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Abstract
Fault properties are very important parameters in migration and accumulation of hydrocarbons in sedimentary basins. 
However, there are still several different schools of thought on how to incorporate such prospect-bounding fault properties 
into petroleum system migration and modelling studies. This paper investigates how shale gouge ratio (SGR), which defines 
the sealing/non-sealing capacity of faults, can be incorporated in basin modelling using the Gullfaks, Visund, Kvitebjorn 
and Huldra fields in the northern North Sea as a case study. The paper also presents the results from the most likely model 
representing the present day reality in the basin by varying the faults properties defined by SGR until the reserves-in-place 
in the four fields are obtained. Our results show that gas accumulations are more sensitive to SGR than the oil accumula-
tions. The oil accumulation in the Gullfaks field is controlled by three main faults. The first fault bounding the field is a 
non-sealing fault with SGR = 10%. The second fault located further south in the field is a sealing fault, and the third fault 
located in the north is a non-sealing fault. A NE–SW non-sealing trending fault controls the hydrocarbon accumulation in 
the Visund field. In the Kvitebjørn field, another NE–SW trending fault surrounding the field with an SGR of 30% controls 
the hydrocarbon accumulation. The gas-in-place in the Huldra field is controlled by two N–S trending faults. The first fault 
is located in the west of the field and is defined by SGR of 40%, while the second fault is defined as open. Analysis of the 
burial history curves of the most likely petroleum system model obtained after the fault properties modelling shows that the 
Late Jurassic to Early Cretaceous uplift in the basin is more pronounced in the footwall of the triple rift graben system in the 
basin. In the same period, the axis of the graben system is characterized by non-deposition of sediments.
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Introduction

One of the key elements that control hydrocarbon accu-
mulation and migration is the faulting system (Ben-Awuah 
et al. 2013; Ben-Awuah et al. 2014). Lateral migration of 

hydrocarbons can be impeded by faults by juxtaposing lith-
ologies against reservoir/carrier units or by forming a layer 
of high capillary threshold pressure fault rock (Childs et al. 
2009). During faulting, sediments adjacent to the faults are 
crushed creating a shale gouge (Yielding et al. 1997). In 
clastic sequences, fault seals/contacts are most commonly 
attributed to dragging of clay, or shale, into faults to form 
clay smears (Lindsay et al. 1993; Fulljames et al. 1997; 
Yielding et al. 1997; Davies et al. 2003). A fault can be 
defined either as closed or opened or partially opened by 
measuring the amount of clay along the fault. An open fault 
is non-sealing and allows migration through it, whereas a 
closed fault is sealing and does not allow migration through 
it. Yielding et al. (1997) introduced the term shale smear 
factor (SSF) or shale gouge ratio (SGR) to define the amount 
of clay along the fault. The ratio between the amount of 
small grains (D < 10 nm) and large grains along faults can 
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be expressed by the SGR. SSF and SGR in addition to juxta-
position and fault throw also depend on the lithology of the 
faulted rocks. Hantschel and Kauerauf (2009) proposed the 
relation between SGR and fault capillary pressure (FCP) as 
shown in Eq. 1. A fault is therefore defined as an open fault 
when SGR is less than 18% or FCP is less than 0.1 MPa. It 
is defined as a closed fault when SGR is greater than 95% or 
FCP is greater than 50 MPa.

k: permeability.
Methods of incorporating fault and seal properties in 

hydrocarbon migration studies have evolved significantly 
over time (Perkins 1961; Lindsay et al. 1993; Yielding et al. 
1997; Davies et al. 2003; Childs et al. 2009) and focused 
mainly on the shale content in faults separating juxtaposed 
reservoirs in migration modelling and fault seal studies. 
However, there are still opposing views on the best methods 
to use to properly account for the impact of fault properties 
in hydrocarbon accumulation and migration studies. In this 
study, a method of incorporating fault properties in petro-
leum systems modelling using the SGR concept is proposed. 
The method has been applied to the Kvitebjorn, Gullfaks, 
Huldra and Visund fields in the northern North Sea simulta-
neously to determine the most probable model that accounts 
for the different volumes of hydrocarbon accumulation in 
each of the four fields. The approach employed in this study 
involves varying the SGR values and comparing modelled 
hydrocarbon accumulation results to actual hydrocarbon 
accumulations in the four fields. The SGR values are var-
ied, and the sensitivity of the modelling results to the vari-
ation tested until the hydrocarbon volumes obtained from 
the modelling is similar to the actual hydrocarbon volumes. 
The strength of this approach over other methods is that 
the sensitivity of the fault models to the SGR variation is 
tested on the hydrocarbon accumulation in all the four fields 
simultaneously.

Geological setting and petroleum system

The North Sea is one of the most productive hydrocarbon 
provinces in the world. At its peak in 1996, the area pro-
duced 9% of the world’s oil and was the fourth largest pro-
ducing region (Zanella and Coward 2003). The northern 
North Sea is well suited for such a study due to the presence 
of large rotated fault blocks associated with lithospheric 
extension and crustal thinning in the basin. Most of the traps 
in the basin developed as rotated fault blocks as a result of 
the rifting that affected the area. The study area is located 
in quadrants 30 and 34 of the northern North Sea (Fig. 1a).

Structures which shaped the central and northern 
North Sea comprise both those which formed the crustal 

(1)FCP = k(SGR − 0.18), with k ≥ 50MPa

framework and those that subsequently reworked that frame-
work into the present day configuration (Zanella and Cow-
ard 2003). The North Sea rift system is a triple system that 
forms the Viking Graben, Central Graben and the Moray 
Firth basins. According to Zanella and Coward (2003), the 
main pulses of Mesozoic and Cenozoic deformation that 
shaped the structural framework of the northern North Sea 
are summarized below:

1. Permo-Triassic rifting
2. Thermal uplift and volcanism during the Mid-Jurassic
3. Late Jurassic to Early Cretaceous rifting including a 

possible change in direction of extension from E–W to 
NW–SE

4. Cretaceous to Cenozoic thermal subsidence
5. Cretaceous to Cenozoic pulses of tectonic inversion
6. Cenozoic uplift of the basin margins.

Evidence for regional uplift affecting the North Sea dur-
ing Toarcian to early Aalenian times comes from strati-
graphic data and regional well correlations that have been 
used to define the form of the Mid-Jurassic unconformity 
(Underhill and Partington 1993). This uplift allowed erosion 
down to Lower Jurassic or Triassic strata. Erosion of the 
uplifted area yielded Bajocian to Bathonian sands that now 
form the important Brent Group reservoirs of the northern 
North Sea (Zanella and Coward 2003).

In the northern North Sea of the Norwegian Continen-
tal Shelf, seven main petroleum plays have been defined by 
the Norwegian Petroleum Directorate ranging from Car-
boniferous to Miocene in age. One of the most important 
petroleum plays with several discoveries and fields is the 
Upper Triassic to Middle Jurassic Play. It includes most of 
the discovered fields in this region, such as Visund, Gullfaks, 
Kvitebjørn and Huldra fields which have been selected for 
this study.

In this play, the generated hydrocarbons are sourced from 
Draupne Formation which is Upper Jurassic in age and 
was deposited in marine and anoxic environment (Vollset 
and Dore 1984) (Fig. 1b). This formation is characterized 
by brownish black shale, rich in organic matter with total 
organic carbon (TOC) varying from 2 to 10% and hydro-
gen index (HI) between 200 and 600 mg/gTOC (Kubala 
et al. 2003). According to Kubala et al. (2003), Draupne Fm 
reached the maturity for oil generation in the axis of Viking 
Graben in Late Cretaceous. The peak oil maturity is attained 
when the burial depth exceeds 3000 m at about 54 Ma with 
temperature starting around 110 °C and gas window is at 
14 Ma (Moretti and Deacon 1995; Kubala et al. 2003).

Two reservoir units are found in the Triassic and Middle 
Jurassic play. The first and older unit is Statfjord Formation 
(Triassic to Lower Jurassic) and mainly consists of coarse-
grained sandstones deposited in alluvial plains and braided 
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streams (Kirk 1979; Røe and Steel 1985). This reservoir 
unit exhibits excellent porosity (20–24%) and permeability 
(300 mD to 2000 mD) (Johnson and Krol 1984). The second 
main reservoir is the Brent Group which is Middle Jurassic 
in age. This reservoir unit also shows excellent petrophysical 
parameters with porosity ranging 20–30% and permeability 
from 50 to 5000 mD at depth less than 3000 m.

These reservoirs are developed in tilted fault blocks as a 
result of rifting tectonic events affecting the area. The struc-
tures where some of the fields such as Gullfaks occur are 
very complex and associated with a series of faults (Dahl 
and Solli 1993). These fields are also controlled by the fault 
reactivations during Mesozoic period (Johnson and Fisher 
1998). To ensure the accuracy of the model in this study, all 
of these previous literature discussed above on the petroleum 
system of the study area have been considered and incorpo-
rated into the model.

Most of the rotated fault traps relating to Lower and Mid-
dle Jurassic plays in the basin have Upper Jurassic shales as 
cap rocks. In the areas where intense erosion has affected the 
footwall crests, Lower Cretaceous and in some cases Upper 
Cretaceous shales form top seals of the trap. The bottom 

seals of the Middle Jurassic reservoir hydrocarbon accumu-
lation consist of low permeability Lower Jurassic shales. The 
same low-permeability rocks form parts of the top seal to 
the Lower Jurassic hydrocarbon accumulations in reservoirs 
such as the Cook and Statfjord Formations, which are sealed 
by the Dunlin Group shales down-dip or by Upper Jurassic 
or Lower Cretaceous shales on the eroded highs (Husmo 
et al. 2002). For instance, in the Gullfaks and Statfjord fields, 
most of the traps are bounded by large faults across which 
the reservoir is commonly juxtaposed against impermeable 
Upper Jurassic shales (Husmo et al. 2002).

Methodology

Model construction

Prior to simulation, the 3D model is reconstructed from 
interpreted horizons and fault system maps derived from 
3D seismic data of the study area. The maps used in this 
modelling were provided by SINTEF Petroleum Research, 
Trondheim, Norway. Once the layers were created and the 

Fig. 1  a Location map of study area showing quadrants 30 and 34 in the northern North Sea (the location map has been modified to include 
coordinates). b Lithostratigraphic chart of the North Sea (Halland and Riis 2014)
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Fig. 1  (continued)
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model was built, its accuracy was validated by calibrating 
it with five exploration wells (well 31/4–5; 34/8–6; 34/8–7; 
34/11–3 and 34/11–4) in the basin that intersects the petro-
leum system in the studied fields. In order to further con-
strain the developed models, other calibration parameters 
such as vitrinite reflectance and bottom hole temperature 
data are integrated into the model. These data are kept con-
stant throughout the different scenarios with only the fault 
parameters being varied.

Facies deposition, definition and erosion

Deposition of sediments in the basin is the first process 
modelled in the reconstruction of the basin. Deposition of 
specific layers is assigned to geological events in the basin 
within a specific period with the first layer deposited being 
the oldest layer. Each layer represents a particular facies 
defined by a combination of lithology and a particular petro-
leum system element. The source rock property is defined 
by TOC, HI and the type of kinetics model. Another process 
is the erosion. In this modelling, erosion has been defined 
as the event where sediments deposited previously are 
removed. The amount of eroded sediment can be calculated 
using the following equation (Eq. 2) (Table 1):

Each layer in the model is assigned to a specific facies. 
These input data are the most important parameter in basin 
modelling because it defines the petroleum system elements 
of the model. In this project, the Draupne and Heather Fms 
are set as source rocks and the Brent Group and the Statf-
jord Fm are defined as reservoirs (Fig. 1b). The layers above 
Draupne Fm are set as overburden rock, and the Dunlin 
Group which is below Brent Group is set as underburden 
rock. In terms of source rock properties, the distribution of 

(2)Deroded = Dinitial thickness − Dpresent day

TOC and HI is uniform within the area and the kinetic model 
used is the Burnham (1989) _TII kinetic model.

Nine horizon maps representing nine layers have been 
imported into the model. The age of each layer is defined by 
the period of deposition and erosion. The oldest layer in the 
model is the Statfjord Fm deposited from 204 to 190 Ma. The 
uplift occurs from 150 to 135 Ma and is associated with the 
Draupne Fm (Nadin and Kusznir 1995; Underhill and Par-
tington 1993). The project is focused on the Lower–Middle 
Jurassic play in the northern North Sea and so the Draupne, 
Heather Fms and the Brent group layers need to be created. 
The layer between Base Cretaceous and Top Middle Jurassic 
horizons is subdivided into Draupne and Heather Fms, and 
the layer between Top Middle Jurassic and Top Statfjord into 
Brent and Dunlin Groups (Table 2).

The present day thickness of Draupne Fm is the result of a 
combination of syn-rift deposition and erosion affecting the 
top of the formation. This erosion is more pronounced in the 
footwall of the graben, and decreases towards the axis of the 
graben. It is difficult to constrain the thickness of Draupne 
Fm sediments eroded during the uplift phase. The erosion 
data used in this project are obtained from previous work in 
the northern North Sea by Spencer and Larsen (1990). The 
thickness of eroded sediments in Gullfaks is estimated to be 
800 m. Based on these data, it is assumed that the erosion 
decreases gradually with depth. The distribution of erosion 
thickness is set as 50 m above 2300 m (boundary depth of 
Gullfaks field) and with a regular increase in depth of 500 m 
until 6300 m.

Boundary conditions

In basin modelling, the paleo-heat flow can be predicted by 
crustal model. The model used in this work is the McKenzie 
model. It considers the effects of rifting phases. The litho-
sphere is extended and thinned by a stretching event. In this 
model, the amount of thinning of the crust and the upper 
mantle is different and defined, respectively, by β-crust and 
β-mantle. The McKenzie model takes into account two main 
phases:

• An initial stretching phase corresponds to the rifting 
phase. This phase is characterized by an exponential 
increasing of heat flow and rapid subsidence

• A cooling phase corresponds to thermal subsidence. This 
second phase shows a gradual decreasing of heat flow 
and slow subsidence.

The paleo-heat flow is also a function of the stretching 
factors of the crust (β-crust) and the mantle (β-mantle). The 
β-crust varies from 1.188 to 1.75 with an average of 1.4 
(Fig. 2a). The β-mantle varies from 1.23 to 1.98 with an 
average of 1.6 (Fig. 2b). As the stretching factor of the crust 

Table 1  Eroded sediments intervals and thicknesses

Interval depth (m) Eroded 
sediments 
(m)

Z < 2300 (Gullfaks) 800
2300–2800 400
2800–3300 350
3300–3800 300
3800–4300 250
4300–4800 200
4800–5300 150
5300–5800 100
5800–6300 50
Z > 6300 0
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and the mantle reaches the highest value in the axis of the 
grabens, it is expected to have higher heat flow compared 
to the other part of the basin resulting in a more mature 
source rock.

After simulation, the paleo-heat flow at 165 Ma ranges 
from 63.34 to 68.81 mW/m2. At 155 Ma where the rift 
started, it ranges from 65.8 to 77.1 mW/m2 (Fig. 3a). At the 
end of the rifting phase (135 Ma), the heat flow reaches its 
peak with values between 68.9 and 94.4 mW/m2 (Fig. 3b). 
During the thermal cooling phase (65.5 Ma), it ranges from 
61.6 to 64.98 mW/m2 (Fig. 3c). At the end of the thermal 
cooling (2.6 Ma) until the present day, the heat flow varies 
from 60.98 to 58.67 mW/m2 (Fig. 3d).

Other boundary conditions used in building the model 
are the paleo-water depth and temperature of surface water 
interface. The paleo-water depth is obtained from previous 
studies (Kyrkjebø et al. 2004) and varies between 0 and 
410 m.

The paleo-surface water interface temperature (SWIT) 
was defined using an integrated PetroMod tool that consid-
ers the paleo-water depth and the evolution of ocean surface 
temperatures over time based on the paleo-latitude of the 
area (Hantschel and Kauerauf 2009). The temperature was 
kept constant at 25 °C from the Devonian to Cretaceous 
period and then varied between 16 and 23 °C in the Tertiary 
and Quaternary periods (Evans et al. 2003).

Compaction model

In constructing the model, another factor incorporated in 
the model is compaction caused by overburden load. The 
software used has inbuilt compaction models for different 
lithologies. The model used in this study is “Athy’s law with 
hydrostatic depth model” (Eq. 3). It is a model defined by 
mathematical equation of porosity as a function of depth. 
It assumes hydrostatic pressure and deposition of entire 
column with the same lithology. In order to determine the 
Athy’s law parameters, the compaction model is calibrated 
with the average porosity of the reservoir rocks versus depth. 
The parameters of Athy’s law defining the best compaction 
models for the Brent Group and the Statfjord Fm are pre-
sented in Table 3.

Ze: hydrostatic depth, Ø0: initial porosity, Ø (ze): final poros-
ity at Ze, k: Athy’s parameter (compaction coefficient).

Fault definition

The faults are imported into the model as fault surfaces 
obtained from 3D seismic cubes, used to build fault 
planes and fault maps. This fault map is assigned to the 
Brent Group and the layers below it. The fault planes and 
fault surfaces were digitized using the SeisStrat module in 
PETROMOD before incorporating them into the model. 
Ten fault intersections are selected for detailed fault prop-
erties modelling due to their proximity to the hydrocarbon 

(3)∅
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= ∅0e
−(kz)
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Table 2  Facies and petroleum system elements definition

Age Group/forma-
tion

Petroleum 
System

Lithology TOC (%) HI

Start End Sandstone 
(%)

Siltstone (%) Shale (%) Lime stone 
(%)

(mgHC/
gTOC)

Middle Mio-
cene

Recent Nordland Overburden 80 20

Eocene Early Mio-
cene

Hordaland Overburden 50 50

Paleocene Early Eocene Rogaland Overburden 20 80
Late Creta-

ceous
Early Pale-

ocene
Shetland Seal 90 10

Early Creta-
ceous

Late Creta-
ceous

CromerKnoll Seal 5 65 30

Late Jurassic Early Creta-
ceous

Draupne Source Rock 100 6 398

Middle Juras-
sic

Late Jurassic Heather Source Rock 100 2 131.5

Middle Juras-
sic

Middle Juras-
sic

Brent Reservoir 95 5

Early Jurassic Middle Juras-
sic

Dunlin Underburden 80 20

Late Triassic Early Jurassic Statford Reservoir 100
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accumulations (Fig. 4). The ages of faults are set from 
135 to 0 Ma. Three types of fault behaviour were incor-
porated in the modelling and the results calibrated against 
the hydrocarbon-in-place in Gullfaks, Visund, Huldra and 
Kvitebjørn fields (Table 4). The first two scenarios of 

fault behaviour are the two extreme cases where all the 
faults are opened in one model and in the other model 
all the faults are closed. The third fault scenario involves 
varying the gamma ray-log calculated SGR values of each 
fault until the hydrocarbon-in-place in all the fields is 
obtained simultaneously. This model represents the most 
probable migration scenario.

Model calibration

Once the model is built, the next phase is to calibrate the 
heat flow model with the temperatures of the formations 
present in the wells or with thermal maturity data such as 

Fig. 3  Paleo-heat flow distribution across the modelled basin a 155 Ma; b 135 Ma; c 65.5 Ma; d 2.6 Ma

Table 3  Compaction model parameters

Parameters Brent group Statfjord Fm

Initial porosity (%) 45 50
Minimum porosity (%) 5 5
Compaction coefficient  (km−1) 0.22 0.27
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vitrinite reflectance. The heat flow model calibration is 
important as it is one of the parameters controlling the matu-
rity of the source rock. Vitrinite reflectance data and bottom 
hole temperature have been used in calibrating this model to 
ensure accuracy of the model.

Results and discussion

The first two models analysed in the study incorporated 
the two extreme cases of fault properties. In the first sce-
nario (S1), all the selected faults are defined as open faults, 
whereas in the second scenario (S2), all the faults are defined 
as closed faults. In scenarios 3 and 4, SGR is defined as 56% 
and 25%, respectively. The SGR option is embedded in the 
Petromod software and is used to define the permeability or 
impermeability of a fault. Faults with SGR of more than 40 
are impermeable, whereas faults with SGR less than 20 are 
very permeable. Once the SGR values for a fault plane are 
determined, the fault plane is assigned to a specific layer that 
is affected by the fault prior to simulation. The controlling 
faults in the Gullfaks field are F1, F6 and F9 (Fig. 4). For the 
Visund field, the faults include F3, F6 and F8. F4 and F10 
are the dominant faults in the Kvitebjørn field, and F2 and 

Fig. 4  Faults map and selected 
assigned faults

Table 4  Hydrocarbons originally in place in the studied fields

Fields Hydrocarbon originally in—place

Oil  [Mm3 oil equivalent 
(o.e)]

Gas  [Mm3 
oil equivalent 
(o.e)]

Gullfaks 581
Visund 90
Kvitebjørn 82
Huldra 39
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F5 for the Huldra field (Fig. 4). The SGR values in scenario 
5 are defined to vary between 25 and 56% for the faults.

Scenario 1 (S1): open faults

In this scenario, all other parameters in the base model are 
kept constant and the faults defined as open/non-sealing 
faults. This scenario results in very small hydrocarbon accu-
mulations in the Kvitebjørn and Huldra fields (0.79 Mm3 
and 0.98 Mm3 o.e, respectively) compared to the actual 
oil-in-place (OIP) in those fields (Table 5). The volume of 
hydrocarbons obtained in the Gullfaks and Visund fields in 
scenario 1 is 693 Mm3 o.e and 92.64 Mm3 o.e compared to 
the actual oil-in-place in the two fields which is 581 Mm3 
o.e and 90 Mm3 o.e, respectively (Table 5).

The hydrocarbon accumulations in the Gullfaks and 
Visund fields obtained from the model are therefore quite 
close to the actual oil-in-place. Scenario 1 therefore results 
in similar volumes of hydrocarbon accumulation in the Gull-
faks and Visund fields; however, because the model does not 
give the right accumulations in the Kvitebjorn and Visund 
fields, it is discounted as the most likely fault properties 
scenario in the area.

Scenario 2 (S2): closed faults

In this scenario, all other parameters in the base model 
are kept constant and the faults defined as closed/sealing 
faults. The definition of the faults as closed faults results 
in the accumulation of large volumes of hydrocarbons 
trapped along the faults. The gas accumulated in Kviteb-
jørn and Huldra fields is 742 Mm3 o.e and 413 Mm3 o.e 

which is several orders higher than actual gas-in-place of 
82 Mm3 o.e and 39 Mm3 o.e, respectively (Table 6). The 
oil accumulation obtained from the model in the Gullfaks 
and Visund fields is 1.51 Mm3 o.e and 686 Mm3 o.e, respec-
tively. Consequently, the oil accumulation in Gullfaks field 
is underestimated, whereas the accumulation in Visund field 
is overestimated. In the case of the Gullfaks field, the huge 
underestimation of the hydrocarbon volume by the model is 
attributed to the fact that the sealing faults trapped hydro-
carbons migrating into the reservoir from the source rocks 
and may have not reached the Gullfaks field. In the case 
of the Kvitbjorn, Huldra and Visund fields where there is 
overestimation of hydrocarbon volumes by the model, the 
hydrocarbons may not have been trapped during migration 
from the source rocks into the reservoir but are trapped only 
after reaching the reservoir. The model in S2 therefore also 
discounts closed faults as the right fault property for the 
faults controlling hydrocarbon accumulation in the basin.

Scenario 3: SGR = 56%

This scenario is aimed at narrowing down the SGR proper-
ties of the faults since the results from scenarios 1 and 2 
indicate that all the faults are neither opened nor closed. An 
SGR of 56% is used representing the average SGR of open 
faults (SGR = 18%) and closed faults (SGR = 95%). Even 
though faults F3, F6 and F8 defined as opened faults in sce-
nario 1 gave the right accumulation, SGR for these faults 
is also defined as 56% in this scenario to confirm the prop-
erties of the faults controlling accumulation in the Visund 
field. The gas accumulated in Kvitebjørn and Huldra fields 
is 742 Mm3 and 405 Mm3 o.e, respectively.

The oil accumulated in Gullfaks and Visund fields is 
74 Mm3 o.e and 422 Mm3 o.e, respectively (Table 7). Ana-
lysing this result, the gas in Kvitebjørn and Huldra fields 
and the oil in Visund field are overestimated, whereas the 
oil accumulated in Gullfaks field is underestimated. Results 
from scenario 3 therefore indicate that the faults control-
ling hydrocarbon accumulation in Kvitebjorn, Huldra and 
Gullfaks may be more opened than defined in this scenario 
allowing further migration of hydrocarbons from the reser-
voir rocks. This result also confirms that faults F3, F6 and 

Table 5  Hydrocarbon accumulation from scenario 1 (S1) and OIP

Fields Gas in-place  (Mm3 o.e) Oil in place  (Mm3 o.e)

S1 Reference S1 Reference

Kvitebjørn 0.79 82
Huldra 0.98 39
Gullfaks 693 581
Visund 92.64 90

Table 6  Hydrocarbon accumulation from scenario (S2) and OIP

Fields Gas in-place  (Mm3 o.e) Oil in place  (Mm3 
o.e)

S2 Reference S2 Reference

Kvitebjørn 742 82
Huldra 413 39
Gullfaks 1.51 581
Visund 686 90

Table 7  Hydrocarbon accumulation from scenario 3 (S3) and OIP

Fields Gas in-place  (Mm3 o.e) Oil in place  (Mm3 
o.e)

S3 Reference S3 Reference

Kvitebjørn 742 82
Huldra 405 39
Gullfaks 74 581
Visund 422 90
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F8 controlling hydrocarbon accumulation in the Visund field 
are most likely open/non-sealing faults as initially defined 
in scenario 1.

Scenario 4: SGR = 25%

Considering the results of scenarios 1, 2 and 3, the faults 
in this scenario are defined as more open with an SGR of 
25% except faults F3, F6 and F8 in Visund field. The gas 
accumulations obtained for Kvitebjørn and Huldra fields are 
23 Mm3 o.e and 9 Mm3 o.e, respectively, which is less than 
the actual gas-in-place (Table 8). For the case of Gullfaks 
field, the amount of oil is overestimated as 1362 Mm3 o.e. 
The result from this scenario and all the previous scenarios 
show that the hydrocarbon volumes are very sensitive to 
the SGR values and that the SGR for the faults is not the 
same. This means a different SGR for each fault needs to 
be defined. This brings us to the most likely model of the 
fault properties controlling hydrocarbon accumulation in the 
four fields.

Scenario 5: the most likely model

Results from the previous modelling in the four scenarios 
above confirm that the hydrocarbon accumulations in each 
of the four fields are controlled mainly by the faults nearest 
to the fields. The following deductions are made from the 
four previous scenarios.

• The fault controlling the gas-in-place in Kvitebjørn field 
is F4

• The faults controlling the gas-in-place in Huldra field are 
F2 and F5.

• The faults controlling the oil-in-place in Visund fields are 
F3, F6 and F8.

• The fault controlling the oil-in-place in Gullfaks fields is 
F1, F6 and F9.

• Fault 10 does not contribute significantly to hydrocarbon 
accumulation in any of the four fields.

Considering the results above, the SGR of faults F2, F4 
and F5 is set between 25 and 56%. F4 controlling accumu-
lation in Kvitebjørn is set as SGR = 30%, whereas F2 and 

F5 controlling the accumulation in Huldra field are set as 
SGR = 40% and open fault, respectively. For Visund field, 
the properties of the faults F3, F6 and F8 are defined as open 
faults as already established from the earlier scenarios. After 
several test runs, the SGR of Gullfaks field is set as 10% for 
F1, closed for F9 and open for F6. In this scenario, the accu-
mulated gas in Kvitebjørn and Huldra fields is 95.58 Mm3 
o.e and 40.48 Mm3 o.e, respectively (Table 9). In Gullfaks 
and Visund fields, the hydrocarbon volumes obtained from 
the model are 695 Mm3 o.e. and 95.75 Mm3o.e, respectively. 
The hydrocarbon accumulations obtained from this scenario 
are therefore the closest to the actual accumulations and rep-
resent the most likely fault properties model in the study 
area.

By narrowing down these faults properties from the dif-
ferent scenarios, the most likely model reflecting the geo-
logical reality of the northern North Sea region is most likely 
scenario 5 (Fig. 5) with the following faults properties:

• For the fault controlling Kvitebjørn field which is F4, the 
SGR is equal to 30%. If the fault is defined by SGR less 
than 30%, the gas in the field is underestimated. On the 
other hand, if it is defined with SGR greater than 30%, 
the accumulation will be overestimated. Comparing S4 
where F4 is defined by SGR = 25%, and S5 where F4 
is defined by SGR = 30%, there is a large difference of 
72 Mm3 o.e between the two scenarios.

• For the faults controlling Huldra field which are F2 and 
F5, the properties of the faults are set as SGR = 40% for 
F2 and open fault for F5.

• For the faults controlling Visund field which are F3, F6 
and F8, the properties of all of these faults are set as open 
faults.

• For the faults controlling the Gullfaks field which are F1 
and F9, the SGR is 10% and closed, respectively.

After several simulations, it is determined that fault F10 
has no effect on the fields.

It is observed from the simulations that any small vari-
ation of shale gouge ratio of fault controlling the gas accu-
mulation might lead to a very large difference in volume of 
hydrocarbons obtained. It might be possible to state that the 

Table 8  Hydrocarbon accumulation from scenario 4 (S4) and OIP

Fields Gas in-place  (Mm3 o.e) Oil in place  (Mm3 o.e)

S4 Reference S4 Reference

Kvitebjørn 23 82
Huldra 9 39
Gullfaks 1362 581
Visund 94 90

Table 9  Hydrocarbon accumulation from scenario 5 (S5) and OIP

Fields Gas in-place  (Mm3 o.e) Oil in place  (Mm3 
o.e)

S5 Reference S4 Reference

Kvitebjørn 95.58 82
Huldra 40.48 39
Gullfaks 694 581
Visund 93 90
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gas accumulation is very sensitive to shale gouge ratio. This 
can be explained by the mobility of the gas. Another obser-
vation is that in general, by closing the fault, more accumu-
lation is observed than opening the fault. Nevertheless, this 
hypothesis is not always verified. For instance, in Gullfaks 
field, by closing the fault F9, less accumulation is observed, 
whereas by opening the fault, the accumulation is overesti-
mated. Therefore, by setting up the fault properties as open 
or closed, the result accumulation depends on conditions of 
migration pathways such as the complexity of the geological 
structures within the area or the migration timing.

Conclusion

In this research, faults properties that control hydrocarbon 
accumulation have been investigated using the Gullfaks, 
Visund, Kvitebjørn and Huldra fields in the North Sea. A 
most likely model representing the reality and the fault prop-
erties suggested has been proposed and presented in order 
to have a better understanding of the petroleum system in 

the northern North Sea. The hydrocarbons in place in these 
fields are mainly controlled directly by their adjacent faults 
with different properties with some exception. For instance, 
in Gullfaks field, the fault controlling the hydrocarbon accu-
mulation is the fault bounding the field which is relatively 
non-sealing fault with SGR = 10%. It is also controlled by 
another fault located further south of the field (F9) which 
is a closed fault since defining it as an open fault leads to 
overestimation of hydrocarbon accumulation in the field. 
The Visund field is controlled by the NE–SW faults which 
are non-sealing. The Kvitebjørn field is controlled by the 
fault surrounding the field with SGR = 30%. The main fault 
with N–S trend controlling hydrocarbon accumulation in the 
Huldra field has SGR = 40%. After analysing these faults, 
it is concluded that the fault properties have an important 
influence on the migration pathways from the source rock 
to the reservoir rock particularly the SGR values. Depend-
ing on the geological context of the study area, both open 
and closed faults might lead to a high or low accumulation. 
In addition, it is observed that in the case of gas fields, the 

Fig. 5  Hydrocarbon accumulations from the most likely model (scenario 5)
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accumulation is more sensitive to SGR than the oil accumu-
lation due to the easier mobility of gas.
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