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Abstract

Theunderstanding of the migration routes is important forethauation and prediction of the
position of the remaining resources on the Norwegian Continental Shelf. Various mechanisms
can affect the migration and accumulation of the hydrocarbons. Thiseattygffect the

explorational efforts and the economiaggectivity of the prospects.

This studyobés goal I's to investigate the poss
fields and the discoveries in the Utsira high area. In addition, a re¥itve migration

through the unusual, permeable basemastiieen conducted.

The Utsira High has been geologically mapped by the interpretation of theelsiglhition
3D-seismic data. Available geological, geophysical and geochemical data from the
explomtion wells was collected and interpreted in order to empoigration routes and

migration mechanisms that are responsible for the filling of the local structure.

The two different migration pathways with source in the South Viking Graben, have been
proposed to be responsible for the filling of the fields. Thgration pathways are entering
the high from the west and the soutbst. A possible nortlvestern migration pathway was

excluded after the review.

The Edvard Grieg and the Solveig field are migstly the first traps upon the migration from

the west andouth west respectively. The Edvard Grieg oil has most likely migrated towards
the Rgraben and the Ragnarrock discoveries, but this route has been blocked later. Due to the
relative pressure diéfences the discoveries are thought to be leaking veyticalards the

Cretaceous chalk.

As a result of the blockage of the migration towards tigea®en and the Ragnarrock, the
migration continued to the Rolfsnes discovery with a possible spill towsedkhan

Sverdrup field across the locally permeable bes# high. The Johan Sverdrup field is
believed to be the end point of this migration route. The spilling towards the northern Utsira
High, Patch Bank ridge or the Ling Depression has their gealbdisadvantages and thus is

uncertain.

The Solveig fields not in communication with the fields and discoveries to the north. The

field has a complicated charge history with at least two different migration episodes. Possible



migration from the field tahe northwest and to the souttast has been proposed isut
highly dependent on the sealing fault properties and the continuity of good reservaoir.
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1 In troduction
The North Sea is a mature hydrocarbon province that has been actively explored since the

first oil and gas discovery at the end of the 1960s. During the following two decades the most
large and obvious structures were drilled, which lead taligeovery é a majority of the

fields that are in production now. As most of the obvious traps got drilled, a relatively calm
exploration period ensued. After the calm period of the 1990s until th@ @0idk, the

development of new methods, technologies aew playmodels have resulted in the

discovery of numerous smaller structures, proving that there are considerable resources yet to
be found. The Norwegian Petroleum Directorate (NPD) estimates that only 49% of the
resources have been produced from tRESNwith 226 as reserves and discovered resources.
Around 24% of the resources are yet to be discovered, meaning that the NCS still has some

economical potential (NPD,2021).

The understanding of the hydrocarbon trapping, and spilling mechanisms hasi®&edhhe

corner stones of the hydrocarbon exploration since the beginning of commercial production.

The dAfill and spill o model proposed by Gusso
representation of the secondary migration. The model explainsfiéediialentrapment of

the hydrocarbons and explains the migratiordigponce the spHpoint is reached. The model

states that the earliest generated oil fills the deepest traps until the column reaches the

structural spill point resulting in the wgp spill tothe shallower trap. As the burial and the

expulsion from the source rock continues the lighter, gaseous hydrocarbons are generated.

The gas displaces the accumulated oil towards a shallower trap.

The South Viking Graben is bound by the Utsirgltio the ast and is one of the main

source kitchens in the whole North Sea (Justwan, 2006). Since the start of the hydrocarbon
exploration several large discoveries have been made in the southern and the northern Utsira
High, e.g. Sleipner, Grane, Baldéteimdal ,Ringhorne and Jotun fields (Mahmic et al.,

2018). The central Utsira High was drilled by several wells in the early 1970s, but none of
them managed to prove large hydrocarbon accumulations. The exploration on the basement
highs flanking the JussicCreta@ous grabens was difficult mainly due to limitations of the
seismic data. In case of the Utsira High, the Cretaceous chalk deposited close over the high
basement absorbed most of the energy, hiding the underlying structures, displaying the
acousic basemenas a broad, flat high (Patruno and Reid, 2016). Because of this the area was
largely abandoned until the 2000s, when the improved seismic resolution allowed to map the

subchalk structures and develop new play concepts (Rgnnevik and Jo@dtdl, The



discovery of the Edvard Grieqg field in 2007 has renewed the interest in the Utsira High. The
ensuing exploration activity has led to the discoveries of the Johan Sverdrup, Solveig, and
other fields in the area. Some discoveries were made inusuairfor he North Sea fractured

and weathered basement.

Production from the fractured basement reservoirs is not uncommon globally. Significant
production areas with this type of reservoir include the Arabian shield basement reservoirs of
Yemen and th&ertiary b&ement granites offshore Vietham (Gutmanis, 2009). Prior to the
Tellus discovery on the Utsira High the crystalline and metamorphic basement has been
regarded as the lower limit of the hydrocardmraring formations (Riber et al., 2015). The
discovery haopened a possibility for hydrocarbon migration through the basement towards
the interior part of the high or even to be used as a migration route across the high to fill the

grabens that are cutting into the Utsira High.

The area around the UtaiHigh haseen large commercial interest for around the last 15
years, but there is still a huge potential for the discovery of new commercial accumulations.
This can be observed, for example, from the last three awards of predefined areas (APA) in
which large area around the high have been awarded to different companies (NPD, 2021).
Despite fairly recent exploration efforts as well as ongoing commercial interest, the
geological constrains on the accumulations and migration routes have not been pmesented

the scentific literature.

The aim of the study is to investigate the geological constrains on the migration routes both to
the Utsira High and around the individual fields within it. This was done by conducting a
detailed seismic interpretation of taeea togédter with the collection of different

geochemical and petrophysical data. The depths of the contacts were identified together with
likely migration pathways and migration mechanisms. The analyses of these structures
included the investigation gfore pressie data, geochemical signatures of the fluids and the

establishment of likely migration routes based on the observations and available literature.



2 Geological background

The Paleozoic

The North Sea is located between the shores of mainlarwdado thenorth-east, Denmark

to the east, the Benelux countries to the south and the UK to the west. The central part of the
sea is that of a failed trilete Late Jurassic rift basin (Ziegler 1992; Coward et al. 2003). The
presentday tectonic frameworkf the Norh Sea basiholdsevidence of a complex and long
basin history. The compressional tectonics established during the Caledonid®@4a@)

and Variscan (40300 Ma) orogenies formed EN&SW and NESW oriented lineaments in

the crystalline basemg beneatlthe upcoming North Sea Basin (Whipp et al., 2014).

In the Early Ordovician, the Caledonian orogeny was initiated due to subduction along both
margins of the lapetus Ocean. The result of the subduction was the collision of two
continents, Baltia and Laurstia. The collision between the two continents started in the Mid
Silurian to Early Devonian (Coward et al., 2003). The dating of the crystalline basement rocks
from the Utsira High, has shown these rocks to be between 409 and 482 Ma. Theseaock
believed to represent magmatic and volcanic episodes related to the closure of the lapetus
Ocean and the contineobntinent collision of the Baltica and Laurentia (Frost et al. 1981,
Slagstad et al. 2011, Lundmark et al. 2(Rer et al. 201pTheclosure ofthe lapetus

Ocean led to a shift in the tectonic regime from the compressional to the extensional. This
resulted in the collapse of the Caledonian orogeny in the Early Devonian. In Devonian and
Carboniferous times, the earlier mentioned BANNEW and NESW oriented lineaments were
reactivated as normal faults due to the msgenic crustal relaxation (Ziegler, 1990hese
lineaments acted as zones of crustal weakness, imposing geometric constraints on both the
evolution of the subsequent Mesazaoft sysem and the conditions of Cenozoic thermally
driven subsidencaNhipp et al., 2014)

The Devonian extensional collapse of the Variscan mountain range initiated in the start of the
thermal subsidence and the extension associated with muliioliv@atifting and volcanism

that was at its largest in the Early (Glennie, 19981dmark, Seether and Sarlie, 2p13

Several volcanic activity events helped to define the border between the Utsira high and the
Permian basin to the south of the high. Thisvety may date the earliedtorth Sea graben

system development, including the development of grabens on the Mitgiras well as the
earliest uplift of the Utsira high (Glennie et al., 2003). The following more regional
subsidence has resulted in teposition of the thick Permian sequences filling in the

topography around the structural highs (up to 1,2km) andhriniicner (up to 100m)



sequences on the structural highs like the Utsira High. This indicates that the high was a
stable block already ifné Permian (Zanella and Coward, 2088rento, Stemmerik and
Olaussen, 2028The Permian basins experienced rapiossience (Glennie, 1998)., During
the following phase of thermal subsidence, the sandstone continued to fill up the basins
(Zanella and Coward, 2003). As a result of the melting of the Pe@avboniferous ice cap on
the Gondwana and the opening of the safrom southern North Sea to the Arctic ocean,
the Late Permian North Sea experienced a glaggiatic sedevel rise. The transgressitmat
was caused by this rise formed the Zechstein sea in which up to several kilometers of
evaporites, carbonates astthles were deposited (Coward et al., 2003). The differential uplift
and erosion of the Zechstein group occurred prior to the depositiba driassic strata.
Because of that on the Utsira High the Zechstein is slightly folded in contrast to thermyerlyi

Triassic Gorento, Stemmerik and Olaussen, 2018)

The Mesozoic
During theMesozoicthe North Sea has been subjected to two majongitivents in the

PermaoTriassic and Middld_ate Jurassic. The structural imprints of the two rifting events
differ significantly, due to a change in the orientation of the extensional stress field (Feerseth,
1996). At the transition from the Permian to Tr&assic the North Sea experienced the first
episode of extension. The propagation of the Norwegsaaenland Seaftiin the North Sea

area resulted into the brake up of the Pangea and onset Late P&anig riassic rift phase
(Ziegler 1992). The easvest extension resulted in the creation of wide faalinded basins,
consisting of the Viking Graben, the MoraytRiBasin and the Central Graben. In the

northern North Sea, the Viking Graben was the dominating sedimentary depocenter, with
major faultsmost likely penetrating the entire crust (Feerseth, 1996; Whipp et al., 2014). The
Viking Graben cut through the old€aledonian structural elements, as well as the axes of the
prerift sedimentary basins developed throughout the Middle to Late Pald@daiger,

1992). On the Utsira high this activity resulted in a Triassic reactivation of the Rotliegend
fault systemThis created the characteristic grabens and the w&tiged geometry of the
Triassic strata dipping towards the graben bounding faébdi®fto, Stemmerik and Olaussen,
2018)

At the same as the rifting, the depositional environment in the area chahgedechstein
Sea regressed, which established continental deposition conditions in the North Sea area
(Nystuen et al. 2014). Sedimentgpdsited during the Early Triassic corresponding to the

Skagerrak Formation are dominated by alluvial and/or lacessemiarid environments,



including aeolian dunes and flash flood deposits (Nystuen et al. 2014; Mahmic et al. 2018).
Later into the Late fiassic there was a shift towards sdmamid climate, are dominated by
fluvial sandstones, meandering rivers andramease in smectite and kaolinite weathering
products due to the shift towards a sémimid climate (Nystuen et al. 2014; Mahmic et al.
2018). Meanwhile, since at least the Late Triassic the Utsira high was expcsdxhévial
weathering. The basement ltesreloped different weathering profiles indicative of different

climatic conditions or topographic leveRiber et al. 201p

The periodof active rifting finished in the Early Triassic, followed by the continuation of the
thermal subsidence. During tBarly Jurassic, a narrow connection was created between the
southern Tethys Ocean and the northern Boreal Sea. The following transgressitad in

the deposition of the marine shales and sandstones of the Dunlin group. These shales and
sandstones areidely preserved around the northern and central North Sea with exception of
the southern Utsira high (Vollset & Dore, 1984). During the dédurassic the central North
Sea has experienced thermal doming. During this time the uplift of the central Marth S
together with a global regression resulted in the blocking of the seaway connection between
the Tethys Ocean and the Boreal Sea. Thise@ a deep erosion in the Early Jurassic and
older sediments (Ziegler, 1992). Consequently, there is no evidetiee Barly Jurassic
sediments on the southern Utsira high. This is marked by &Ciiginerian unconformity

separating the Triassic from theeslying Late Jurassic sediments (Jackson et al., 2010).

The synrift development during the Middlate Jurassic ire Viking Graben area reduced

the influence of the North Sea dome and reestablished the connection between the Boreal and
Tethys seas (Zidgr, 1992). This interplay between the tectonics and the eustatic sea level rise
favored the deposition of marine sigraround the topographic highs. These Late Jurassic
sandstones are interbedded with the Draupne and Heather formatior(Ghsdes Briets

and Renshaw, 2017At the Utsira high these can be observed as adjacent to the main
bounding faults of the Augvadland the Luno grabens and can indicate the subaerial exposure

of the high throughout the Late Jurassic. These sandstones are overtarDogiupne

formation shalesRiber et al. 201p

The final and brief subaerial exposure of the Utsira high happeried Early Cretaceous
and is marked by the shallenvarine sandstones of the Asgard formation. As the second
phase of the North Sea rifat ceased, the region has experienced rapid thermal subsidence

and burial (Ziegler, 1992; Cowards et al, 2003). Dyitime Cretaceous there was a continuous



global sea level rise (Ngttvedt et al., 2008). The Ellijdle Cretaceous claystones,

siltstones ad marlstones of the Cromer Knoll group were deposited. The base of the Cromer
Knoll group is often marked by an eis contact that represents the Base Cretaceous
Unconformity (BCU). On the Utsira high the BCU is the boundary between the underlying
Viking group/Skagerrak Fm/basement and the overlying Cromer Knoll group (Copestake et
al., 2003). This was followed by tldeposition of the carbonates, marls and siltstones of the
Shetland group. In the Late Cretaceous the combination of the high sea letred bovd
topographic relief resulted into a wide and shallow epicontinental shelf sea (Surlyk et al.,
2003).

The Cen ozoic

In thePaleocenethe depositional environment changed from the gradual infill of an already
existing rift relief to the depositionlue to an uplift of the western and easter margins of the
North Sea basin. The repeated basin uplift and subsidesgked in the deposition of the
submarinefan systems of the Rogaland group. These fan complexes are interbedded with

hemipelagic shaled the same group (Isaksen & Tonstad, 1989).

In the Early Eocene, the opening of the North Atlantic Ocean markeshthef the

extensional setting initiated by the Devonian collapse of the Caledonian orogeny (Isaksen &
Tonstad, 1989). The extension, upéhd volcanism caused by the continental bigaknd

the opening of the North Atlantic Ocean affected the NorthaBdahe nortkeastern Atlantic
margin (Fyfe et al, 2003). The region continued undergoing steady subsidence, while the
sediment supply wasteady due to the margin uplift (Coward et al., 2003). In the late Eocene
there was an onset of regional compresbiecause of the seafloor spreading to the north
west. The relative sdavel fell, allowing the submarine fans to transport sands to titeate

parts of the basin. This episode is marked by the sandy formations withing the mostly shaly
Hordaland group (Eksen & Tonstad, 1989).

The Eocendligocene boundary was marked by the global shift from the greenhouse to the
icehouse climate. Throughbtine Oligocene the sedimentation was mainly represented by the
mud with some episodes of coarse clastic gravitysldeposited in the periods of the margin
uplifts (Fyfe et al, 2003; Gregersen and Johannessen, 2007).

During Mid-to-Late Miocene the uplifof the margins and climatic cooling resulted in the
shallowing of the North Sea that was accompanied by the paigradf the deltaic
complexes draining from the Shetland Platform and the Scandinavia (Fyfe et al, 2003). The
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basin subsidence continueda the Pliocene, resulting in the deposition of thick packages of
the argillaceous sediment due to an increased inpon the European delta systems (Fyfe et

al., 2003; Gregersen and Johannessen, 2007).

The Quaternary is mainly characterized by globaliog, subsequent glaciations and the
eustatic sedevel drop. Glaciations resulted in erosional unconformities and removed the
upper parts of the prograding Pliocene deposits. Theghasil isostaticebound contributed

to the continued elevation ofdiNorth Sea margins (Gregersen and Johannessen, 2007). It is
well documented that the Scandinavian Ice Sheet has extended across the North Sea to the
Scottish Highlands and Northern Ireland as late akakeGlacial Maximum (LGM)

(Lambeck et al., 2010The effects of the glacial tilting and the subsequent leakage has been
shown by Horstad and Larter (1997) on the example of the Troll Eastern oil province.
Stoddard et al. (2015) have modeled the effefctiseice sheet at the LGM. The modelling

has showrthat due to variations in the ice thickness there is a regional tilt towards the NE
with varying tilt magnitudes. Also, it was shown that faults at the reservoir depths (ca.
2000m) show tensile and sheairesses which could facilitate redistribution #eekage of oil

from the Johan Sverdrup field.



3 Background theory

3.1 Hydrocarbon generation and migration

Hydrocarbon generation
Hydrocarbons are generated from sedimentary rocks with sufficient awfaangianic

material. The generation happens whenrock, usually organic rich shale or coal, is buried

and heated. Different hydrocarbons are generated at different temperatures. Most fractions of

oi l are occurring at t e QpGagganerationeoscurbatt ween 10
temperatures betweend5 C and 220 C. I f the reservoir te

starts to naturally crack into gas (Quigley and Mackenzie, 1988).

Primary migration
The primary migration is a process in which the hydrooas are expelled from the source

rock into the afhcent porous and permeable carrier bed (Chapman, 1972). Organic rich
source rocks usually are not homogenous. Thin, porous and permeable beds can work as
initial conduits within the source rock. If therpeeable beds are absent or the fluids cannot
escapeahrough these beds, the pressure will start to rise resulting in the hydraulic fracturing of
the source rock with following expulsion along the microfractures (Barnard and Bastow,
1991). A second theorygposed by Ungerer et al. (1984) suggests thatgsyinmigration can

occur by diffusion along the continuous oil wet kerogen laminae.

Secondary migration
The secondary migration is a process by which the hydrocarbons migrate through permeable

carrier bed. The secondary migration is governed by the booy#&orces and is believed to

start after sufficient amount of the hydrocarbons enter the pore space at the interface between
the carrier bed and the source rock (Barnard and Bastow, 1991). The hydrscamhiomue
migrating along the upper part of therear beds until they meet some sort of barrier. When

the barrier is reached the accumulation can ensue. In the instances when migration is not
affected by any barrier the hydrocarbons will eventuallyhréhe surface. Faults often act as
barriers for thdnydrocarbon flow. Fault sealing or across fault juxtaposition of the reservoir
sandstone against the impermeable shale are the most common migration barriers in the
heavily faulted areas. In Jurassic r@s&s hydrocarbons often migrate-dp following the

strike of the faults (Johnsen et al., 1995).



Spill point

The spill point is defined as the structurally lowest point in a trap that can retain the

hydrocarbons. The spill point can be controlled Ibgudt or by the geometry of the structure.

The faut-controlled spill point is the shallowest point at which the reservoir is juxtaposed to

another reservoir. The spill point controlled by the structural geometry is the shallowest point

of the top of theaservoir along the synclines hinge line.

Filling of  the hydrocarbon structures

A filled structure is defined as a structure that is filled down to it maximum potential (spill

point). The overfilled structure contains the hydrocarbon column dowddefzer level than

the interpreted spill point. This cae lexplained by the presence of a sealing mechanism

along the fault axis that is preventing the migration of the hydrocarbons. The underfilled

structure contains the hydrocarbon column down to acsheatllevel than the interpreted spill

point. Such a situen can occur either due to a leaking top seal, fault intersection or limited

charge of the hydrocarbons. Some underfilled structures may contain residual hydrocarbons

shows beneath that coincideghthe interpreted spill point, meaning that previoukky trap

was filled to spill.

The fill -spill model

If the migration into the trap is continuous, the initial trap will be filled and the leakage with

the further updip migration will occur. Gussowi954) proposed a model in which several

traps are put it one system with continuous generation at different times. Figure 3.1.1

shows this model with an early and late stage of the generation.

d Early Generation Spill Point

Spill Point

Seal Rock

Reservoir Rock (Mudstone)

(Sandstone)

Migration from
Source Rock

b Late Generation

Displaced oil
accumulates

Figure 3.1.1: Gussowds ( 19rérmdRustidetd (2012)o0 spi | |

model .
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The early stage of generatiomwd mostly result in expulsion of oil with some minor gas as

the source rock is buried within the oil window. The deepest structure is filled to the spill
point spilling the oil into the middle stcture. Once enough oil migrates into the middle
structureit also reaches the spill point and the accumulation in the shallowest structure
begins. In an early stage of the generation some gas can appear. But due to higher buoyancy it
will be trapped in theleepest structure. With the increasing burial depthsrarsd

temperatures, the source rock will enter the late generation phase in which mostly gas will be
generated. The gas will displace all of the oil from the deepest reservoir and will start filling
the middle one while the shallowest accumulation willticwre filling to its spill point.
Summarized, the fill to spill model explains that the shallowest traps diteailwhile the

deepest traps are ghled (Gussow, 1954)

Basement reservoir proper ties
Since the crystalline basement is essentially titpetyeservoir properties of the basement are

mainly dependent on the secondary porosity created as result of fracturing, weathering or
chemical alteration and dissolution of the minerals. Gutm&0R9) has collected and

reviewed the main controls on thasement reservoir quality.

The lithology and type of rock can greatly affect the fracture height, density, and dimension.

In the metamorphic rocks, on the one hand, fractures tend to be constyathedayering,

resulting in worse reservoir propertigse to bad interconnectivity. On the other hand, in the
massive and homogenous rocks such as granites, the fracture networks are blockier and more

interconnected.

In contrary to clastic reservoirs the faults in the basement tend to increase the peyngabili
generating very high fracture densities within the damage zones around the fault planes. At
the same time, the permeabilities within the fault plane itsedf te decrease (see membrane
fault seal in 3.2)

Present and past stress is important ferftacture reactivation. Previously sealed fractures
can break the seal as a result of reactivation. Lastly, the secondary alteration by the
hydrothermal activity @n both cause precipitation of minerals within the fractures reducing

the porosity, and distve minerals within and around the fractures.
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2)

3)

4)

3.2 Trap integrity and leakage

Capillary leakage
Capillary leakage of the hydrocarbons can occur when the buogétioy hydrocarbons

exceeds the capillary entry pressure of the water wet top seal. Téms that the leakage can

in theory happen without the presence of the fluid conduits like faults or permeable beds. The

capillary entry pressure is controlled by ttaprocks pore throats largest radius (Berg, 1975).
Vo (Mo T 1 §*'Q

where tha)¢ e the capillary entry pressungy = water densityf] = hydrocarbon density,

g = gravitational constant and h = height of the hydrocarbon column.

Me mbrane fault seal
Membrane fault seal stands for agygf fault sealing that can leak in specific cases. Several

mechanisms have been identified whereby the fault plane can act ag\datées|1987;
Knipe, 1992; Yielding et al., 1997).

Juxtaposition ofeservoir sands against lgyermeability shale with gh capillary entry
pressure. In this case the hydrocarbon column pressure would have to exceed the capillary
entry pressure of the shale as described above.

Clay smear or entrainment of fhggained madrial into the fault plane, creating a high
capillaryentry pressure within the fault plane itself.

Cataclasis, in which crushed coaggained grains will produce clay into the fault plane,
creating a high capillary entry pressure.

Diagenesis in which aementation along the permeable fault plane mightadirtor fully

remove the porosity and thus sealing the fault.

Fault reactivation
Fault reactivation in the northern North Sea in the Visund field was investigated by Wiprut

and Zoback (2000, 2002). e factors were suggested to control the fault restativ:

Locally elevated pore pressure due to buoyant hydrocarbons bordering the faults
Fault orientations that are optimally oriented for frictional slip at the prekssnstress levels

Compressionalteess caused by pegtacial rebound.

Considering thathe pore pressure is close to hydrostatic in all of the fields within the study
area, only the preferable fault orientation and the stress by thglpostl rebound are
applicable to the Utsira High.

12



Wiprut and Zoback (2000, 2002) suggest that theddbhat are critically stressed in the

current stress field are permeable, while the faults that are not critically stressed are sealing.

Several fluid migration studies seem to confirm the criticatgssed fault hypothesis (Barton

et al., 1998; Wipruand Zoback, 2000).

The glacial loading is assumed to have affected the fault reactivation. T$teeeethickness

has fluctuated throughout the Quaternary, resulting in isostatic subsidence and.réheund

glacial loading may have reduced the compressiiesses and stopped active faulting in the

northern North Sea when the glacial ice sheet was present (Wiprut and Zoback, 2002).

Isostatic rebound
In addition to effects on the faults the

isostatic rebound may play an important
role in the charge histp of the Utsira
High (Stoddart et al., 2015). Besides the
induced stresses on the fault the glacial
rebound affected the tilting of the area.
Horstadand Larter (1997) proposed that
the glacial tilting may have played a
crucial role in the filling of th&astern
Troll field. The model for the migration
model is shown in figure 3.2.1.
Considering that some of the fields in the
study area have good oil@his beneath
the OWC and that the OWC throughout
the fields is varying, Stoddart et al. (201:
suggest thitilting might have played a
crucial role in the migration around the
high as well as leakage from the

structures.

w

Stage |: Gas filling, no oil migration

/\ -

Earty Tertiary

Stage 11: Gas and oil filling and biological degradation of gas and oil

Biodegradation

Early Tertiary—MNeogens

Stage |Il: Abrupt westward tilting and relocation of spillpoint

b? ====illpoint

77

Neogene

Stage IV: Physically unstable fluid contacts. remobilization of gas and oil

-;*»

—
TG Spillpoint
’/J Pale0
Neogene-Present
[ Gas zone
==>Gas migration W Cil zone
- Oi| migration R Residual oil zone

[ Water zone

Figure 3.2.1: Stages of migration and filling of the Troll field.
From Horstad and Larter (1997).
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3.3 Seismic amplitude variations

Bright spot
Bright spot is a seismic amplitude anomaly that is defined as local increase in the positive

negative amplitude along a reflection related to a local increase or decrease in acoustic
impedance. The negative amplitude bright can be relatedbizally different fluid in the

porous rock. The gas or oil saturated sandstone will have a diffeflattion coefficient than

the water saturated sandstone (Ligtenberg, 2005; Lgseth et al., 2009). Figure 3.3.1 shows a
typical bright spot.

Dim spot
Dim spot is a local decrease in the positive or negative amplitude along a reflection related to

local inaease or decrease in acoustic impedance. The decrease in amplitude is very typical for
a gas saturated reservoir in which the gas presence candélsalbgical impedance contrast
(Ligtenberg, 2005; Lgseth et al., 2009). Figure 3.3.1 shows a typicalpditn

Flat spot
Flat spot is a horizontally flat seismic reflection that stand with an angle on the stratigraphic

reflections. Flat spot usually showdluid change (contact) within the reservoir. Gaater

contacts (GOC) are especially prone to créasepots due to large difference in acoustic
impedance between the two fluids (Ligtenberg, 2005; Lgseth et al., 2009). Figure 3.3.1 shows
a typical fat spot.

Phase reversal
Phase reversal is a 180 phase gtbecomesal ong

peak and vice versa. Phase reversal can indicate the presence of hydrocarbons if the overlying
shales have lower acoustic impedance theantater saturated sandstones, but both have a
higher impedance contrast than the hydrocarbon satuitedtene resulting in an increase

in acoustic impedance instead of a decrease (Ligtenberg, 2005; Lgseth et al., 2009). Figure

3.3.1 shows a typical pba reversal separated by a flat spot (fluid contact).
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Figure 3.3.1: Direct hydrocarbon indicators in a seismic section. From Lgseth et al., (2009).

Tuning

Tuning is an amplitude anomaly that is associated with thin beds resulting in an increase or a
decease of seismic amplitude because of a constructive or destructive interference between

the reflectors. Te thickness at which the interference occurs is called the tuning thickness.

The Tuning thickness is defined to be % of a wavelength (Roden etla), 20

3.4 Pore pressure
The pore pressure or the fornoat pressure

IS a pressure within the reservoires. The
pore pressure is often referred to the
hydrostatic pressure. The hydrostatic
pressure is a pressure of the water colum
weight from the surface if that water
column is in communication (Moss et,al.
2003). Within the reservoir pressure
barriers ca occur resulting in the buildup
of extra pressure creating amerpressure
situation as well as the escape of excess
pressure creating an underpressure. Botr

over and underpressure are calculated in

Depth

Pressure ——»

Sea surface

Underpressure

relaion to the hydrostatic pressure (Buhri(Figure 3.4.2: An idealized pressure vs depth model
showing relationship between the hydrostatic pressure,

1989).

overpressure and the underpressure. Derived from Moss
et al. (2003)




Overpressure occurs in reservoirs with restricted or no communication to the overlying
formations. Several mechanisms can cause the overpressure. If the formation is rapidly buried
the formation water wiltake some of the overburden weight. Because oivtiter

incompressibility the pressure will start building up given that the excess pressure cannot
escape into the overburden. Another process that can result in the overpressure is the
temperature increasleat will result in the pressure build up. Thel@gidn of extra fluids in

form of generated hydrocarbons and the effects of compaction can also lead to overpressure
(Buhrig, 1989; Moss et al., 2003).

Underpressure is less common than overpressurantisfly formed because of rapid uplift
and/or overbrden erosion resulting in lower pressure than the surrounding formations
(Osborne and Swarbrick, 1997).

3.5 Geochemistry

Pristane/phytane ratio
Pristane/phytane (Pr/Ph) is a ratio of abundangeistane in comparison to phytane. The

Pr/Ph ratio is condered to indicate the degree of oxygenation in the depositional
environment and thus can be used to distinguish between source rock facies (Justwan 2005;
Hermanrud, pers. con). Pristane and phyameenot much affected by the biodegradation

(Head et al.2010). The ratio can be used to compare light to medium biodegraded oil.

Sulfur content in oll
Sulfur-rich source rock intervals are associated with sulfur contents greater than 1% (Waldo et

al., 1990). Sulfur content can be used as an important biom@arkistinguish between

different source rock facies when other parameters such as Pr/Ph ratio are not applicable. In
case of the Utsira High the anomalously high contents of sulfur in oil andiw#terJohan
Sverdrup field may indicate different faciesDraupne fm source rock (Hermanrud, pers.

con). At the same time, the increased sulfur content may be a result of in situ dissolution of
evaporitic sulfides and a subsequent diffusion of thehsidprich water and the oil (Ramstad

et al., 2016)

Biodegra dation
Biodegradation is a process during which the microorganisms chemically dissolve

hydrocarbons. The biodegrading organisms have a preference to remove specific compounds
from the oil and gasVith the degradation the oil is depleted of the saturagddocarbons
first, leaving heavy polar and asphaltene components in the reservoir (Head et al., 2010). This
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decreases the API gravity while increasing the viscosity, sulfur content and acithiéyaif t
The biodegradation can occur at the temperatuegsatle less than 8@ (Connan, 1984).
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4 Data and methodology

Chapter 4 gives an overview of the seismic data, exploration wells, methods and workflow

used to commence this study, including tedlauncertainties.

4.1 Seismic data
The seismic dataset farm of the Petrel E&P Software Platform project consists of one

merged seismic cube ST12MO02 provided by the license partners: Equinor Energy AS, Lundin
Energy Norway AS, Petoro AS, Aker BP ASA,tAbE&P Norge AS. The location of the
dataset is shown ingure 4.1.1.

ST12M02

Figure 4.1.1: The extent of the seismic cube ST12MO02 illustrated by white polygon with field outlines. Modified
from the NPD, 2021.
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The seismic survey is time migrated to zero ph@svelets are symmetrical about zero

time). All the seisnt cubes are in the time domain with a vertical axis given in TWT in ms.

A downward increase in acoustic impedance is associated with a peak and represented by a
blue reflection in the seismic. Ao@nward decrease in acoustic impedance is represented by a
red through. An important observation is that the BCU was changing polarity depending on
its position. Within the grabens the BCU represented shale to sand boundary resulting in
decrease in acoustimpedance. On the basement high the BCU was at the baseme
representing shale to crystalline basement boundary, resulting in the increase in acoustic

impedance due to higher wave velocities in the basement (figure 4.1.2)

e e o e e e e i

.S&ua'.illntn‘gw

Figure 4.1.2: lllustration of the polarity of the seismic survey with blue representing the acoustic impedance

increase and red representing acoustic impedance decrease.

An approximation of the seismic resolution was made using the wavelet toolbox in Petrel to
estimate the dominantdgquency range in the depths of interest in the cube. Withisame

range the seismic velocity was calculated using the sonic log from the representative well.
Equations used are presented in figure 4.1.3. The seismic cube information summary is shown
in table 4.1.4.

Wavelength calculation: Vertical resolution calculation:

v=f*ASA=V/f ) Vertical resolution = A/4

Power spectrum

m
]
f

Power (dB)
\
8
L

B B R R A N ™ A N N N A A A {7 ST AR T AT AL " AR A" A A" A A9 A

Frequency (Hz)

Figure 4.1.3: Formulas used for the calculation of the vertical resolution where v = velocity, f = frequency and
|l ambda = wavelength) and power spectrum with dominant freqt
wavelet toolbox.
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Table 4.1.4: Summary of the information about the seismic cube.

Seismic : Resolution : . : Line
Phase Polarity at target Line orientation )
cube spacing
depth
Inline = SWNE 12,5
ST12M02 Zero Normal Ca. 50m Xline = SENW 125
4.2 Well data

Some wells werencluded in the project provided by Equinor. These wells includeavtl

location and the trajectory, and they were adjusted for checkshots to fit the seismic cubes time
domain. For some of the wells conventional logs were present (caliper, gammani@y, SO

etc.). Throughout the seismic interpretation information fromemeell was required and thus
necessary data, including well paths and checkshots, was downloaded into the Petrel from

The Norwegian National Data Repository for Petroleum data (Diskoghdtion tops were

downl oaded from t he N FRoDabisforration fromethefFwaelst page s .

i ncluding outside of the study area was used
releases were used for information for the wells that are npiypdicly available. Table 4.2.1

shows all the wells that were used the study (besides those that are not publicly available),

while figure 4.2.2 shows the position of the wells that were used for seismic interpretation.

Table 4.2.1: All wells that were used in this study

Area Wells
Edvard Grieg 16/1-8 16/1-10 16/1-13 16/1-15 16/1-18 16/1-23S  16/1-27
Solveig 16/4-6 S 16/4-8S 16/49S 16/4-11 16/5-5
Rolfsnes 16/1-12 16/1-25S 16/1-28 S
P-graben 16/1-17 16/2-5
Ragnarrock 16/2-3 16/2-4 16/2-18 S
Johan 16/2-6 16/2-7 A 16/2-8 16/2-9 S 16/2-10 16/2-11 16/2-12
Sverdrup 16/2-14 16/2-15 16/2-16 16/3-2 16/3-4 16/3-5 16/3-6
16/3-7 16/5-2S 16/3 T2 16/5-4
16/1-2 16/1-5 16/1-14 16/1-24 16/1-29S 16/2-20S 16/2-22S
Other 16/4-1 16/4-2 16/4-3 16/4-5 16/4-7 16/4-10 16/5-1
16/7-2 16/7-10 25/11-17 25/11-28 25/11-29S

The pressure data was acquired from the RFT (repeat formation tester) and the MDT
(modular formation dynamics tester) measurements iavhgable well reports found in

Diskos or provided by Equinor.
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Figure 4.2.2: Top Basement map of the study area with faults and positions of all wells that were used for seismic

interpretation.

4.3 Geochemical data
Geochemical reports were downloadedrirDiskos or provided by Equinor. The

geochemical reports that were used:

Final geochemical interpteat i on reports Y used fo
hydrocarbons like source rock, source rock maturity, biodegradation etc.
Reports on the compositioma | ysi s of MDT reservoi
Pr/Ph ratios and S@@oncentratiorof the formation water.

r

r

gener al

f
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3y Sampling and trace r ep acohcentrafionofthe rmation watera r ¢ h
4) Oil and reservoir core analysesrepdfts used t o search for the Pr/

4.4 Workflow and methodology

Preparing the data set

The prgect provided by Equinor was already setup from the beginning. The only

mani pul ation with the data c¢ub eatemahcoordinhtat i t
systems resulting in the incorrect display of imported wells. The coordinate systdatevas
changed for ED50 UTM31M.

Seismic interpretation
Petrel E&P 2019 was used to perform the seismic interpretation. A detailed regional

interpretéion of selected formation tops was executed. Selected formations or groups were
top Basement, top reservgBCU), top Shetland and top Cromer Knoll. Also, in graben areas
internal formations or groups such as top Zechstein/Permian and top Skageriap The
Basement was picked on an increase in acoustic impedance (blue reflection). The top
reservoir or BCU wapicked on a decrease in acoustic impedance (red reflection) in the
graben areas and on the same reflection as basement over the structurauegbgdarity
reversal the surfaces representing top BCU maps were merged post interpretation. The top
Shetand was picked at an increase in acoustic impedance (blue reflection). The top Cromer

Knoll was picked at a decrease in acoustic impedance (ledtrei).

The interpretation was carried out using a combination of the manual interpretation, guided
autotacking and the seeded 3D autotracking tools. Manual interpretation was mainly used for
interpretation of the basement within the grabens wherectieits were extremely chaotic.
Guided autotracking was used to interpret internal reflections in the gr&esded 3D
autotracking was used over areas with clear and continuous reflections were present, for
example above the basement highs. Random catepioes were used for fault

interpretations as well as in the structurally difficult areas. The linenmarevaried from 4

128 lines depending on the structural complexity and data quality. The interpretation of the
formation tops was used to generstieface maps. These maps were further used for a

visualization of the reservoir geometry and interpretadiothe migration routes.

Seismic attributes
RMS amplitude and variance were used to enhance-starfdatures and aid the

observations. The RMS amitpde calculates the square root of the sum of the squared
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amplitudes in a specific vertical amplitudemaps amplitude anomalies that can help with
mapping the geological features. The RMS amplitude was mainly used to map the locations
of the PermeTriassic grabens along the top reservoir surface. The variance attribute
calculates the amplitude variance ajdhe surface it is extracted from. It was mainly used to

visualize faults.

Formation pressure
Formation pressures from the MDT and the RFT measemewere plotted using Excel. The

reservoir pressures were compared between the wells and with referdre@ydrostatic
pressure. Oil and water gradients were calculated for the different wells. The fluid gradient is
measured pressure per unit of l#ndt is calculated performing a linear regression of the
pressure points. The hydrostatic pressure repteseweight of water column with depth

given that the pores are connected. The hydrostatic pressure can be calculated with the
following equationP =r * g * h. P = pressure, r = density of the seawater (1027,Fkg/m

g = gravitational constant (9,81/$f) and h = height (or in this case depth) in TVD MSL.

Fluid contacts
FIl uid contacts have been maractpaggs. Whertnoti eved fr

present online the final well reports or discovery evaluation reports were used. For several
wells the fluid contact was not mentioned and thus the intersections between the oil and water

gradients were calculated.

Visualization
The Adbbe lllustrator CS6 was used to create figures, 2D seismiceeoions as well as

annotate on specific features of thaps. All 2D seismic crossections have 5 times vertical

exaggeration to enhance structural features.

4.5 Uncertainties

Seismic inte  rpretation

The seismic data used for this study is of good quality. At the same time, the seismic
interpretation is depeent on the experience of the interpreter as well as their scientific
background. This can lead to different interpretations fromréifteinterpreters. The

checkshots were used to quality control the interpretation.

Limited information
Due to the ongoingxploration and the commercial potential of the area, little studies have

been published to aid the analysis. Some information thed telp is still not available
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publicly. Because of that, much of the migration route interpretation had to rely on the
established rules of geology as well as logic. The interpretation of migration routes into the
study area has been done without th@ leélthe interpreted seismic. Because of that

published maps had to be utilized at the expense of interpretation accuracy
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5 Results
This chapter will present the observations and seismic interpretations from the fields and

discoveries studied in thisdhis. The area is split into several sihapters divided by the
fields. Figure 5.0.1 shows a regional map of the mathogecal structures in the central
North Sea with an outline of study area. The study area is divided into different chapters due
to structural and lithological differences. 6 fields/discoveries are described with focus on their

seals and contact depths.

Figure 5.0.1: Regional map of the main structures in the central North Sea, with the study area outlined as figure
5.0.2. Themapisr et ri eved and edited from NPD6s home page.

The Utsira High is situated between the Gudrun Terrace to the west and ttizepir@gsion

to the east. The area encompasses several hydrocarbon fields such as Johan Sverdrup, Edvard
Grieg and Solveig. The areassll undergoing exploration with new discoveries that were

made while this thesis has been done (f.ex.:-86/%0ddo,which cannot be used in this

thesis due to unavailability of the exploration data). The main clastic reservoirs in the area are
Jurasg Intra Draupne fm and Triassic Skagerrak fm. Another important reservoir unit that
makes the Southern Utsira high unigurethe NCS is the weathered basement. In one of the
discoveries (Ragnarrock) the hydrocarbons have been detected at severalptiiatieyrals.

In addition to the basement reservoir the hydrocarbons have been observed in the chalks of

the Late CretaceasuShetland gp.
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