more than 145 km updip of the mature oil kitchens (Cayley, 1987), and (4) significant
overpressures in the grabens, which have enhanced the preservation of porosity at depths g
over 3900 m (Gaarenstrom et al., 1993).

North Sea Upper Jurassic plays

nju-1 nju-2 nju-3

Viking Group with Heather, Viking Group with intra Vestland Group with

Krossfjord, Fensfjordnd Draupneand intra Heather ~ Ula Formation, Tyne

Sognefjord Formations Formations Group with Eldfisk and
Farsund~ormations,

Viking Group with intra
Draupne, intra Heather
and Brae Formations

Bajocian- Barriasian? Oxfordian- Barriasian

Sogn Graben, Horda Tampen Spur, Sogn Graben Central Graben and
Platform, Stord Basin, and northern part of Viking  southern part of Viking
northern part of Viking Graben Graben

Graben and 1Ty

Complex

Sandstone

Marginal to shallow marine and deep water

Stratigraphic and structural, rotated fault blocks

The main source rock is Upper Jurassiale (Draupne and Mandal Formations). The ¢
discovery 2/25 (NJU-3) is sourced from an unknown, possible Pre Triassic source rc

Migration to the eastern part Presence of reservoir and se Presence of reservoir
of the play

Table 4.3 Play summary of the Upper Jurassic plays in the Norwegian North Sea (fromiNRDapd.ng.
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4.4 Cretaceous plays
In recent years, the hydrocarbon potential of Lower Cretaceous sediments has increasingly

been tle focus of exploration effort in the mature areas of the North Sea area. Hydrocarbon
reserves in Lower Cretaceous méssv plays in the UK suggests a substantial remaining
potential (Garrett et al., 2000), and this potential may be extended into thtedirgesben
settings of the North Viking Graben (Fig. 4.4) and the East Shetland Basin (Crittenden et al.,
1988). Dirilling in these areas will be costly due to the depth of burial of the Lower
Cretaceous sediments, consequently predictive models needasorbbust as possible, and

the depositionasequence framework outlined above provides a basis for such models.

Figure 4.4: Norwegian North Sea Cretaceous plays (from NEDw.npd.ng.

A marine environment prevailedudng the entire Cretaceous period with deposition of

hemipelagic clay, interrupted by sand deposition in certain periods. The sand was deposited
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in a slopeto-basinfloor setting by gravity mass flows, primarily debris flows and turbidity
currents, and wsaprobably sourced from shallow marine sands in the east. The sand transport
was concentrated in certain fairways and followed topographic lows. Some of the Albian
sands in the Agat area seem to be deposited in local slide scars, thus explaining wiky there
no pressure communication between large sandstone bodies. Upper T@oniacian
sandstones were deposited after the topography was filled and have -éaslge®metry.
Structural closures of Cretaceous strata are few and limited in extent in theastern
North Sea, and any hydrocarbon prospectivity will depend purely or partly on stratigraphic
closure (Table 4.4).

_ Nohscacretaceousplays

nkl-2 nku-2 nku-3 nku-4 nku-5

Cromer Knoll Group  Shetland ®up with Hod, Tor and Shetland Group with
with Agat Formation  Ekofisk Formations, Rogaland Group Kyrre

with Vidar Formation. Formation, Tryggvason
Formation is possible
Berriasian? Santonian(?j Early Paleocene Cenomanian
Cenomanian? Maastrichtian
Sogn Graben Central part Surrounding Utsira  Sogn Graben
of Central  parts in High
Graben Central
from Graben
Albuskjell  outside the
to Hod large chalk
fields
Sandstone Chalk Sandstone
Deep marine Open marine, redeposited Deep Marine
Stratigraphic Halokinetic and stratigraphic Mainly statigraphic,
structural is a
possibility
Upper Jurassic shale  Upper Jurassic (Mandahd Draupne  Upper Jurassic shale
(Draupne and Heather Formations) (Draupne and Heather
Formations), Lower to Formation), Lower to
Middle Jurassic shale Middel Jurassic shale
and coal (Ness and coal
Formation?)
Distribution of Reservoir quality Distribution of
reservoir reservoir and seal

Table 4.4:Play summary of the Cretacequiays in the Norwegian North Sea (from NRidyw.npd.ng.
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5 Chapter5
EXPLORATION SUCCESS RATES

5.1 Basic considerations
5.2 Paleocene/Eocene fields
5.3 Licensing rounds and exploration success rates

5. Exploration success rates

5.1 Basic consideations
The oitindustry is, by definition, interested in lower exploration acreage costs, higher

success rates, and larger average sizes of new discoveries. In this aspect, the strategy d
individual oil companies in order to explore or not a particulaa dakes into consideration

the following parameters: discovery probability, actual success rate, predicted target volumes,
actual size of new discoveries, discovery efficiency (barrels found per meter drilled), working
interest, prospect origin, geologieasons for dry holes, and finding cost. For example, one
might compare working interest to discovery probability in order to see if theomipany

really is spreading risk on rank wildcat ventures. This contributes to determine whether the
oil-company ca successfully distinguish higisk from low-risk prospects, establish classes

of low, intermediate, and high discovery probability and compare them with the actual
discovery rate of the three classes.

To check whether created prospects are truly patheg direction, one may think about

prospect beginning (by classes) with real size of found gatherings, revelation proficiency,

achievement rates, or discovering costs. One of the main elements in the subject company's

strategy was to maintain a substaihéxposure to higipotential exploration prospects, which
naturally tended to have lower chances of success. Figlires a crosplot comparing
discovery probability of successful wildcats with the estimated ultimate recovery of the new

fields these wdcats found. Despite some scatter, the data show a generalized trend: if we
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want to find larger oil and gas fields, we should drill higher risk prospects. In the example,
fields larger than 1 million bbl of oil tended to be found only by prospects hawiligcovery
probability of about 20% or less.
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Figure 51: Cr osspl ot showing relationship between disco
1978 discoveries. Figur-kei élndli wialt @satt hael Iidow-igihs kd s IK
newfield wildcat wells.

In a discussion of these data, similar experience with another independent company, has
shown that when the company avoided all -lask (i.e. high discovery probability)
prospects, its exploration program has been ywasiproved. The basic reason, of course, is
that lowrisk prospects tend to be located in areas of high drilling density, in which the larger
fields have already been found. As a result,-t@k discoveries tend to be mostly small,
often noncommercial felds. This trend relates to the wkilown principle of lognormal
field-size distribution (Kaufman, 1963): most of the total volume of producible oil and gas in
any trend, basin, or province is contained in a relatively few large fields. Conversely,
consdering all fields in a basin, most are small and together contain only a fractional

proportion of the total recoverable oil and gas in the area. In addition, in the exploration
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history of any region or basin, the larger fields tend to be discovered edhlg exploration

cycle, whereas the smaller fields tend to be found during the later stages of exploration.

5.2 Paleocene/Eocene fields
The table below (Tablg.1) shows recoverable reserves originally present in descending

order of some selected Paleae fields in the northern North Sea.

NORWAY

FIELD NAME STATUS Dlssé)XlERY
GRANE Producing 1991
FRIGG Shut down 1971
BALDER Producing 1967
ALVHEIM Producing 1997
HEIMDAL Producing 1972
ODIN Shut down 1974
JOTUN Shut down 1994
VOLUND Producing 1994
NORDI ST H Shutdown 1974
MARTIN LINGE Aﬁggﬁﬁofﬁr 1975
i ST FRI G( Shutdown 1973
Bi YLA Producing 2009
JETTE Shut down 2009

ORIGINAL | REMAINING

RESERVES | RESERVES | PRODUCTION
(Sm’o.e.) | (SmPo.e.) SUAX
37,5 2003
0 1977
9.9 1999
20,3 2008
0,7 1985
0 1984
0 1999
4,6 2009
0 1983
10,9 Planned for 2014
0 1988
2,1 2015
0 2013

Table 5.1: Original and remaining reserves measured in million standard cubic meters oil equivalérase(Fm
of the main Paleocene/Eocene fields in the northern North Sea (last updated in 2016) (from Norwegian
Petroleum websiterww.norskpetroleum.njo

Figures5.2 and5.3 show an overall production history of serof the most important
Paleocene/Eocene fields of the northern North Sea in the Norwegian sector.
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Figure 5.2: Production history and status of the Alvheim and Balder fields (NPD, Facts 2013).

Figure 5.3: Production history and status of the Grané Eieimdal fields (NPD, Facts 2013).
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