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field, Norwegian Barents Sea. 

 

Orlando Butar Butar 
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Supervisors: Nestor Cardozo, Lothar Schulte 

 

Abstract 

Wisting is Norway’s northernmost oil field under development. With ~500 mmboe in shallow 

marine to fluvial Upper Triassic to Middle Jurassic reservoirs, which are highly faulted and 

just 250-300 m below sea bottom, this field is quite unique. Wisting sits between the Maud 

Basin and the Hoop fault complex and is characterized by an orthorhombic fault system 

consisting of WNW-ESE, NNE-SSW, NE-SW and N-S trending faults. Polygonal faults affect 

the Cretaceous shales above the reservoir interval. Since the reservoir units are very shallow 

and the lithology heavily faulted, evaluating fault sealing and the impact of fluid injection on 

fault reactivation are crucial for the safe, future development of the field. In this study, the 

seismic survey covers an area of 16km2 encompassing the Wisting field. Within this area, we 

use publicly available (via DISKOS) low- (10 to 70 Hz) and high- (7 to 185 Hz) resolution 

seismic data, to better understand the impact of seismic resolution on the interpretation, fault 

juxtaposition relationship, reservoir compartmentalization, and gross reservoir volume. The 

focus of this study is the Stø Fm which provides the main reservoir. 

We integrate the information from one exploration well with gamma-ray, resistivity, sonic, 

density and neutron logs, as well as formation tops. Well interpretation and seismic-well tie are 

the two initial steps to identify the reservoir zone and link the well log signature to the seismic. 

The variance and RMS amplitude attributes are used to guide the fault interpretation and to 

identify hydrocarbon accumulation. Depth structure maps from the low- and high-resolution 

datasets are constructed, and their differences evaluated. Low- and high-resolution fault throw 

maps and juxtaposition (Allan) diagrams are also constructed, compared and analysed. 

The high-resolution data image the fault zones with impressive detail (although there are fault 

shadow issues in the footwalls). The study clearly demonstrates that the high-resolution seismic 

provides essential information such as flat-spot, reservoir heterogeneity and shale smear that 

cannot be derived from the low resolution seismic. Moreover, the high-resolution model 

provides more details in the fault throw distribution and in the juxtaposition relationships of 

the Stø Fm. The top and bottom of this reservoir zone from the high-resolution seismic honours 

the well-tops and seismic reflectors, whereas this is not the case in the low-resolution seismic. 

As a result, the reservoir thickness map and the gross reservoir volume from the low-resolution 

model are more susceptible to uncertainty. The result of this study shows the critical gain in 

information of high resolution seismic and its impact on the accuracy of the reservoir 

determination. 
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1. Introduction 

Geophysical exploration methods play a significant role in the oil and gas industry. One 

of these methods is seismic surveying. It is undoubtedly one of the most important geophysical 

techniques due to its ability to detect subsurface features (Mondol, 2010). High-resolution (P-

Cable) seismic was patented in 2003 and was commercialized in 2008. Recently, it is used for 

the shallow hydrocarbon exploration, geohazard investigation, time-lapse seismic studies, as 

well as near-surface stratigraphy analysis (Smith and Mattox, 2020). In comparison to the low-

resolution (conventional) seismic, the P-Cable seismic uses smaller streamer spacing which 

results in dense common midpoints with smaller bin sizes and increased seismic resolution. 

Furthermore, the P-Cable systems are built up of 12 to 24 very short streamers, allowing a cost-

effective acquisition of seismic profiles (Planke et al., 2009). 

With the recent energy demand and need for carbon sequestration projects, it is essential 

to explore the subsurface in greater detail. Reservoirs are getting more challenging in terms of 

tectonics, compartmentalization, and facies distributions. Therefore, seismic resolution is 

crucial for defining thin lithological layers and small faults. This information is important for 

describing the reservoir heterogeneity, compartmentalization, and seal integrity. Due to these 

challenges, high-resolution seismic becomes a necessity. Vertical and horizontal resolution are 

improved due to higher frequencies and shorter wavelengths (Mondol, 2010). The focus of this 

study is to contrast the gain in information when using high- versus low-resolution seismic 

from a shallow, heavily compartmentalized reservoir in the Norwegian Barents Sea.  

1.1. Study objectives 

Aim of the Study 

The aim of the study is to compare the seismic signal from low- and high-resolution 

seismic, as well as quantify the impact of high-resolution seismic on the accuracy of the 

structural reservoir model. 

 

Objectives 

The objectives of the study are to evaluate: 

 

1. The value of a low and a high-resolution seismic dataset from the same area, in terms of: 

a. Seismic attributes for fault detection and seismic anomalies identification 

b. Differences of the structure imaging 
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c. Uncertainties in seismic interpretation 

 

2. The impact of the interpretation uncertainty on structural modelling and the estimated 

reservoir volume 

 

3. The impact of the dataset resolution on fault juxtaposition relationships: 

a. How do the horizons’ fault displacements change along strike? 

b. Do the structural models from the two datasets show different Allan diagrams and 

shale gouge ratio (SGR)? 

c. Can high-resolution seismic capture the distribution of shale smears? 

1.2. Study area 

The study area is the Wisting field, which is an oil field currently in the design phase 

(Stueland, 2016). Wisting is located in the Barents Sea, 300 kilometres west from the northern 

coast of Norway (Figure 1.1). The Wisting field was discovered in 2013 during the drilling of 

the 7324/8-1 exploration well. It is the first discovery to be made in the Hoop fault complex 

and Maud Basin. The field has an expected ~500mmboe but is quite challenging to develop 

because the reservoir is located at just 250-300m below the seabed (Boschi, 2017; Paulsen et 

al., 2019; Stueland, 2016). The reservoir is heavily faulted and contains oil in sandstones of the 

Stø and Fruholmen Fms. In addition, gas is found in sandstones of the Stø Fm. This thesis will 

focus mainly on the most prolific reservoir interval, which is in the Stø Fm. 
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Figure 1.1: (a) Location of the southwestern Barents Sea. (b) Location of the study area. The Wisting field is located between the Hoop fault complex and the Maud Basin.     

(c) Zoom up of the Wisting field. Black rectangle shows the extension of the 3D seismic, and the blue square illustrates the main study area. Black dot shows the well 7324/8-

3 and the red line shows the location of the section in Figures 2.3 and 2.4b. Oilfields are shown in green and a gas field in red.
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2. Geological framework 

2.1. Regional setting 

At present day, the Barents Sea is subdivided into several platforms, highs, and basins 

(Figure 1.1b). In the north, the Barents Sea is bounded by the Svalbard archipelago and Franz 

Josef Land. The eastern boundary is Novaya Zemlya, which extends south to the Kola 

Peninsula and the Norwegian coast (Faleide et al., 1984). The main structural elements have 

dominant ENE-WSW to NE-SW and NNE-SSW to NNW-SSE trends (Gabrielsen et al., 1990) 

(Figure 2.1b). The Barents Sea has experienced several rifting processes (Dengo and Røssland. 

1992). Rifting occurred at four different times: Carboniferous, Permian, Late Jurassic-Early 

Cretaceous, and Late Cretaceous-Paleocene. These rifting events were important for the 

creation of major basins and the development of the petroleum system. 

Carboniferous rifting 

The first major rifting of the Barents shelf occurred during the Carboniferous. Several 

major basins such as the Tromsø, Bjørnøya, Hammerfest, Maud and Nordkapp basins were 

formed during this event (Dengo and Røssland. 1992; Faleide et al., 2010). During this period, 

the Caledonides structures had an impact on the configuration of the Barents platform. They 

controlled the distribution of basins and highs (Collanega et al., 2017; Gudlaugsson et al., 

1998). As a result, the sedimentation pattern in the Barents Sea was also affected. Carbonate 

build-ups were formed at the basin margins and intra-basinal highs during the Carboniferous 

rifting (Collanega et al., 2017; Gudlaugsson et al., 1998) (Figure 2.1). Towards the end of the 

Carboniferous rifting, the fault movement stopped, and the structural relief was gradually filled 

by Upper Carboniferous-Permian sediments. 

Permian rifting 

The previous rift structures from the Carboniferous had an impact on the sedimentation 

in the Late Permian (Collanega et al., 2017; Gudlaugsson et al., 1998). Clastic deposition began 

primarily at the end of the Carboniferous rifting. This event marked the initial development of 

a sag basin until the Late Permian. The Upper Permian succession was marked by the 

deposition of cherty limestones and shales (Faleide et al., 2010) (Figure 2.1). During this 

period, the rifting mainly took place in the western Barents Sea. In the Late Permian-Early 

Triassic, the western Barents Sea was affected by renewed faulting, uplift, and erosion. This 
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rifting phase was characterized by a N-S structural trend along the entire western margin 

(Faleide et al., 2010). 

Late Jurassic-Early Cretaceous rifting 

Large volumes of sediments were deposited during the Triassic. Sediment deposition was 

affected by the erosion of the Uralian Mountains located to the east and south-east of the 

Barents Sea. The regional subsidence of the Barents Sea was marked by an alluvial-deltaic 

system prograding to the west and northwest, with thicknesses reaching 2000m. These 

successions are characterized by primarily locally organic-rich clay, with silt and sand intervals 

as secondary deposits (Collanega et al., 2017; Glørstad-Clark et al., 2010) (Figure 2.1). The 

shoreline moved basinwards in the Late Triassic and resulted in regression and erosion of the 

Late Triassic deposits (Faleide et al., 2010).  

Triassic deposits and structures had an impact on the Early Jurassic paleogeography. In 

the Early Jurassic, deltaic and alluvial systems were formed. However, in the Middle Jurassic, 

a regional transgression affected sediment deposition. The coastline shifted landward, allowing 

larger space for the shoreline environment (Henriksen et al., 2011b). In general, prior to the 

Late Jurassic rifting, several reservoir successions were deposited in the western Barents Sea. 

These reservoirs belong to the Kapp Toscana Group. During the deposition of these reservoirs, 

the area was relatively quiet (Glørstad-Clark et al., 2010; Henriksen et al., 2011b). 

Regional extension and strike-slip faulting was produced by the Late Jurassic-Early 

Cretaceous rifting. The structures formed during this event affected the development of the 

Bjørnøya, Tromsø, and Harstad basins (Faleide et al., 2010).  

Late Cretaceous-Paleocene rifting 

The Late Jurassic-Early Cretaceous rifting had an impact on the western Barents Sea. 

During the Early-Middle Cretaceous, the western Barents Sea subsided progressively 

(Fitriyanto, 2011). Shales and limestones were the main sediments filling the SW Barents Sea 

basins (Figure 2.1). These units were mainly deposited in a marine environment dominated by 

distal conditions (Faleide et al., 2010).  

The Late Cretaceous-Paleocene rifting was mainly related to the opening of the 

Norwegian-Greenland Sea and the northward spreading of the Central Atlantic. The main 

deformation during this event was the reactivation of the Late Paleozoic fault systems. It 
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resulted in a sheared margin on the western Barents Sea (Collanega et al., 2017; Glørstad-Clark 

et al., 2010).  

Uplift and erosion 

In the Late Cretaceous, A large portion of Barents Sea has experienced a major episode 

of uplift and erosion. The first phase of Barents Sea regional uplift is caused by the tectonic 

compression due to movement of Greenland towards the Barents Sea. It is resulting in the 

increasing net erosion in the Barents Sea. The second phase of uplift and erosion was in the 

Pliocene-Quaternary. In this period, uplift is related to the isostatic rebound caused by the 

intensified glaciation in the northern hemisphere. Ice sheets erosion resulted in the removal of 

vast amounts of sediments from the Barents shelf. As a result of the isostatic rebound, the crust 

has become tilted. The South Barents Basin experienced net erosion of about 1500m (Lasabuda 

e al., 2021). Understanding the history of uplift and erosion of the Barents Sea basins is critical 

for evaluating prospectivity, such as remigration of hydrocarbon to shallower traps, decreasing 

sealing capacity due to removal of overburden, reactivation of fault, as well as changes of 

hydrocarbon phase (oil to gas) (Henriksen et al., 2001a; Lasabuda et al., 2021) 
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Figure 2.1: (a) Tectonostratigraphic chart of the Barents Sea. Red dashed rectangle shows the main reservoirs in 

the study area. They consist of the Stø and Fruholmen Fms (b) Rifting phases in the Barents Sea. Colours refer to 

the rifting phases. Modified after Meunier, (2019), Glørstad-Clark et al. (2010), Faleide et al. (2008) and 

Gabrielsen et al. (1990). 
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2.2. Hoop fault complex 

The Hoop fault complex is bounded by the Bjarmeland Platform in the north and the 

Loppa High in the south. The central part of the complex had an impact on the development of 

the Maud Basin and the Svalis Dome. It is characterised by normal faulting with NE-SW trend. 

This fault system controlled the sedimentation of the Maud Basin in the Late Carboniferous 

and Permian. The Hoop Fault complex was reactivated during the Middle Triassic, Late 

Jurassic-Early Cretaceous, and Tertiary (Gabrielsen et al., 1990). This implies old weakness 

zones across the Hoop fault complex (Collanega et al., 2017).  

The Hoop fault complex is characterized by an orthorhombic fault system. The 

development of this system started in the late Mesozoic, and it was influenced by the interaction 

between the Atlantic and Arctic rifting (Collanega et al., 2017). Figure 2.2a shows a variance 

time slice from the high-resolution dataset. The time slice is in the Stø Fm reservoir level (-

770ms). It clearly displays the main orientations of the orthorhombic fault system. These are 

WNW-ESE, NNE-SSW, NE-SW and N-S faults (Figure 2.2b).   

The northern segment of the Hoop fault complex is represented by a NE-SW half graben 

(Figure 2.3). This graben separates the Bjarmeland Platform from the Fingerdjupet subbasin. 

The throw of the NE-SW fault decreases south towards the Maud Basin. The WNW-ESE and 

NNE-SSW faults form a system of small horsts and grabens (Collanega et al., 2017) (Figure 

2.2b, 2.3). 
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Figure 2.2: (a) Variance attribute from the high-resolution data. The variance time slice is at -770ms in the Stø 

Fm reservoir level (b) Four main orientations of the orthorhombic fault systems. Each colour represents a fault 

orientation. WNW-ESE faults are blue, N-S faults are green, NE-SW faults are yellow, and NNE-SSW faults are 

red. See Figure 1.1 for location of the seismic data. 
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Figure 2.3: Cross section showing the fault blocks and strata deposited in the study area. Well 7324/8-3 with 

Gamma ray log and well-tops is included. Yellow in the log indicates sandstone, while green shows shale. See 

Figure 1.1c for location of the cross-section. 

2.3. Local stratigraphy 

The Lower Cretaceous succession in the study area consists of the Kolmule, Kolje, and 

Klippfisk Fms. These formations form part of the Adventdalen Group (Figure 2.4). The 

Kolmule Fm is characterized by shale which was deposited in a marine environment. The Kolje 

Fm primarily consists of mudstones (Figure 2.4) which were deposited in a distal open-marine 

environment. Unlike the Kolmule and Kolje Fms, the Klippfisk Fm was deposited in platform 

areas. It is dominated by limestones which gradually change into calcareous claystones 

deposited on a deeper shelf (Faleide et al., 2019; Smelror et al., 1998). In the study area, the 

Adventdalen Group is 67m thick and it is bounded by a top regional unconformity (Figure 

2.4). This unconformity was caused by the uplift and erosion of the Upper Cretaceous-

Paleogene strata (Henriksen et al., 2011a). 

The main reservoir intervals in the Wisting field are in the Upper Triassic-Jurassic Kapp 

Toscana Group. The Jurassic reservoirs are the most prolific, and the shallowest Jurassic 
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reservoir is just 250m below the seabed. The Jurassic reservoirs consist of the Stø Fm (Figure 

2.4). The Stø Fm was deposited in a shoreface environment and represents a transgressive 

succession. It consists of homogenous sandstones up to 20m thick. The Fruholmen Fm is 112m 

thick and it is comprised of channelized sandstones and shale. In the Hoop area, the Fruholmen 

Fm is overlain unconformably by the Stø Fm (Klausen et al., 2019). 

Polygonal faults are also found in the Kolmule Fm above the reservoir interval. Due to 

the presence of faults from the Hoop complex and the polygonal faults, the seal rock integrity 

might be compromised, and hydrocarbon leakage may occur. 
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Figure 2.4: Stratigraphic column of the study area. Red rectangle shows the main reservoirs (Stø and Fruholmen Fms) in the study area. Modified after Meunier (2019) and 

Glørstad-Clark et al. (2010). (b) Cross section showing the Well 7324/8-3 with gamma ray (GR) log, and formation tops. Significant thickness changes are observed in the 

Kolmule Fm. Flat spot is in the reservoir level of the Stø Fm and it terminates against the fault. 
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3. Theory 

3.1. Seismic data 

The acquisition of the high-resolution seismic is based on the P-Cable technology. This 

technology was patented in 2003 and was commercialized in 2008 (Smith and Mattox, 2020). 

The P-cable system is made up of 12 to 24 very short streamers dragged by a cross cable that 

runs perpendicular to the streamers’ direction. This design enables the acquisition of multiple 

seismic profiles at the same time in a cost-efficient way. Unlike the P-Cable, conventional 3D 

seismic technology is based on very long streamers up to 10km long, with more costly 

operations (Planke et al., 2009). 

Figure 3.1 shows the configuration of the P-cable acquisition method. A paravane is 

located at each edge and it is designed to span the cross cable. The cross cable is usually placed 

between 1.25-2.75m below the sea level. The cross cable provides support to 24 active 

streamers that extend 25-100m. These streamers are spaced 6-15m apart. Switches are attached 

to the cross cable and located next to the streamers. The system is completed by two tow ropes 

and signal cables that are attached to the paravanes and the cross cable (Jakobsson et al., 2016). 

 

Figure 3.1: Schematic illustration of P-cable acquisition. The main element of the P-cable acquisition is that the 

streamers are dragged by and are perpendicular to the cross-cable. Small bin sizes result from the small streamers’ 

spacing (6-15m). (Jakobsson et al., 2016). 
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The use of smaller streamer spacing results in dense common midpoint with bin sizes as 

small as 6 x 6m or 3 x 3m, whereas the bin size in conventional 3D seismic is 12.5 x 12.5m or 

25 x 25m. This configuration allows the P-Cable data to have higher resolution than the 

conventional 3D seismic data (Jakobsson et al., 2016). 

3.1.1. Seismic resolution 

The lateral seismic resolution is the ability to distinguish between two features. The 

vertical seismic resolution defines how thick a layer needs to be in order to be seen in the 

seismic and it is closely linked to the tuning thickness. The lateral seismic resolution is 

controlled by the Fresnel zone which is defined by one quarter of the dominant seismic 

wavelength (𝜆/4). The wavelength (𝜆), velocity (v) and frequency (f) are related to each other 

in the following way: 

𝜆 =
𝑣

𝑓
   (1) 

The seismic velocity increases with depth due to compaction whereas frequency 

decreases with depth. This is because higher frequencies in the seismic signal are attenuated 

more with increasing depth than low frequencies (Brown, 1999) (Figure 3.2). Therefore, the 

lateral resolution decreases with depth. The limit of separability or vertical resolution can be 

estimated as a quarter of the dominant period (𝑇). For a thickness lower than the limit of 

separability, the amplitudes are gradually attenuated, and it becomes challenging or even 

impossible to distinguish between top and bottom reflectors in seismic (Brown, 1999).  

 

Figure 3.2: Relationship between frequency (f), velocity (v) and wavelength (𝜆) with depth. Frequency decreases 

with depth. Velocity and wavelength increase with depth. Increasing wavelength results in lower resolution. 

Lateral resolution = (𝜆/4). Modified after Brown, (1999). 
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3.1.2. Seismic polarity 

Seismic traces result from filtering of the reflection coefficient (RC). This reflection 

coefficient is controlled by the acoustic impedance (AI), which is a product of velocity (v) and 

density (𝜌) . These relations are defined as: 

𝑅𝐶 =
𝐴𝐼2−𝐴𝐼1

𝐴𝐼2+𝐴𝐼1
  (2) 

           𝑅𝐶 =
𝑉2𝜌2− 𝑉1𝜌1

𝑉2𝜌2+ 𝑉1𝜌1
             (3) 

Understanding the general relationship between velocity, density, and acoustic 

impedance is critical for determining the polarity of seismic data. Seismic polarity is generally 

divided into two standards: American polarity and European polarity. A peak is defined as a 

“positive or hard” event in the American polarity, and a trough as a “negative or soft” event. 

In this polarity, an increasing impedance results in a positive amplitude while decreasing 

impedance produces a negative amplitude (Avseth et al., 2005) (Figure 3.3) 

As opposed to the American polarity, European polarity defines a peak as a “negative or 

soft” event, and a trough as a “positive or hard” event. An increasing impedance results in a 

negative amplitude whereas decreasing impedance produces a positive amplitude. One way to 

check the polarity is to observe the seabed reflector. The seabed reflector should show an 

increasing impedance due to an increasing velocity and density from water to sediments 

underneath. If the seabed reflector shows a peak, the seismic data can be categorized as 

American polarity. On the other hand, if the seabed reflector shows a trough, the seismic data 

can be categorized as European polarity (Avseth et al., 2005).  

 

Figure 3.3: An example of American polarity. The seismic trace shows a trough between layer 1 (limestone) and 

layer 2 (sandstone), which is due to a decreasing impedance from limestone to sandstone. A peak occurs at the 

boundary of layer 2 (sandstone) and layer 3 (shale). This is due to an increasing impedance from sandstone to 

shale. Tomasgaard, (2018). 
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3.2. Seismic well-tie 

The first step before interpreting a horizon from seismic data is to establish a relationship 

between the well and the seismic traces (Bacon et al., 2003). In this process, a synthetic 

seismogram must match to a real seismic trace in order to correlate features from the well to 

the seismic data (White and Simm, 2003). The procedure for tying a well to the seismic data 

are as follows: 

1. Check shot calibration 

Typically check shots are used for converting well data from the depth domain into the 

time domain. Often check shots are sparsely sampled. Sonic log calibration introduces 

additional samples between the check shot points in order to get a more accurate time-depth 

relationship.  However, the sonic log and the seismic are measured at different frequency 

ranges which may result in too high velocities compared to the seismic velocities (dispersion). 

Therefore, quite often the synthetic trace derived from the time converted sonic and density log 

using the calibrated check shots (see below) needs minor adjustments between the check shot 

points to match the seismic signal (Yadav et al., 2004). 

2. Gardner’s equation 

Gardner’s equation is used to predict the density value when it is missing. Gardner et al. 

(1974) conducted empirical studies determining the relationship between velocity and density: 

The relation is defined as: 

𝜌 = 𝑎𝑉
1

4   (4) 

where 𝜌 is density (g/cm3), a has a value of 0.31 when velocity (V) is given in m/s and 0.23 

when V is measured in ft/s. 

3. Synthetic seismogram 

As mentioned in section 3.1.2, a reflection coefficient is derived from the changes in the 

acoustic impedance. In this study, a deterministic wavelet is extracted from the seismic data 

using the reflectivity derived from the sonic and the density logs. The so-called ISIS frequency 

wavelet is used in this study. This wavelet extraction minimizes the misfit between the 

synthetic trace and the seismic trace and therefore produces models with the highest possible 

amount of coherent signal (Pindel, 2020; Schlumberger 2019). Convolution of this wavelet 

with the reflectivity series result in the synthetic seismogram. 

 



18 
 

4. Seismic-well tie 

The synthetic seismogram is calculated over the entire log sections down to the area of 

interest. Quite often the reservoir exhibits poor reflectors, making it difficult to correlate the 

synthetic and seismic traces. In this case, the seismic events in the overburden become 

important to correlate. Another reason for matching the synthetic and seismic traces of the 

overburden is to link the seismic horizons to the well-tops. This makes it easier to correlate 

seismic events in the area of interest (reservoir interval). The main task in this process is to 

match a synthetic seismogram peak to a seismic trace peak, or a synthetic seismogram trough 

to a seismic trace trough (Figure 3.4). Stretching and squeezing the synthetic should be avoided 

as it modifies the time-depth relationship given by the calibrated check shots (White and Simm, 

2003). Applying a constant shift to match the synthetic with the seismic, however, is generally 

acknowledged. 

 

Figure 3.4: The synthetic seismogram results from convolving the reflectivity series with a wavelet. In order to 

have a good well tie, the peak or trough from the synthetic seismogram should match the corresponding peak or 

a trough in the seismic trace. Czajkowski, (2015). 

3.3. Velocity modelling 

In this study, the interpretation was done in the time domain. To be able to build a 3D 

model for volumetric analysis, horizon and fault interpretation must be converted into the depth 

domain. Velocity information such as check shots or a seismic velocities cube are not available. 

The seismic data, on the other hand, are available in the time and depth domains. Based on the 

interpretation of horizons in both the time and depth seismic cubes, interval velocities between 

neighbouring surfaces were calculated and were adjusted to their tops at well 7324/8-3. The 
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resultant velocity model was used for the depth conversion of all interpreted horizons and 

faults. 

3.4. Seismic attributes 

3.4.1. Variance 

The variance attribute is an edge detection method that estimates the localized variance 

in the seismic signal. It is calculated in 3D and represents trace-to-trace variability over a 

specific sample interval. A discontinuity in the seismic horizon produces high-variance 

coefficients whereas continuous seismic horizons result in low-variance coefficients (Li and 

Zhao, 2014). The variance of seismic traces is scaled to a value range from 0 to 1. Dissimilar 

seismic events due to fault offset are mapped as high variance (close to 1), while lowly varying 

events have a variance coefficient close to 0. 

3.4.2. RMS amplitude 

The RMS amplitude is an important attribute that can be used to highlight changes of 

amplitude strength in horizontal and vertical dimensions. Variations in amplitude strength can 

be used as an indicator for facies variations, channel bodies, hydrocarbon saturated intervals, 

and other geological features (Almasgari et al., 2020; Ismail et al., 2020). For instance, a sand 

body embedded in shale may show an acoustic impedance contrast. This contrast may be 

enhanced in the case of gas or oil pore fill. However, the amplitudes may also be increased in 

the case the reservoir thickness approaches the tuning thickness. 

3.5. Volume of shale 

The volume of shale is an important parameter in the calculation of the shale gouge ratio 

(SGR). The volume of shale can be calculated by several methods, each with its own merits. 

One of these methods uses a gamma-ray log to determine the shale volume. The gamma-ray 

log is used due to its ability to measure the amount of potassium (40K), uranium, and thorium 

in the formation. Potassium is an important element of some clay minerals while thorium is 

also commonly associated with shale as it tends to be in the shale or silt sized particles 

(Kennedy, 2015). 

The index gamma ray (IGR) is an estimation of the shale volume and is derived from the 

gamma-ray log. The equation below defines the index gamma ray (IGR) as a linear function of 

the gamma ray log signal. 
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𝐼𝐺𝑅 = 
𝐺𝑅𝑙𝑜𝑔− 𝐺𝑟𝑚𝑖𝑛 

𝐺𝑟𝑚𝑎𝑥− 𝐺𝑟𝑚𝑖𝑛
     (5) 

However, quite often this linear equation over-estimates the shale volume, resulting in a 

pessimistic scenario for the reservoir quality. In order to solve this problem, the non-linear 

equation of Larionov (1969) was used in this study. 

Volume of shale = 0.33 x (22∗𝐼𝐺𝑅 − 1)  (6) 

This equation is expected to perform better when the shales are compacted (Kennedy, 

2015).  

3.6. Variogram 

A variogram model is needed to calculate kriging weights as discussed in sections 3.7 

and 3.8. The variogram model expresses the relationship between two data points which are 

separated by a distance (ℎ). The variance of all data pairs which have approximately the same 

separation distance (ℎ) is calculated by the following equation: 

𝑦(ℎ) =
1

3𝑁ℎ
∑ ((𝑍(𝑖+ℎ)) − (𝑍𝑖))2𝑁ℎ

𝑖=1    (7) 

where y(h) is called the semi-variance because the summed variance of all data pairs 𝑍(𝑖+ℎ) 

and 𝑍(𝑖)  with separation distance h  is divided by 2𝑁ℎ where N  is the number of data pairs. 

The semi-variance (𝑦) increases with increasing separation distance of the data pairs and 

eventually reaches an upper limit.  It has small values if the data pairs are closely spaced. 

(Ringrose and Bentley, 2015). Note that y(h) represents the mean semi-variance which means 

that the semi-variance of individual data pairs may be very different from the variogram value 

given for the same separation distance. 

A semi-variogram model commonly known as a variogram is defined by three main 

parameters: the range, the sill, and the nugget. Figure 3.5 illustrates the relationship between 

these three features. The red line represents the variogram model. This is an analytical function 

that approximates the variogram samples coming from the individual data pairs. The sill is 

defined as the semi-variance value where the separation distance (lag) is larger than the range. 

The range describes the distance at which the sill is reached. The variance of data pairs beyond 

this separation distance is around the sill value. The nugget is the extrapolated semi-variance 

(𝑦) from the variogram samples to the origin. It can be interpreted as a measure of the 

uncertainty in the data (Ringrose and Bentley, 2015; Rotar, 2019; Schlumberger; 2017).  
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Figure 3.6 shows the most common variogram models which are the Spherical, 

Exponential and Gaussian models. The model is selected to fit best the sample variogram. Note 

that kriging honours the data only if the nugget is very small. If, for instance, the nugget is set 

to the sill value, kriging derives a constant value which is the mean of all data points. 

In this study, well data was used to generate the vertical variogram. However, the lateral 

variogram was derived using geological analogues such as the reservoir depositional 

environment because of lack of wells. 

 

Figure 3.5: A semi-variogram displaying data points, the range, the sill, and the nugget. Red line represents the 

variogram model. The points represent the mean variance of all data pairs of a specific lag. Generally, the closer 

two data points are to each other, the smaller the semi-variance value. Schlumberger, (2017). 

 

 

Figure 3.6: The most common variogram models. The spherical has a linear behaviour at shorter distance. The 

exponential has a steep behaviour at shorter distance. The Gaussian shows a high degree of continuity at short 

distances and transitions to a more exponential behaviour at longer distances. Schlumberger, (2017). 
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3.7. Kriging 

Kriging is a distance-weighted statistical technique that was developed by Matheron and 

Krige in 1963 (Doyen, 2007).  Kriging estimates the unknown value at each location using a 

combination of the well data (known values) and a variogram model derived from the data 

points. The variogram model is used to calculate the Kriging weights needed for interpolation 

of the data points. The Kriging weights will decrease as they move closer to the variogram 

range (Schlumberger, 2017). Figure 3.7 illustrates how the Kriging algorithm works. At 

location (X0) we want to estimate its value using the known values (Xi). In order to calculate 

the value at (X0), the following formula is used: 

𝑍(𝑋0) =  ∑ 𝜔𝑖𝑍(𝑋𝑖)
𝑛
𝑖=1      (8) 

where Z(X0) is the unknown value at point (X0), 𝜔𝑖 is the kriging weight calculated using the 

variogram model and Z(Xi) is the known value at location Xi. 

 

Figure 3.7: Illustration of the kriging algorithm. X0 is the unknown value that will be estimated using a 

combination of well data (Xi) and the variogram model. Schlumberger (2017). 

 

Several kriging algorithms exists. In this study, we use simple kriging.  

𝑍(𝑥0) = ∑ 𝑤𝑖
𝑛
𝑖 𝑍(𝑥𝑖) + [1 − ∑ 𝑤𝑖

𝑛
𝑖 ]𝑚    (9) 

Z(X0) is the value at location X0 to be calculated, Z(Xi) are the existing data points at location 

Xi, 𝜔𝑖 is the weights assigned to the data at location Xi, and m is the mean value derived from 

all data points. The sum of all weights may have a maximum value of 1. When all weights are 

zero, simple kriging delivers the mean value. Thus, simple kriging does not take the trend of 

the data into account. 
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3.8. Indicator Kriging 

In this study, Indicator kriging was used to generate a facies model. Indicator kriging 

estimates the probability of encountering specific facies at a location. The following formula 

explains the underlying algorithm when calculating the sand probability: 

𝑃𝑠𝑎𝑛𝑑(𝑋0) =  ∑ 𝑤𝑖𝑖 𝐼𝑠𝑎𝑛𝑑(𝑋𝑖) + (1 − ∑ 𝑤𝑖)𝑝𝑆𝑎𝑛𝑑
𝐺𝑙𝑜𝑏𝑎𝑙

𝑖  (10) 

where the 𝑃𝑠𝑎𝑛𝑑(𝑋0) is the probability of sand at location X0, 𝐼𝑠𝑎𝑛𝑑 is the sand indicator, 𝑝𝑆𝑎𝑛𝑑
𝐺𝑙𝑜𝑏𝑎𝑙 

is the global probability fraction derived from facies logs, and ∑ 𝑤𝑖𝑖  is the sum of the weights. 

The facies at the wells gets the value of 1 if it is sand, and 0 if it is not sand. The global 

probability typically represents the facies fractions given by the well-logs and is used like the 

mean value in the simple kriging. For each facies, the probability is calculated at X0. Finally, 

the facies with the highest probability is assigned to location X0 (Schlumberger, 2017). 

3.9. Fault seal mechanism 

Faults are an important element in the entrapment and movement of hydrocarbons. 

Reservoir juxtaposition against impermeable horizons and the development of a high sealing 

capacity fault rock can create barriers to fluid flow (Fisher and Knipe, 1998). Yielding et al. 

(1997) propose a two-order step to conduct seal analysis. The first step of seal analysis is to 

determine the reservoir juxtaposition zones on the fault surface using the mapped horizons. 

The second step is to analyse a potential pressure difference within the sand-sand juxtapositions 

using the shale gouge ratio (see chapter 3.9.3) and smear factor (chapter 3.9.2). The shale gouge 

ratio is an estimation of shale coming from a wall rock to the fault zone, whereas the smear 

factor estimates the shale thickness that is drawn along the fault zone during faulting (Yielding 

et al., 1997). 

Several mechanisms have been identified by which faults can act as seal (Knipe, 1992; 

Watts, 1987; Yielding et al., 1997). These mechanisms are: 

1. Juxtaposition: Reservoir sands juxtaposed against a non- or low permeable unit 

2. Shale smear: entrainment of shale into the fault zone, which results in a high capillary 

entry pressure of the fault itself. 

3. Cataclasis: crushing of sand grains to produce a fault gouge consisting of finer grained 

material and therefore resulting in high capillary entry pressure of the fault. 

4. Diagenesis: Cementation along the initially permeable fault plane may remove some or 

all the porosity, resulting in a hydraulic seal. 
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In this thesis, only the juxtaposition and shale smear mechanism will be discussed. This 

is because of the time constraint and lack of data to support an investigation on cataclasis and 

diagenesis.  

3.9.1. Allan diagram 

The juxtaposition diagram, also known as the Allan diagram, is a fault plane that depicts 

the lithology that comes into contact across the fault plane as a result of fault displacement 

(Allan, 1989; Clarke et al., 2005). The interpretation of the Allan diagram is based on three 

assumptions: (1) the fault itself does not have sealing properties, (2) the fault is not an open 

conduit, and (3) the trapping and migration relationships at the fault depend on the fault-

juxtaposed stratigraphy. Therefore, a permeable zone juxtaposed against an impermeable zone 

is assumed to provide a seal in a structural closure, whereas juxtaposition of two permeable 

zones causes hydrocarbons to move across the fault (Allan, 1989).  

The Allan diagram generates a two-dimensional model representation of the three-

dimensional fault body (Figure 3.8a). The lithology from the footwall and the hanging-wall 

are projected onto the fault plane and used to define the reservoir juxtaposition (Figure 3.8b). 

 

Figure 3.8: (a) Blue horizon is cut by yellow fault. The smallest throw is at the fault tip whereas the largest throw 

is at the center of the fault. Horizons from footwall and hanging wall are marked by the cutoffs. (b) Corresponding 

Allan diagram. Several hanging wall and footwall zones are projected onto the fault. All colored zones are 

reservoir units. Footwall beds are indicated by the brown colour whereas hanging-wall beds are in green. The 

shale layers are white. Spill points are marked at the intersection of hanging-wall and footwall reservoirs. 

Hydrocarbon will move through the spill points if the maximum hydrocarbon column height is reached. Ketterman 

et al. (2019), modified after Allan (1989). 
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3.9.2. Shale smear 

Weber et al. (1978) conducted a series of shale smears observations from experiments 

and outcrop studies. A shale smear is a laminar volume of phyllosilicate-rich material that 

enters the fault zone. Faulting of sand-shale sequences can result in the formation of a 

continuous, multi-layered shale gouge across the fault plane. The thickest shale gouges 

observed by Weber et al. (1978) were about 0.5 m, derived from source beds that were 5 m 

thick. The shale gouge zone also becomes gradually thinner farther away from the source bed 

(Weber et al., 1978). The age of faulting has also an impact on creating the shale smears. Syn-

depositional faulting is more likely to create shale smears along the fault plane. This is because 

deposition of the undercompacted shale occurs around the same time as faulting, and hence the 

undercompacted shale is more prone to smear (Harding and Tuminas, 1989; Knott, 1993).  

Three types of shale smear are defined by Lindsay et al. (1993): (1) shear smear where 

the thickness of the smear decreases farther away from the source beds, (2) abrasion smear, 

which is the most common type, where the shale from the source bed is abraded and mixed 

with sand in the fault rock, and (3) injection smear which are caused by volume changes during 

faulting. In addition, Yielding et.al. (1997) stated that more source beds result in more 

continuous smear (Figure 3.9). For all these types, the shale smear is more likely to break as 

the fault throw increases (Ketterman et al., 2019; Lindsay et al., 1993; Yielding et al., 1997). 

 

Figure 3.9: Example of Shale smear. Black layers represent the shale beds. Shale smear coming from multiple 

source beds into a normal fault, resulting in a more continuous shale smear. Yielding et al. (1997), modified after 

Weber et al., (1978). 
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3.9.3. Shale gouge ratio (SGR) 

In general, the shale gouge ratio (SGR) is based on a model where the shale is smeared 

along the fault. Yielding et al. (1997) introduced two formulas to calculate the shale gouge 

ratio (Figure 3.10). The first formula is simpler and is based on the ratio of the thickness of the 

shale that is offset and the fault throw. The second formula is based on the ratio of reservoir 

thickness times the shale volume fraction and the fault throw. In this thesis, the second formula 

is used to calculate the shale gouge ratio. 

SGR=
∑(𝑆ℎ𝑎𝑙𝑒 𝑏𝑒𝑑 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)

𝐹𝑎𝑢𝑙𝑡 𝑡ℎ𝑟𝑜𝑤
× 100%     (11) 

SGR=
∑( 𝑍𝑜𝑛𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)×(𝑍𝑜𝑛𝑒 𝑠ℎ𝑎𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛)

𝐹𝑎𝑢𝑙𝑡 𝑡ℎ𝑟𝑜𝑤
× 100%  (12) 

 

Figure 3.10: (a) A schematic diagram showing the calculation of SGR for explicit shale beds. ∆𝑧 is the thickness 

of each shale bed. (b) Calculation for a sequence of reservoir zones. ∆𝑧 is the thickness of reservoir zones and 

shale. Vsh is the shale volume fraction in the zone. Yielding et al. (1997). 

 

The shale gouge ratio indicates how much shale enters the fault zone. The more shaly the 

wall rocks are, the greater the proportion of shale in the fault zone, and the higher the fault’s 

capillary entry pressure. The capillary entry pressure is the pressure needed by the hydrocarbon 

to overcome the capillary force of the water in the pore space of the fault zone. This value 

increases with decreasing pore size, and consequently a fault zone can successfully form a seal 

if it is filled with shale. The shale gouge ratio can be applied either to the footwall or the 

hanging-wall. If the calculation is applied to both footwall and hanging-wall, the throw and the 

sum of the SGR in the footwall and hanging-wall need to be divided by two in order to get the 

average shale gouge ratio (Yielding et al., 1997). The calibration from a number of datasets 

from different fields reveals that a SGR value of 15-20% is the threshold at which smear 

continuity is still sufficient for sealing (Clarke et al., 2005; Yielding, 2002). 
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4. Data 

The data used in this study consist of two 3D high-resolution seismic cubes and two 3D 

low-resolution seismic cubes in time and depth domain (Figure 4.1). The high-resolution data 

was acquired in 2014 in block 7234 of the Norwegian Barents Sea. The seismic survey covers 

an area of 16km2 encompassing the Wisting field. The dataset was obtained by OMV Norge 

AS and at present, it is publicly available via DISKOS. All seismic cubes have American 

polarity in which the seabed corresponds to a hard kick which is displayed as a positive 

amplitude. In the high-resolution seismic, the frequencies range from 7 to 185 Hz, while in the 

low-resolution seismic, the frequencies range from 10 to 70 Hz (Figure 4.2). The frequency 

ranges are taken from the -10dB points. Several wells are included in the dataset. However, the 

study area has only one well (7324/8-3). Well-tops and well-logs are available from this well. 

However, checkshots, facies and porosity logs are missing (Table 4.1).  

 

Figure 4.1: Structure map showing the top Stø Fm, the location of well 7324/8-3, and the extension of the 3D 

seismic surveys. Red lines are seismic Xlines and inlines. 
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Figure 4.2: Power spectrum of both datasets. High-resolution seismic (blue), low-resolution seismic (purple). 

 

Table 4.1: Overview of the available well with well-logs 

Well Checkshots GR Resistivity Neutron Density Facies Porosity 

Micro Medium Deep 

7324/8-3  X X X X X X   
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5. Methodology 

5.1. Well-log interpretation 

Well-log interpretation was conducted to describe the lithology, fluid contacts, and to 

distinguish reservoir levels and shale zones. Sandstones are characterized by relatively low 

gamma ray values (<90 gAPI) whereas shales are defined by high gamma ray values (>90 

gAPI). This threshold was used to make a facies log for facies modelling in section 5.6.2. A 

crossover display of the density and neutron log allows identifying the sandstone zones. 

Resistivity logs were used to confirm the hydrocarbon at the Stø reservoir level. High values 

of resistivity indicate hydrocarbon content (Figure 5.1). The volume of shale was derived using 

gamma-ray in the following way:  Firstly, the linear equation (Eq .5) was used to calculate the 

index gamma-ray. Then, the non-linear formula of Larionov (1969) for older rocks was used 

to calculate the shale volume (Eq. 6). This formula was used because the reservoir was 

deposited in the Middle Jurassic. 
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Figure 5.1: Well 7324/8-3 with gamma-ray, resistivity, neutron, density, sonic, and acoustic impedance logs. Main 

reservoirs tops are marked with numbers 7 (top Stø) and 8 (top Fruholmen). Note that in the Stø reservoir level, 

resistivity logs show high value, indicating the hydrocarbon accumulation. Cross-over in the neutron-density logs 

marked by yellow colour indicates the sand zone. The acoustic impedance value where the density log is missing 

was calculated using Gardner’s equation. 
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5.2. Seismic-well tie 

Check shot calibration was made in the well 7324/8-3. The checkshots were derived from 

the seismic horizons interpreted in the time and depth domains. The drift points derived from 

the check shot points and the corresponding time points derived from the sonic log were 

linearly interpolated. A deterministic wavelet (ISIS frequency) was extracted from each 

seismic time cube. Both wavelets are in zero phase (Figure 5.2). The wavelets were used to 

construct the synthetic trace for the low- and high-resolution seismic (Figure 5.3). The Gardner 

equation was used to fill the depth range where the density log is missing.   

Several key reflectors were compared with the synthetic reflectors to check if the 

synthetic traces on the well match the seismic and the well-tops. These reflectors are the top 

Kolje, top Fuglen, and top Stø. Figure 5.3 shows the seismic well-tie in well 7324/8-3. The top 

Kolje is characterized by a strong negative amplitude and can be tracked throughout the study 

area. The top Fuglen is identified by a small positive amplitude. The Fuglen Fm consists of a 

38m thick shale layer in the study area. 

The sandstone reservoir in the Stø Fm has a thickness of ~ 20m (Figure 5.1). Unlike the 

top Fuglen, the top Stø is characterized by a soft kick resulting in a negative amplitude reflector. 

This is due to the changes of acoustic impedance from high values of the shale (top Fuglen) to 

the low values of the sand reservoir (top Stø) (Figure 5.3). 

The seismic well-tie both in the low- and high-resolution seismic gives a good match 

between the synthetic trace and the seismic trace. However, the high-resolution data show more 

reflectors than the low-resolution data. For instance, in the reservoir level of the Stø Fm, several 

synthetic events can be observed in the high-resolution seismic, whereas in the low-resolution 

seismic, the same reservoir is only characterized by a peak and a through. 
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Figure 5.2: ISIS wavelet for the (a) low-resolution, and (b) high-resolution seismic. Note that the wavelet of the 

low-resolution seismic is characterized by large side lobes, while in the high-resolution seismic, the side lobes are 

smaller. The spread of the main lobe together with the size of the side lobes define the seismic resolution. 
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Figure 5.3: Comparison of seismic-well tie between P-cable data (high-resolution) and conventional data (low-

resolution). Synthetic traces (peaks and trough) are found richer in the P-cable data. P-cable data gives more 

information of reservoir heterogeneity in the Stø Fm (between horizon 4 and 5) than in conventional data. Figure 

left to right (high-resolution seismic, high-resolution synthetic, density log, acoustic impedance log, low-

resolution synthetic, low-resolution seismic). Each wavelet below the seismic sections represents the seismic 

resolution. 
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5.3. Seismic interpretation 

The seismic interpretation was conducted in the low- and high-resolution seismic in the 

time domain. The study area is located at a tilted fault block and includes one well (Figure 

5.4). This area is used to quantify the horizon uncertainties, to build the structural models, and 

to conduct structural analysis. 

Fault interpretation was conducted in the initial phase. This interpretation was guided by 

the seismic variance attribute. In addition, the variance attribute was used to understand the 

fault network and to interpret the intersections of the faults (branch lines). This attribute was 

applied to the 3D seismic cubes of the low- and high-resolution seismic.  

The seismic interpretation started by observing the seabed reflectors to check the seismic 

polarity. As mentioned before, the seismic is in American polarity. After defining the seismic 

polarity, the key horizons including the top Kolje, Fuglen, Stø, Fruholmen and mid-Fruholmen 

were mapped. These horizons are used both in velocity modelling and reservoir modelling. The 

selection of these horizons was based on the observation that they could be tracked reliably 

within the study area. A combination of manual and guided auto-tracking was applied when 

interpreting the horizons. 

A flat spot was identified next to a fault and up dip of the well 7324/8-3. This flat spot is 

located inside the Stø reservoir zone in a tilted fault block (Figure 5.4; Figure 5.5). However, 

the flat spot can only be identified in the high-resolution seismic (Figure 5.5). An RMS 

amplitude surface was also generated to map this hydrocarbon accumulation. 
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Figure 5.4: Structure map of the top Stø and well 7324/8-3. Black square (A) shows the study area and grey 

rectangle (B) shows the area for fault analysis. Line (C) is the section shown in figure 5.5. Note that the well 

7324/8-3 is located at a northernly tilted fault block. 
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Figure 5.5: (left) low-resolution, and (right) and high-resolution seismic section. The navigation is shown in figure 

5.4. Both sections show well 7324/8-3 with gamma-ray log and well-tops. Yellow in the gamma-ray is sandstone 

while green is shale. Notice that the flat spot is only displayed in the high-resolution seismic. This fluid contact is 

located in the Stø Fm updip of the well and terminates against the fault. 

5.4. Horizons uncertainties 

Horizon uncertainties were estimated by subtracting the same interpreted horizons from 

the high and low-resolution data. As mentioned before, these horizons are the top Kolje, top 

Fuglen, top Stø, and top Fruholmen. These four reflectors were chosen due to their presence in 

the well-tops and their wide distribution in both datasets. The interpretation was carried out in 

the northern segment around the well 7324/8-3. The high-resolution data display a ‘fault 

shadow’ zone in the footwall near the fault (Figure 5.5). This is an area where the seismic 

becomes unreliable. It results from rapid lateral velocity changes between the hanging wall and 

the footwall and commonly occurs in the footwall of the fault (Fagin, 1996; Hardwick and 

Rajesh, 2013). In this study, this area was trimmed to make sure that the uncertainties do not 

arrive from mis-interpreted horizons. 

5.5. Depth conversion  

5.5.1. Velocity modelling 

To be able to build a structural model, faults and time surfaces were converted from the 

time to the depth domain. For this purpose, velocity modelling was done for the low- and high-

resolution data. As no velocity data are available for this study, the velocity model had to be 

constructed from the horizons tracked in time and depth from the high- and low-resolution data. 

These horizons are the seabed, top Kolje, top Fuglen, and top Stø. The resultant velocity model 

represents interval velocities defined by the assigned time and depth surfaces. This model 

allowed us to convert the faults and the remaining time surfaces into the depth domain. The 
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results in the depth domain were checked against the depth seismic to make sure that the faults 

and horizons match the seismic events in depth. 

5.6. Geomodel building  

5.6.1. Structural modelling 

Once the depth conversion was done, the next step was to construct the structural model. 

Two structural models were built based on the interpretation of the low- and high-resolution 

seismic data. Structural analyses such as Allan diagram, shale smears, and shale gouge ratio 

were carried out to analyse the sealing behaviour of the largest fault in the model. In addition, 

the fault network, fault cut-offs and fault throw were analysed to check the quality of both low 

and high-resolution models.  

The process of constructing the structural model consists of several steps: fault modelling 

(Figure 5.6a), horizon model construction and refinement (Figure 5.6b), and finally structural 

gridding (Figure 5.6c). The depth converted faults from both datasets have to be converted to 

a fault framework. Of critical importance is that the faults intersecting each other are correctly 

connected (Figure 5.6a). This operation was done by using the variance attribute and surface 

maps as a guide. The model boundary was set around the area of interest which is located at 

the southeast part of the Wisting field covering two fault compartments (area A of Figure 5.4). 

This area was chosen due to the following reason: firstly, it shows a flat spot up dip of the well 

(Figure 5.5), and secondly there is hydrocarbon which is identified by high resistivity values 

(Figure 5.1). These observations were supported by the RMS amplitude which displays this 

area as a high amplitude (Figure 6.4).  

Figure 5.6b illustrates the model construction processes. In this step, the depth-converted 

horizons are integrated into the fault framework. For the high-resolution data, the modelled 

horizons are the top Kolje, top Fuglen, top Stø, inner reservoir 1, inner reservoir 2, top 

Fruholmen, and mid Fruholmen (Table 5.2). However, as mentioned before, in the low-

resolution model, the horizons within the reservoirs are missing because they cannot be 

identified in the seismic (Table 5.1).  

Well-tops were used to adjust the modelled horizons. As mentioned before, horizon data 

within the fault shadow area were filtered out because of the poor seismic signal to noise ratio. 

Instead, this area was modelled by extrapolating the data outside the shadow zone into the fault 

plane. Once the model construction was done, quality control was needed to check for 
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inconsistencies in the structural framework such as not correctly connected faults or 

mismatches between the vertical fault extension and the fault throw at the fault edges.  

The next step is model refinement. The refinement of the model horizons involves a re-

meshing step, a data fitting, and a smoothing operation. Based on the resultant structural model, 

a 3D grid was built (Figure 5.6c). In this step, the grid size was set to 25 x 25m to capture the 

morphology of the seismic horizons sufficiently. The same grid resolution was selected for the 

low- and high-resolution model. The layer thickness of each zone which defines the vertical 

resolution of the model was set to ca. 2m (Table 5.1, 5.2). 

 

Figure 5.6: (a) Fault modelling processes. (b) Model construction. (c) Structural gridding. Number of layers and 

grid sizes are inserted in the structural gridding process.  
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Table 5.1: Number of layers in the low-resolution model 

 

 

 Seismic 

 

Number of layers 

 

Top Kolje – 

Top Fuglen 

 

Top Fuglen – 

Top Stø 

Top Stø – 

Top 

Fruholmen 

Top Fruholmen 

– Top Mid 

Fruholmen 

LR 25 20 8 30 
 

Table 5.2: Number of layers in the high-resolution model 

 

 

 Seismic 

 

Number of layers 

 

Top Kolje – 

Top Fuglen 

 

Top Fuglen – 

Top Stø 

Top Stø 

– Top 

IR 1 

Top IR 1 

– Top IR 

2 

Top IR 2 – 

Top 

Fruholmen 

Top Fruholmen 

– Top Mid 

Fruholmen 

HR 25 20 2 2 4 30 

 

5.6.2. Facies modelling 

For this study, facies logs were not available and had to be interpreted mainly with the 

help of the gamma-ray log. Once this was done, the facies log was upscaled into both models. 

Facies modelling was conducted to capture the lateral and vertical distribution of each 

lithology. Indicator kriging was used to model the facies. The horizontal major and minor 

variogram ranges were set to 3000m and the vertical range to 12m. The horizontal ranges were 

estimated from the reservoir conceptual model (Stø Fm) which describes the reservoir as being 

deposited in a shoreface environment that covers a large area. Figure 5.7 shows the vertical 

range (12m) which was derived from the sample variogram of the facies.  

 

Figure 5.7: The vertical variogram for facies modelling. The blue line represents the variogram model whereas 

the points are the averaged semivariance of the data pairs. The red point indicated the variogram range. 

 

5.6.3. Property modelling 

The volume of shale was modelled because it is needed for fault seal analysis. The 

modelling was based on kriging using a horizontal variogram range of 3000m and a vertical 

variogram range of 12m (Figure 5.8). Petrophysical properties such as porosity were not 

included in the model because the porosity log data are missing. These data would have 
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potentially allowed to make a more detailed comparison between the low- and high-resolution 

data.  

 

Figure 5.8: The vertical variogram for property modelling. The blue line represents the variogram model whereas 

the points are the averaged semivariance of the data pairs. The red point indicated the variogram range. 

5.7. Fault seal analysis 

5.7.1. Allan diagram 

Two Allan diagrams were built in both models. The first Allan diagram was based on the 

zones defined by the modelled seismic depth surfaces and the second Allan diagram was based 

on the facies log. The facies were assigned to each zone based on the interpretation of the 

gamma ray log (Section 5.1). 

5.7.2. Shale smear 

Shale smears were analysed in one of the major faults (area B in Figure 5.4). The high-

resolution data allow to map the shale smeared into the fault zone. Due to the high lateral 

variability of the smeared shale, it was tracked on each x-line of the high-resolution data. 

5.7.3. Shale gouge ratio 

The Shale gouge ratio (SGR) was calculated for all faults but analysed in just one of the 

major faults (area B in Figure 5.4). This SGR is based on the modelled distribution of volume 

of shale (Vsh). In this study, the SGR was calculated as an average value with shale 

contributions from both the footwall and the hanging-wall. 

5.8. Gross rock volume estimation 

The gross rock volume of the Stø reservoir was estimated in both models. Differences in 

the gross volume of the reservoir have a major impact on the hydrocarbon volume and therefore 

are important to capture. 
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6. Results 

6.1. Data characterization 

6.1.1. Well interpretation 

Figure 6.1 shows the well 7324/8-3 with the gamma ray, resistivity, neutron, density, 

sonic, and acoustic impedance logs alongside. A fining upwards and two coarsening upwards 

intervals are identified. The first coarsening upward interval is observed from the Fruholmen 

to the Stø Fm. In this interval, shale and sandstone in the Fruholmen Fm gradually changes to 

more homogenous sandstone in the Stø Fm. This is indicated by the gamma-ray values, which 

are high in the Fruholmen Fm (>90gAPI) and low in the Stø Fm (<50gAPI). This also marks a 

change of depositional environment from fluvio-deltaic (Fruholmen Fm) to shoreface (Stø Fm). 

The next succession has a fining upwards trend. This interval is characterized by an 

abrupt change from sandstone (Stø Fm) to shale (Fuglen and Hekkingen Fms). The change 

from sandstone to shale is related to a rifting event that occurred during the deposition of the 

Fuglen and Hekkingen Fms. A gradually coarsening upwards trend is observed from the 

Klippfisk Fm to the Nordland Group. This interval is characterized by decreasing gamma ray 

values towards the Nordland Group, indicating more sandstone. 

The main reservoirs in well 7324/8-3 are the Stø Fm and the Fruholmen Fm. The Stø Fm 

is characterized by sandstone with high resistivity values indicating hydrocarbon accumulation. 

The crossover zone of the neutron and density logs confirms the sandstone zone. Furthermore, 

the Fruholmen Fm also shows high resistivity indicating the accumulation of hydrocarbons. 

The thick shale zones of the Fuglen Fm (38m) and the Hekkingen Fm (30m) overly the Stø Fm 

and act as top seals. 
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Figure 6.1: Well 7324/8-3 with gamma-ray, resistivity, neutron, density, sonic and acoustic impedance logs, and 

the stacking pattern. The main reservoir is in the Stø Fm between tops 7 and 8. Note that in this interval, the 

resistivity logs show high value, indicating a hydrocarbon accumulation. Cross-over of the neutron-density logs 

marked by the stippled yellow colour indicates the sand zone. Two coarsening upward and one fining upward 

interval are observed. The fining upward interval corresponds to the shale rich Fuglen and Hekkingen Fms. See 

well location in Figure 5.4 
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6.1.2. Seismic-well tie 

The seismic-well tie highlights the importance of seismic resolution when comparing the 

P-cable data and the conventional data. Vertical resolution, in general, is slightly less than the 

tuning thickness. The tuning thickness is defined as one quarter of the wavelength, which 

corresponds to the lateral resolution (Simm and Bacon, 2014). The wavelength is calculated by 

dividing the seismic velocity by the seismic frequency. The high frequencies of the low-

resolution (10-70Hz) and high-resolution (7-185Hz) are critical in determining the vertical and 

the lateral resolution. With increasing frequency, the wavelength decreases. As a result, the 

resolution is getting higher. 

For a velocity of 2000m/s, the seismic resolution of the P-cable data can be as high as 

about 3m, whereas it is about 7m in the conventional seismic data. In addition, Figure 5.2 

shows the importance of the wavelet in the two seismic datasets. In the conventional data (low-

resolution), the wavelet is characterized by large side lobes compared to the P-cable (high-

resolution) data. The smaller size of the side lobes in the P-cable data increases the resolution. 

Due to this property, the P-cable or high-resolution seismic gives additional information 

on the horizon recognition. The main reservoirs (Stø and Fruholmen Fms) are represented in a 

more detailed way. The high-resolution seismic can image the heterogeneity of the Stø Fm, 

and the thin layered channelized sandstone of the Fruholmen Fm. For instance, with a thickness 

of 20m, the Stø Fm is characterized by five reflectors in the high-resolution seismic. However, 

in the low-resolution seismic, the Stø Fm is only characterized by two reflectors (a trough and 

a peak) (Figure 5.3). 

Figure 5.3 shows a small seismic section and the synthetic from the conventional (low-

resolution) seismic and the P-cable (high-resolution) seismic. In the Adventdalen Gp (between 

horizons 1 and 2), the reflectors show a more consistent structure and continuity in the high-

resolution seismic, whereas in the low-resolution seismic, the structure is more distorted. It is 

worth noting that a low angle horizon is visible in the high-resolution seismic in the upper part 

of this interval, but it is fragmented in the low-resolution seismic at the same level. The Kolje 

Fm (between horizons 2 and 3) and Fuglen Fm (between horizons 3 and 4) have more reflectors 

in the high-resolution seismic (10 and 9 reflectors) than in the low-resolution seismic (6 and 4 

reflectors). The Fruholmen Fm (below horizon 5) shows 7 reflectors in the high-resolution 

seismic, and only 3 reflectors in the low-resolution seismic. To summarize, the P-cable seismic 
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has more seismic traces than the conventional data and follows more closely the acoustic 

impedance log. 

6.1.3. Variance attribute 

As discussed in section 5.3, the variance attribute is used to guide the fault interpretation. 

In this chapter, the variance attribute (Figure 6.2) as well as seismic sections (Figure 6.3) from 

both datasets are compared. 

Figure 6.2a (right) shows the zoomed time slice of the variance attribute (-770ms) from 

the low-resolution seismic. This time slice is at the Stø reservoir level. In Figure 6.2a (right), 

the NNE-SSW fault near the eastern boundary is displayed as low variance. This inability to 

capture the faults impacts the geomodel building as discussed in sections 6.3.1 and 6.3.2. 

Figure 6.2b (right) displays the same area of the variance time slice (-770ms) from the high-

resolution seismic. The WNW-ESE and NNE-SSW faults are sharper, and they are clearly 

indicated by high variance (black and red) values. 

Figure 6.3 shows the seismic section along the navigation line A-B in Figure 6.2. Figure 

6.3a-b are the uninterpreted and interpreted section of the low-resolution data. Four horizons 

corresponding to the top Kolje, top Fuglen, top Stø, and top Fruholmen are interpreted. A fault 

is not observed in this section. All mapped horizons are horizontal in the west and central part 

of the section, and they are folded in the eastern area. Figure 6.3c-d are the uninterpreted and 

interpreted section of the high-resolution data. In Figure 6.3d, the top Kolje and top Fuglen 

are folded in the eastern part. However, unlike the low-resolution section, a fault that offsets 

the top Stø and top Fruholmen is observed. 
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Figure 6.2: Variance attribute from the (a) low-resolution, and (b) high-resolution data. Both time slices are at -

770ms (Stø Fm reservoir level). Note that the faults are sharper in the high-resolution seismic and are indicated 

by higher variance. 
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Figure 6.3: (a) Uninterpreted and (b) interpreted low-resolution seismic line. Note that all horizons are folded in 

the eastern part of the area. (c) Uninterpreted and (d) interpreted high-resolution seismic line. Top Kolje and top 

Fuglen are folded in the eastern part, while top Stø and top Fruholmen are faulted. See navigation line in Figure 

6.2. 

 

6.1.4. RMS amplitude attribute 

The RMS amplitude is used to determine the area of hydrocarbon accumulation, which 

is the area modelled in this study. Figure 6.4a shows the RMS amplitude along the top of the 

Stø reservoir in the low-resolution seismic, while Figure 6.4b shows the RMS amplitude from 

the same surface in the high-resolution seismic. Both maps show high amplitude values (blue) 

in the vicinity of the WNW-ESE fault. This area corresponds to a hydrocarbon accumulation, 

as discussed in section 6.1.5. However, in the high-resolution seismic (Figure 6.4b), the high 

RMS amplitude covers a larger area. 
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Figure 6.4:  RMS amplitude extracted on the top Stø in the (a) low-resolution seismic, and (b) high-resolution 

seismic. From both figures, the high RMS amplitude values are in the vicinity of the WNW-ESE fault. However, 

in the high-resolution seismic, the high RMS amplitudes cover a larger area. 
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6.1.5. Flat spot 

A flat spot is recognized updip of the well 7324/8-3. The presence of this fluid contact 

indicates a hydrocarbon accumulation. Figure 6.5 shows the image of the flat-spot in the low- 

and high-resolution seismic. Figure 6.5a displays the low-resolution seismic section and well 

7324/8-3 with the gamma ray log and well tops. The Stø Fm sandstone reservoir is shown by 

the yellow interval in the log. This reservoir is characterized in the seismic by a trough at the 

top and a peak at the bottom. Towards the fault, no horizontal reflector (flat spot) cutting the 

strata is observed. However, in Figure 6.5b, which shows the same section in the high-

resolution seismic, a horizontal reflector (flat spot) cutting the strata and terminating against 

the fault is observed at the Stø reservoir level. With the information from well 7324/8-3 that 

indicates an oil column in the Stø reservoir (high resistivity in Figure 6.1), the flat spot, which 

is updip of the well, should correspond to the gas-oil contact. This gas accumulates at the 

highest elevation of the tilted fault block and is laterally sealed by the normal fault to the 

southwest. 
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Figure 6.5: (a) Low-resolution, and (b) high-resolution seismic section. Both sections show well 7324/8-3 with 

gamma ray log and well-tops. Yellow in the gamma-ray is sandstone while the green is shale. The flat spot is 

displayed only in the high-resolution seismic. It is in the Stø Fm, updip of the fault and terminates against the 

fault. See navigation line in Figure 6.4. 
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6.2. Horizons’ uncertainties and isochore maps 

6.2.1. Horizons’ uncertainties 

As mentioned in section 5.4, the differences of the interpreted horizons between the low- 

and high-resolution seismic is regarded as the horizons’ uncertainties. Figure 6.6 shows a 

section from the high-resolution seismic alongside with the well 7324/8-3. The high resolution 

surfaces top Kolje, top Fuglen, top Stø, and top Fruholmen are shown in black, whereas the 

same interpreted surfaces from the low-resolution seismic are displayed in red. The top Kolje 

and top Fuglen show small differences as illustrated by the histograms in Figure 6.7. The 

standard deviation of the differences between the low- and high resolution top Kølje is 0.65ms, 

whereas for the top Fuglen, it is 1.19ms (Figure 6.7). The highest differences in the top Fuglen 

are in the southwest of the well. 

The high-resolution top Stø and top Fruholmen honour their well tops. In contrast, the 

same surfaces interpreted from the low-resolution seismic do not honour the well-tops, or the 

high-resolution seismic reflectors (Figure 6.6). As mentioned in section 6.1.2, the sandstone 

zone of the Stø Fm is not well defined by the low resolution seismic. The standard deviation 

of the top Stø between the low- and high resolution seismic is 3.24ms, while that of the top 

Fruholmen is 2.98ms (Figure 6.7). Thus, surfaces from the low-resolution seismic become 

more irregular and their uncertainties increase with depth. 
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Figure 6.6: Horizons’ uncertainties. Red lines correspond to the low-resolution surfaces while black lines are the 

high-resolution surfaces. Both surfaces are displayed on the high-resolution seismic. Low-resolution top Stø and 

top Fruholmen do not honour their well-tops and the seismic reflectors. Surfaces from the low-resolution seismic 

become more irregular with depth. The navigation line is given in line C of Figure 5.4. 
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Figure 6.7: Differences between horizons interpreted in the low- and high-resolution seismic. Note that the 

standard deviation increases with the horizon depth. 
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6.2.2. Isochore map 

Isochore (vertical thickness) maps were generated from the interpretation of the low- and 

high-resolution data. Here we only show the isochore of the Stø Fm. Figure 6.8 clearly 

demonstrates the difference between the high-resolution (HR) and the low-resolution (LR) 

isochore map. Figure 6.8a shows small thickness variation of the Stø Fm from the-high 

resolution data. The average thickness of the Stø Fm is 18-22ms. However, around the faults, 

the thickness varies. This is due to folding and steepening of the horizons towards the faults, 

which results in more vertical thickness. Figure 6.8a clearly indicates the faults by low (<5ms) 

thickness of the Stø Fm. In contrast, Figure 6.8b from the low-resolution data displays a less-

fault controlled thickness variation of the Stø Fm. In the northeast, the thickness varies from 5-

15ms, while in the southwest, the Stø Fm thickness increases up to 20-30ms. No clear sign of 

the faults as well as inconsistency of thickness variation confirm the unreliability of the low-

resolution (LR) isochore map.  

 

Figure 6.8: Stø Fm isochore map based on the (a) high-resolution (HR) and (b) low-resolution (LR) data. The Stø 

Fm vertical thickness is more consistent in the high-resolution variation. Black lines indicate the fault zones. The 

isochore maps cover the area A in Figure 5.4. 
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6.3. Geomodel building 

6.3.1. Fault network 

Here we compare the quality and consistency of the fault network between the low- and 

high-resolution seismic. Figure 6.9 shows the fault network from both datasets. The study area 

is divided into fault compartments. Figure 6.9a shows the fault network from the low-

resolution model, while Figure 6.9b shows the fault network from the high-resolution model. 

In both models, the WNW-ESE grey-purple fault is offset by the NNE-SSW blue-green fault. 

The main difference between the two models is the number of faults. The NNE-SSW pink-red 

fault is visible in the high-resolution data, but it cannot be observed in the low-resolution data 

(Figure 6.2a-b, Figure 6.3b, Figure 6.3d). This fault is offset by the WNW-ESE grey-purple 

fault (Figure 6.9b). The branch lines of the different fault intersections can be seen in Figure 

6.10. 

 

Figure 6.9: Fault network from (a) low-resolution and (b) high-resolution model. The continuous lines are the 

footwall cutoffs while the dashed lines are the hanging wall cutoffs. Note that the pink-red fault is not present in 

the low-resolution model. The model covers area A of Figure 5.4. 

 

6.3.2. Fault cutoffs 

Fault cutoffs are the intersections of the modelled horizons with the fault planes. Figure 

6.10 illustrates the fault cutoffs from both models. Figure 6.10a shows the cutoffs from the 

low-resolution model. The cutoffs gradually get more irregular with increasing depth. Figure 

6.10b shows the cutoffs from the high-resolution model. In contrast to the low-resolution 
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model, the cutoffs in the high-resolution model are more consistent. Moreover, two additional 

cutoffs can be determined within the Stø reservoir. These are observed between cutoffs 3 and 

4 (Figure 6.10b). As mentioned before, the grey-purple fault is offset by the NNE-SSW fault 

in the western part of the area. This intersection is represented by the white branch line that 

separates the grey and the purple fault segments. To the east, two white branch lines are 

observed. These branch lines represent the intersections with the NNE-SSW pink-red fault, 

which is offset by the grey fault. These observations suggest that the WNW-ESE and NNE-

SSW faults were formed simultaneously (Collanega et al., 2017). 

 

Figure 6.10: WNW-ESE fault plane with cutoffs from (a) the low-resolution and (b) the high-resolution model. 

Cutoffs in the low-resolution model are more irregular with depth. See area B in Figure 5.4 for the location of the 

faults. 

 



56 
 

6.3.3. Fault throw 

The fault throw is the vertical component of the dip displacement between the footwall 

and hanging wall. In this section, the fault throw from the low-resolution model is compared 

to the high-resolution model. Figure 6.11a shows the throw distribution from the low-

resolution model. A small throw (0-10m) is observed at the eastern fault tip line. The fault 

throw gradually increases to the west. Two fault throw maxima (60-70m) indicated by yellow 

and red colours are observed on the central part of the fault. Figure 6.11b shows the throw 

distribution from the high-resolution model. The lowest fault throw (0-10m) is also observed 

at the eastern fault tipline, and gradually the throw increases to the west. However, in the high-

resolution model, only one fault throw maximum (60-70m) can be observed on the central part 

of the fault. Therefore, this model has a more consistent fault throw distribution. Fault segment 

2 shows also a large throw, since segments 1 and 2 are part of the same fault. The large throw 

is also caused by the NNE-SSW intersecting fault (blue-green) in Figure 6.9. 

The fault throw distribution in each model can be visualized by throw profiles. As seen 

in Figure 6.11c, the throw profile of the low-resolution model shows large undulations. For 

instance, horizons 2-5 show two throw maxima and one throw minimum. Moreover, horizons 

3, 4 and 5 overlap on the central part of the fault. This indicates large vertical variations of the 

throw which is not realistic. Figure 6.11d shows the throw profile from the high-resolution 

model. The high-resolution model has a smoother fault throw distribution. There is just one 

throw maximum on the western part of the fault, and the displacement gradually decreases to 

the east. Also, the horizons’ throw profiles do not overlap. Two additional (green and yellow) 

horizons can be observed in the figure. These are located in the Stø Fm between horizons 3 and 

4. 
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Figure 6.11: Fault throw from (a) low-resolution and (b) high-resolution model. Throw profiles from (c) low-

resolution and (d) high-resolution model. Fault throw from high-resolution model is more consistent. See area B 

in Figure 5.4 for the location of the profile. 
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6.4. Fault seal analysis 

6.4.1. Allan diagram (zones) 

The Allan diagram displays the stratigraphy from the hanging wall and the footwall that 

is superimposed along the fault plane. The Allan diagram will be discussed mainly to explain 

and compare the juxtaposition of the Stø Fm against the Kolje, Fuglen, Stø itself, and 

Fruholmen Fm in both models (Figure 6.12). Each colour in the diagram represents the 

juxtaposition of the same formation or two different formations. Understanding the colour 

legend is critical for determining the juxtaposition relationships. As an example, the colour 

legend from the low-resolution model (Figure 6.12a) will be discussed briefly. A number is 

assigned to each zone. For instance, the Stø Fm zone is labelled by number 3, while the Kolje, 

Fuglen, and Fruholment Fms are labelled by numbers 1, 2, and 4, respectively. At location (1, 

3), illustrated by the yellow colour, the Stø Fm is juxtaposed against the Kolje Fm. At location 

(2, 3), shown by light green colour, the Stø Fm is juxtaposed against the Fuglen Fm. Finally, 

at location (3, 3), marked with light blue colour, the Stø Fm is juxtaposed against itself.  

In Figure 6.12, four symbols are used for labelling the juxtaposition of the Stø Fm against 

itself and the other formations. A red circle marks the juxtaposition of the Stø Fm against the 

Kolje Fm. In the low-resolution model, this juxtaposition can be observed continuously from 

west to east (Figure 6.12a). However, in the high-resolution model, the juxtaposition of the 

Stø Fm against the Kolje Fm is divided into three colours (black, grey, and white) (Figure 

6.12b). These colours represent the inner units of the Stø reservoir. To the east, only the upper 

part of the Stø reservoir is juxtaposed against the Kolje Fm. However, to the west, the entire 

Stø reservoir is juxtaposed against the Kolje Fm, indicating an increase of fault throw (Figures 

6.12b, 6.11d).  

A red star illustrates the juxtaposition of the Stø Fm against the Fuglen Fm. In the low-

resolution model (Figure 6.12a), this juxtaposition can be observed along most of the fault, 

but it is not present in the central part of the fault. In contrast, in the high-resolution model 

(Figure 6.12b), the Stø Fm-Fuglen Fm juxtaposition is indicated by three different shades of 

brown colour reflecting the inner zones of the Stø Fm. This juxtaposition is mainly observed 

on the eastern part of the fault. In the central part of the fault, only the lower part of the Stø 

reservoir is juxtaposed against the Fuglen Fm, and this juxtaposition is not present to the west 

where the fault throw reaches its maximum (Figures 6.12b 6.11d). 
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The red triangle shows the juxtaposition of the Stø Fm against itself. In both the low- and 

high-resolution models (Figure 6.12a and Figure 6.12b), this juxtaposition shows a similar 

pattern, but it is more extensive in the high-resolution model (Figure 6.12b). This juxtaposition 

can only be observed on the eastern part of the fault where the fault throw is minimum (Figures 

6.12, 6.11c-d). 

Finally, a red cross illustrates the juxtaposition of the Stø Fm against the Fruholmen Fm. 

In both models, this juxtaposition shows similar patterns along the fault (Figure 6.12a-b) 

However, in the high-resolution model, this juxtaposition shows three zones as result of the 

better definition of the inner structure of the Stø Fm (Figure 6.12b). To summarize, the high-

resolution model provides more details in the juxtaposition relationships of the Stø Fm. 
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Figure 6.12: Allan diagram from the (a) low-resolution and (b) high-resolution model. The juxtaposition of Stø 

Fm against other formations are marked with different symbols. Note that in the high-resolution model, the Stø 

Fm is juxtaposed against itself to the east, against the Fuglen Fm in the central part of the fault, and fully 

juxtaposed against the Kolje Fm to the west. In the high-resolution model, the juxtaposition of the Stø and 

Fruholmen Fms can be divided into three separate zones. The Allan diagram from the low-resolution model cannot 

resolve these details. See area B in Figure 5.4 for the location of the analysis. 
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6.4.2. Allan diagram (facies) 

In this section, we will focus on the Allan diagram that is produced by the facies model. 

Figure 6.13 shows the Allan diagram (facies) of both seismic resolutions. In the low-resolution 

Allan diagram (Figure 6.13a), the sand-sand (red) and sand-shale (green) juxtapositions have 

an undulating shape. This results from the undulating fault cutoffs in Figure 6.10a. In the high-

resolution model (Figure 6.13b), two inner zones of the Stø Fm are mapped, and the 

morphology of the juxtapositions is smoother and more consistent. In addition, the sand-sand 

juxtaposition in the lower part of the fault is more continuous and creates lenses. These red 

lenses mark the juxtaposition of sandstones of the Stø and Fruholmen Fms. On the eastern part 

of the fault, both models show self-juxtaposition of the Stø and Fruholmen sandstones. This 

corresponds with small fault throw (Figure 6.11). 

 

Figure 6.13: (a) Low-resolution and (b) high-resolution Allan diagram (facies). Note that in the low-resolution 

diagram, the juxtapositions undulate, while in the high-resolution diagram, the juxtaposition are more consistent 
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6.4.3. Shale smear 

Shale smears occur when fine grained sediments rich in phyllosilicate minerals are 

dragged along the fault. The shale smear is only observed in the high-resolution seismic. In this 

section, the distribution of the shale smear along the WNW-ESE fault (grey fault in Figure. 

6.9) will be described. The shale smear is derived from two different source beds, the 

Hekkingen and the Fuglen Fms. These formations are rich in shale and are prone to smear along 

the fault. To support this discussion, the fault throw and the Allan diagram (sections 6.3.3 and 

6.4.1) will be considered. 

Figure 6.14 shows the location and the 3D view of the shale smear. The shale smear is 

not present everywhere. Its vertical continuity changes along the fault (Figure 6.14b). The 

continuity of the shale smear gradually increases from the east until it reaches a maximum in 

the central part of the fault. The shale smear is not developed in the western part of the fault. 

In some areas, the shale smear is only observed in the upper part and does not continue 

downwards. In other areas, it is present in the upper and lower parts, but is missing at central 

depths. This might indicate local changes of the lithology from the two different source 

formations. The shale content (Vsh) in Hekkingen Fm ranges from 33-100% while it is 29-

65% in the Fuglen Fm (Figure 6.1).  

 

Figure 6.14: (a) Location of shale smear and (b) 3D distribution. The variance time slice is at reservoir level (-

770ms). The shale smear gradually develops from the east (0-10m fault throw), reaching the maximum continuity 

in the central area (40-50m fault throw) and stops developing in the western area (60-70m fault throw).  
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Figure 6.15a shows the shale smear on the eastern part of the fault. The fault throw in 

this area is relatively small (0-10m), and hence, the Stø reservoir is juxtaposed against itself. 

The shale is smeared from two different source beds. The upper part corresponds to the 

Hekkingen Fm and the lower part to the Fuglen Fm. In this section, the shales from these two 

formations do not mix, but instead form two separate smears. 

Figure 6.15b illustrates the shale smear on the centre of the fault. In this section, the fault 

throw is higher (40-50m) than in the eastern area. The higher fault throw impacts the 

juxtaposition of the Stø Fm. The Stø Fm is juxtaposed against the shale zone of the Fuglen Fm 

and the shale smear. The shale smears from the Hekkingen and Fuglen Fms are connected in 

the fault zone. This mixing of the source beds creates a more continuous smear. Figure 6.15c 

displays the western part of the fault. The fault throw reaches its maximum value (60-70m) and 

shale smear is no longer visible in this section. 
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Figure 6.15: High-resolution seismic section showing shale smears on (a) the eastern part of the fault, (b) the 

central part of the fault, and (c) the western part of the fault. See lines A, B, C in Figure 6.14a as navigation lines. 

Shale smears from the two source beds do not mix in the eastern part, while in the central part they mix. Shale 

smear is not present in section c where the fault throw reaches its maximum value. 
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6.4.4. Shale gouge ratio and the fluid contact 

The shale gouge ratio (SGR) is determined by the percentage of the shale fraction that 

enters the fault zone. In this chapter, the shale gouge ratio will be used to define the sealing 

nature of the fault. The shale smear description of section 6.4.3 is used to support the 

discussion. 

Figure 6.16 shows a seismic line from the low-resolution seismic (a), and high-resolution 

seismic (b). The well 7324/8-3 with gamma ray log, as well as the fault plane with the SGR 

distribution are included. In Figure 6.16a, the sandstone of the Stø Fm is only characterized 

by a trough and a peak, while in Figure 6.16b the Stø Fm is displayed in much more detail 

(two troughs and three peaks). In the low- and high-resolution models, the SGR values do not 

change significantly laterally, but they vary vertically. The highest SGR value is 60% which is 

located at the shale-shale juxtaposition and along the shale smear zone (Figure 6.15b). The 

lowest SGR value (5-15%) is at the juxtaposition of the Fruholmen Fm (sandstone) in the 

footwall against the Stø Fm in the hanging-wall (Figure 6.15b). At the Stø reservoir level in 

the footwall, the SGR value is 25-50%, indicating fault sealing. This value is consistent with 

the juxtaposition of the Stø Fm with the shale smear and the shale zone (Figure 6.15b). 

Figure 6.17 shows the impact of a high shale gouge ratio (SGR). The flat spot (fluid 

contact) can only be observed in the high-resolution seismic. The report of well 7324/8-3 

(Norwegian Petroleum Directorate) states that the Stø reservoir is filled with oil and the lowest 

known oil is down to 722.2 m at the Fruholmen Fm. In Figure 6.17b, the flat spot terminates 

against the fault, updip of the 7324/8-3 well. Thus the flat spot should correspond to the gas-

oil contact. Shale smears and shale-shale juxtaposition (Figure 6.15b), and high SGR value 

(25-50%) (Figure 6.17b) allow the Stø Fm to retain hydrocarbons (gas and oil) in the tilted 

fault block. 
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Figure 6.16: (a) Low-resolution seismic line and well 7324/8-3 with gamma-ray log (b) Same section showing 

high-resolution seismic and well 7324/8-3 with gamma-ray log. In both sections, the shale gouge ratio (SGR) on 

the fault is displayed. Yellow in the gamma ray log is sandstone while green is shale. The highest SGR value 

(60%) is at the juxtaposition of shale against shale, and the lowest SGR value (5-15%) is at the sand-sand 

juxtaposition (Figure 6.15b). At the Stø reservoir level, the SGR value is around 25-50% indicating probable fault 

sealing. Line B in Figure 6.14a shows the section navigation. 
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Figure 6.17: (a) High-resolution seismic line and well 7324/8-3 with gamma-ray log. (b) Same line and log with 

fault with SGR values and the fluid contact. The Stø Fm at the well is filled with oil. The lowest known oil is 

down to 722.2m in the Fruholmen Fm (NPD). The flat spot terminates at the fault and updip of the well. Hence, 

the flat spot should correspond to the gas-oil contact. Line B in Figure 6.14a shows the section navigation. 
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6.5. Gross volume 

In this section, the bulk and the gross hydrocarbon volumes in the Stø Fm will be 

compared between the low- and high-resolution models. The gas oil-contact was set to -634m 

TVD (depth of the flat spot in the high-resolution seismic), and the oil-water contact was set to 

–692.2m TVD or -722.2m MD (Norwegian Petroleum Directorate). Due to the lack of porosity, 

net to gross, water, oil, and gas saturation values, the volumetric will be based on the gross 

volume. 

Table 6.1 shows the difference in total bulk volume between the low- and high-resolution 

models. The low-resolution model has a bigger bulk volumes (155 x106𝑚3) than the high-

resolution model (136 x106𝑚3). As a result, the low-resolution model contains more gross 

volume in both oil (Table 6.2) and gas (Table 6.3) than the high-resolution model. The low-

resolution model contains a gross oil volume of (134,610x103𝑠𝑚3) and a gross gas volume of 

(20,216x103𝑠𝑚3), whereas the high-resolution model has a gross oil volume of (117,393 

x103𝑠𝑚3) and a gross gas volume of (17,629 x103𝑠𝑚3). 

Figure 6.18 illustrates the volume uncertainty using two cross sections. Cross section b 

along the well (Figure 6.18b) shows the low-resolution top Stø and top Fruholmen (white 

lines), the same surfaces in the high-resolution model (black lines), and the gas and oil zones. 

The Stø Fm from the low-resolution model is thicker in the south-western block than in the 

north-eastern block. In addition, the top Stø and top Fruholmen surfaces undulate, especially 

farther away from the well. In contrast, the Stø Fm from the high-resolution model shows a 

near-constant thickness, and the top and the bottom of the reservoir are more consistent. In this 

cross-section, the north-eastern block consists of gas and oil while the south-western block is 

only filled with oil, in both the low- and high-resolution models. 

Cross section c at the west of the well (Figure 6.18c) shows a small gas zone in the south-

western block for the low-resolution model. In the high-resolution model, this gas zone does 

not exist. As seen in Figure 6.18b-c, the low resolution model has a thicker reservoir zone than 

the high-resolution model, especially in the south-western block. The thicker reservoir zone 

and the gas zone in the south-western block result from the horizons uncertainty in the low-

resolution model. The top Stø and top Fruholmen were adjusted to the well-tops in the 

geomodelling process (Figure 6.18b). However, the uncertainty of these horizons increases 

away from the well. 
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Table 6.1: Overview of the total bulk volumes in both resolution models. 

 

 

Table 6.2: Overview of the total gross oil volumes in both resolution models. 

 

 

Table 6.3: Overview of the total gross gas volumes in both resolution models. 
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Figure 6.18: (a) Structure map of the top Stø, well 7324/8-3 and cross sections b and c. (b) Cross section b showing the hydrocarbon accumulation at the well. In both model 

resolutions, the gas and oil contact is observed in the north-eastern block. The depth of the gas-oil contact was set based on the flat spot depth from the high-resolution 

seismic. (c) Cross-section c showing the hydrocarbon accumulation west of the well. Gas is present in the south-western block of the low-resolution model, but not in the 

high-resolution model.
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7. Discussion 

Seismic attributes play an important role in guiding the structural interpretation and in 

defining the hydrocarbon accumulation. The variance attribute provides a sharper fault image 

in the high-resolution seismic than in the low-resolution seismic. The low-resolution seismic 

does not capture the NNE-SSW fault near the eastern boundary. This fault cannot be observed 

in the seismic section and is displayed as low variance values in the time slice (Figures 6.3a-

b and 6.2a). In terms of defining the hydrocarbon accumulation, the RMS attribute at the top 

Stø level is similar in the low- and high-resolution seismic. The high amplitude values (blue) 

concentrate in the vicinity of the WNW-ESE fault. However, the extent of this area is larger in 

the high-resolution seismic (Figure 6.4). 

In comparison to the low-resolution seismic, the high-resolution seismic is superior in 

defining the reservoir heterogeneity, flat spot, horizon uncertainties, and reservoir isochore. 

The Stø Fm is captured in much more detail in the high-resolution seismic as it provides more 

reflectors (5 reflectors) that describe the inner reservoir structure, whereas in the low-resolution 

seismic, the Stø Fm is only characterized by two reflectors (a trough and a peak) (Figure 5.3). 

The flat spot that corresponds to the gas-oil contact is observed in the high-resolution seismic, 

but not in the low-resolution seismic (Figure 6.5). This information is critical for determining 

the hydrocarbon volumetric. Seismic resolution has an impact on imaging the subsurfaces. In 

the low-resolution seismic, the top Stø and top Fruholmen do not honour the well-tops and 

have increasing uncertainties with depth (Figure 6.6). In contrast, the high-resolution seismic 

allows a more accurate mapping of these surfaces (Figure 6.6). As a result, the high-resolution 

Stø Fm isochore shows less thickness variation (Figure 6.8a) than the low-resolution Stø 

isochore (Figure 6.8b). 

The fault network, fault cutoffs, and fault throw distribution are constructed based on the 

interpreted horizons and faults in the datasets. Due to the ability of the high-resolution seismic 

to capture the NNE-SSW fault (pink-red) (Figure 6.9b), and the lower uncertainty of the 

interpreted horizons from the high-resolution data, the fault network and fault cutoffs are more 

accurate and consistent in the high-resolution model, and therefore they represent more reliable 

the reservoir compartmentalization (Figure 6.9b, 6.10b). The fault throw distribution in the 

high-resolution model (Figure 6.11b, d) is also more realistic than in the low-resolution model 

(Figure 6.11a, c).  
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The higher quality of the high-resolution interpretations is also observed in the Allan 

diagram, since the juxtaposition between the Stø Fm and the other formations across the fault 

is controlled by the fault throw. In the low- and high-resolution models, the Stø Fm is 

juxtaposed against itself in the east where the throw is small (0-10m) (Figure 6.12). However, 

to the west, as the fault throw increases, the Stø Fm is juxtaposed against the Fuglen Fm until 

the throw reaches its maximum value (60-70m). To the west of this throw maximum, the Stø 

Fm is juxtaposed against the Kolje-Klippfisk-Hekkingen zones (Figure 6.12). In addition, in 

the high-resolution model, the Stø Fm-Fruholmen Fm juxtaposition shows three zones due to 

the better definition of the inner structure of the Stø Fm (Figure 6.12b). These juxtapositions 

are better visualized in the high-resolution model due to the inability of the low-resolution 

model to capture the inner structure of the Stø Fm (Figure 6.12a) and its unrealistic fault throw 

(Figure 6.11a, c).  

The high-resolution seismic provides the unique opportunity of interpreting the shale 

smear along the WNW-ESE fault (Figure 6.14). The lateral continuity of the shale smear can 

be related to the fault throw. Two separate shale smears are observed in a section across the 

eastern part of the fault (Figure 6.15a). These two shale smears are connected in a section 

across the central part of the fault (Figure 6.15b), and as the fault throw reaches its maximum, 

the shale smear cannot longer be observed on a section across the western part of the fault 

(Figure 6.15c). The shale smear vertical continuity also changes along the fault and is affected 

by the mixing behaviour of shales from the two different source formations, Hekkingen and 

Fuglen. The low- and high-resolution model display a similar shale gouge ratio (SGR) along 

the fault, with values of 25-50% at the Stø reservoir level, indicating probable fault sealing 

(Figure 6.16). However, with the flat spot (Figure 6.17a), and the evidence of oil accumulation 

at well 7324/8-3, the high-resolution seismic provides vital information for determining a gas 

accumulation updip of the well (Figure 6.17b). 

The uncertainty of the interpretation, structural model, and fluid contacts impact the 

estimated bulk, and gross hydrocarbon volumes. The low-resolution model does not allow to 

identify the gas-oil contact which is evident in the high-resolution seismic. The reservoir zone 

in the low-resolution model is thicker, especially in the SW fault block (hanging wall) far from 

the well (Figure 6.18b-c). So even if the gas-oil contact is determined by other means, the low-

resolution model would suggest a gas accumulation in the SW fault block that is not present in 

the high-resolution model (Figure 6.18b-c).The larger bulk and gross hydrocarbon volumes in 
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the low-resolution model (Tables 6.1, 6.2, 6.3) result from the larger uncertainty of the 

interpreted horizons in this model (Figure 6.18b-c).  
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8. Conclusion 

Based on the results of this Master thesis, the following conclusion can be reached:  

• Fault and horizons are sharper and better identifiable in the high-resolution seismic. The 

top and bottom of reservoir zones from the high-resolution seismic honour the well-tops 

and seismic reflectors, whereas this is not the case in the low-resolution seismic. In 

addition, the high-resolution seismic is suitable for interpreting the reservoir inner 

structures. As a result, the interpreted surfaces and fault network provide a more reliable 

assessment of reservoir compartmentalization.  

• The low-resolution structural model is subject to uncertainty as the faults, reservoir 

interval, and flat spot features are not well defined. In contrast, the ability to capture 

subtle faults and flat spots, as well as addressing the reservoir inner structures in the high-

resolution seismic results in a more reliable fault network and reservoir surfaces. Thus, 

the high-resolution structural model represents better the reservoir compartmentalization 

and consequently reducing uncertainty in estimating the bulk and hydrocarbon volumes. 

• The high-resolution seismic is superior to the low-resolution seismic in terms of 

determining fault-juxtaposition relationships. The high-resolution seismic allows to 

reliably track more horizons which results in a more detailed Allan diagram. Moreover, 

the continuity of the shale smear is clearly visualized by the high-resolution seismic and 

can be incorporated with the high-resolution fault throw distribution. The SGR alone 

does not provide this information. SGR is rather a gross estimation of fault sealing, as 

demonstrated by the fact that the SGR of low- and high-resolution models is quite similar. 
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9. Recommendation for future work 

Based on the results of this Master thesis, the following recommendations are made: 

 

• In order to get a more accurate volume of shale (Vsh) for determining the shale gouge 

ratio, the Vsh calculation should also be cross-checked using other logs, logs 

combinations (e.g., neutron-density), and core data. 

• A detailed facies log is needed to deliver a more reliable facies distribution that can be 

incorporated to the Allan diagram. In addition, the availability of the porosity log can 

provide a better understanding of the reservoir heterogeneity, and hence the reservoir 

connectivity between the different compartments. 

• Seismic inversion could help a lot in capturing the reservoir heterogeneity through 

guiding the porosity and the facies modelling via collocated co-simulation 

• A more accurate model from the high-resolution data will undoubtedly improve any 

geomechanical estimation of the risk of fluids leaking to the surface. We therefore 

recommend following an interpretation and modelling workflow similar to this thesis in 

order to construct accurate and consistent structural models of the field. 
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