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Abstract 
The study focuses reservoir characterization of the Triassic-Jurassic succession of the Johan 
Castberg area based on petrophysical analysis, rock physics diagnostics and AVO modelling 
of data from five exploration wells 7220/2-1 (Isfjell), 7220/4-1 (Kramsnø), 7220/5-1, 7220/5-
2 (Nunatak) and 7220/8-1 (Skrugard). The wells are located in the northern part of the 
Bjørnøyrenna Fault Complex / Polhem Subplatform in the Norwegian Barents Sea. The 
potential reservoir units include the Stø, Nordmela, Tubåen, Fruholmen and Snadd Formations 
of Triassic and Jurassic age. The pre-rift rotated fault blocks of the Jurassic Stø and Nordmela 
Formations comprise the main hydrocarbon reservoirs with the largest proved quantities of 
hydrocarbons (both oil and gas) in the study area. The reservoir characterization therefore 
concentrates upon these two formations.  

Reservoir properties (e.g. net-to-gross, shale volume, porosity, permeability, and saturation) 
are calculated for the five target formations using petrophysical analysis techniques. The 
potential reservoir- and pay zones are identified based on cutoff values for the mentioned 
properties. Rock physics diagnostics is primarily applied to estimate cement volume, to quality 
control outcomes of the petrophysical analysis, and to check sensitivity and deviations that 
arise due to fluid and lithology variations. The sensitivity is tested further in AVO modeling 
by studying fluid substitution effects on impedance boundaries. Most importantly, the top Stø 
Formation, overlain by the cap rock shales of the Fuglen, Kolmule or Knurr Formations have 
been modelled and classified in terms of AVO class.  

The shallowest reservoir unit is the Middle Jurassic Stø Formation which yields the overall 
best reservoir properties. The Early Jurassic Tubåen Formation also exhibits very good 
reservoir quality with the highest porosity of all evaluated formations. Unfortunately, the 
formation is not hydrocarbon saturated. The Early Jurassic Nordmela Formation and the 
Middle and Late Triassic Fruholmen and Snadd Formations show poorer reservoir quality 
compared to the Stø and the Tubåen Formations. The upper part of the Nordmela Formation 
has better potential than the lower part. The Stø and Nordmela Formations from well 7220/8-
1 (Skrugard) and 7220/5-1 (3 km to the north of Skrugard) in the south-eastern part of the study 
area are associated with the Johan Castberg Field and contain substantial amounts of oil and 
gas. Well 7220/4-1 (Kramsnø) and 7220/2-1 (Isfjell) in the west and north, respectively, are 
gas-bearing, but a small oil leg also occurs in well 7220/2-1 (Isfjell). Small accumulations of 
gas are also found in the Fruholmen and Snadd Formations in well 7220/4-1 (Kramsnø).  

Uplift has been estimated to be of large magnitude (1100 to 1500 m) in the study area. Negative 
effects of uplift, such as seal cracking and hydrocarbon leakage have reduced prospectivity. 
Reservoir quality tends to be less than what is expected at the current burial depth, due to 
deeper burial before uplift. Porosity reduction and diagenesis (cementation) are strongest for 
the deeply buried Triassic-Jurassic formations in the western well 7220/4-1 (Kramsnø). A high 
degree of cementation has resulted in low porosity and essentially reduced the fluid sensitivity, 
which has clearly been documented in various rock physics crossplots (i.e. LMR, Vp versus Vs 
and Vp/Vs versus AI) and AVO modeling. A Class 3 AVO is observed for the top Stø Formation 
in well 7220/2-1 (Isfjell), 7220/5-1 and 7220/8-1 (Skrugard), associated with little-compacted 
sands, while the top Stø Formation in well 7220/4-1 (Kramsnø) has a Class 1 AVO indicative 
of moderately to highly cemented sandstone. The Stø Formation in the southeastern part of the 
study area is the best reservoir compared to other. Exploration should preferably avoid deeply 
buried Stø Formation reservoirs in the west.  
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Chapter 1  Introduction 

1.1 Background and motivation 
The Barents Sea is a part of the Arctic Ocean, located north of the Norwegian and Russian 
mainland, between the Norwegian Sea in the west, Novaya Zemlya and the Kara Sea in the 
east, Svalbard in the northwest and Franz Josef Land in the northeast (Fig. 1.1). It covers an 
area of about 1.3 million km2, with average water depths of 300 m. The area represents one of 
the largest continental shelves on the Earth (Doré, 1995). The Norwegian part of the Barents 
Sea comprises an area of 313 000 km2 (Norwegian Petroleum, 2018a), where the southern 
(south of 74° 30´ N) part is currently open for petroleum activities and covers an area of about 
245 000 km2 (Ohm et al., 2008). 

 

Figure 1.1: Location of the Barents Sea, including a scale of elevation / depth for topography 
and bathymetry [m] (modified from Smelror et al., 2009). The Norwegian and Russian parts of 
the Barents Sea are indicated. Large-scale bathymetric model (top right) is adapted from 
Jakobsson et al. (2008). 

Hydrocarbon exploration in the Norwegian Barents Sea was announced in 1979 with the first 
exploration well drilled in 1980 (Halland et al., 2014). As of May 2018, 152 wells have been 
drilled, yielding 56 discoveries (NPD, 2018b). The region available for hydrocarbon 
exploration after the 24th license round is located in the southern part of the Barents Sea as 
illustrated in Figure 1.2. The discovery rate in the Barents Sea has been high (37 %, compared 
to 33 % in the Norwegian Sea and 25 % in the North Sea), yet in many cases not cost efficient, 
due to mainly gas and residual oil being discovered (NPD, 2018b; Ohm et al., 2008). 

There are currently two producing fields in the Norwegian Barents Sea; Snøhvit and Goliat 
(Fig. 1.2b). The third, Johan Castberg, has been decided for production and is scheduled to start 



Chapter 1 Introduction 

 2 

in 2022. Moreover, development and production are likely on the Alta / Gohta and Wisting 
discoveries, but still unclarified (NPD, 2018b).  

 
Figure 1.2: a) Overview map of the current status of petroleum activity in the Norwegian 
Barents Sea after the 24th license round (modified from NPD, 2017a). b) The position of 
structural elements, discoveries, exploration wells and the study area (red rectangle) in the 
southwestern Norwegian Barents Sea (modified from NPD, 2018b). 

The Norwegian Petroleum Directorate (NPD) has estimated that approximately 54 %, or 4 
billion standard cubic meters (Sm3) of recoverable oil equivalents still remains undiscovered 
on the Norwegian Continental Shelf (NCS), where 63 % are situated in the Norwegian Barents 
Sea (Norwegian Petroleum, 2018b; NPD, 2018a). Half of the resources in the Barents Sea are 
located in the Barents Sea North which is not yet opened for petroleum activity (NPD, 2018a). 
Figure 1.3 (left) illustrates the remaining hydrocarbon resources on the Norwegian Continental 
Shelf. 
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NPD has predicted that production on the Norwegian Continental Shelf (NCS) will increase 
over the next five years, as new projects start up, and already producing fields delivers more 
than expected. Yet, due to the lack of fresh finds, the production rate outpaces the volumes 
needed to replace the rising production. NPD sounds the alarm and requests increased 
exploration activity, and the Barents Sea will play a central role in maintaining a high 
production in the years to come (NPD, 2018a). 

The petroleum-industry in Norway has contributed tremendously to the Norwegian 
community, with approximately 13 000 billion NOK, promoting welfare, growth, and 
prosperity. The 24th license round proved that there is still great belief in the NCS, as there was 
a record in both the number of applications and awards (Søviknes, 2018). The commitment to 
exploration in the Norwegian Barents Sea is demonstrated by the fact that half of the wells 
drilled on the NCS in 2017 was in the Barents Sea, which also yielded the largest discovery 
(Filicudi) of the year (NPD, 2018a). 

ExxonMobil has forecasted the world population to increase to 9 billion in 20 years with a 
significant growth in energy demand by 25 % (ExxonMobil, 2017). In 2040 oil, gas and coal 
are likely to meet approximately 80 % of the global energy demand, where oil and gas 
constitute 60 % (Carstens, 2017a; ExxonMobil, 2017). Natural gas and renewables will both 
contribute to reduce emissions, replace coal and provide clean, reliable and affordable energy 
in the future (Wojnar, 2018), and this is where Norwegian export of natural gas will play an 
important role. Figure 1.3 (right) shows the global primary energy consumption by fuel (history 
and future predictions) from BP (2018), estimating that coal, gas, oil and non-fossil fuel will 
each account for about 25 % in year 2040.  
 

 
 
Figure 1.3: Left: Remaining petroleum on the Norwegian Continental Shelf (modified from 
NPD, 2018a). Right: Global primary energy consumption by fuel from 1970 to 2040 from “BP 
(Energy Outlook 2018)” (modified from BP, 2018). 

This thesis emphasizes the Johan Castberg Field located in the Bjørnøyrenna Fault Complex 
of the Norwegian Barents Sea. Five wells are included in the study: 7220/2-1, 7220/4-1, 
7220/5-1, 7220/5-2 and 7220/8-1. Petrophysical analysis, rock physics diagnostics and AVO 
forward modelling are conducted on the data available from well logs in order to determine the 
reservoir quality of the Triassic-Jurassic succession in the study area. Possible targets comprise 
Triassic-Jurassic successions of the Stø, Nordmela, Tubåen, Fruholmen and Snadd Formations. 
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1.2 Research objectives 
The primary objective is to image the reservoir quality of the Triassic and Jurassic successions 
of the Johan Castberg area in the Bjørnøyrenna Fault Complex, Norwegian Barents Sea. Highly 
relevant and industry popular geophysical techniques and software are applied to characterize 
the target hydrocarbon reservoirs based on detailed petrophysical analysis, rock physics 
diagnostics and seismic AVO forward modeling. 

Data obtained from five exploration wells are interpreted in order to identify target reservoir 
intervals, discriminate lithofacies and pore fluids and to quantify reservoir properties i.e. to 
estimate shale volume, net-to-gross ratio, porosity, permeability and hydrocarbon saturation. 
The research also involves well correlation and uplift estimation. The methods and results are 
ultimately quality controlled and checked for errors, uncertainties, and sensitivity. 

1.3 Study area 
The study area is located around the northern part of the Johan Castberg Field, mainly in the 
Bjørnøyrenna Fault Complex, but covers also smaller parts of the surrounding Polhem 
Subplatform and Loppa High to the east. All studied wells are located within or in immediate 
vicinity of the Bjørnøyrenna Fault Complex. The structural elements in and around the study 
area are presented in Figure 1.4a. A zoomed representation of the study area is illustrated in 
Figure 1.4b. Also, a 3D view of the Johan Castberg Field is shown in Figure 1.4c with multiple 
discoveries within rotated fault block traps. 

 

Figure 1.4: a) Location of the study area (red rectangle) and structural elements (modified from 
Halland et al., 2014). b) Focused overview map of the Johan Castberg area (study area) where 
BB = Bjørnøya Basin, BFC = Bjørnøyrenna Fault Complex, LH = Loppa High and PSP = 
Polhem Subplatform (modified from NPD, 2018b). c) 3D view of the Johan Castberg Field in 
rotated fault blocks of the Bjørnøyrenna Fault Complex (modified from Statoil, 2017). 
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Johan Castberg is an oil and gas discovery, located about 110 km north of the Snøhvit Field, 
and is situated in the PL532 exploration license operated by Equinor. Johan Castberg Field 
consists of the Skrugard, Havis, and Drivis Discoveries, which was proven in 2011 to 2013 in 
Lower to Middle Jurassic sandstone reservoirs. The new Kayak discovery is also evaluated to 
be tied-in to the field (NPD, 2018b). Production is expected to yield 88 million standard cubic 
meter (Sm3) of oil, but as more wells will be drilled, the expected production can improve 
significantly and the lifetime of the field can extend beyond 2050. Investments in the project 
are approximately 49 Billion NOK (NPD, 2018a). 

1.4 Database and software 
The study is based on a suite of well log data from 5 exploration wells (7220/8-1, 7220/5-1, 
7220/5-2, 7220/2-1 and 7220/4-1), supported by information from published articles and 
resources available from the NPD (Norwegian Petroleum Directorate) webpage. Facts from the 
individual wells have been extracted from NPD (2018b) and are assembled in Table 1.1. All 
studied wells are drilled by Equinor, formally Statoil Petroleum AS. 

Table 1.1: General information for the studied wells. N/A = Not Available, BFC = 
Bjørnøyrenna Fault Complex and PSP = Polhem Subplatform. 

Facts 7220/8-1 7220/5-1 7220/5-2 7220/2-1 7220/4-1 
NS degrees 72° 29' 

28.92'' N 
72° 31' 
0.67'' N 

72° 33' 
40.29'' N 

72° 48' 
43.85'' N 

72° 35' 
19.67'' N 

EW degrees 20° 20' 2.25''  
E 

20° 20' 
29.15'' E 

20° 23' 
54.84'' E 

20° 33' 
26.97'' E 

20° 14' 5.97''  
E 

Year completed 2011 2012 2013 2014 2014 
Content Oil/Gas Oil/Gas Gas Gas Gas 
Purpose Wildcat Appraisal Wildcat Wildcat Wildcat 

Discovery name 
Johan 

Castberg 
(Skrugard) 

- Nunatak Isfjell Kramsnø 

Current activity 
status 

Decided for 
production 

Decided for 
production 

Production is 
unlikely 

Production is 
unlikely 

Production is 
unlikely 

Geological location BFC BFC PSP BFC BFC 
1st level with HC Stø Stø Knurr Stø Stø 
2nd level with HC Nordmela - - Nordmela Nordmela 
3rd level with HC - - - - Snadd 
Oldest penetrated 
formation 

Snadd Fruholmen Tubåen Snadd Snadd 

KB [m] 23.0 40.0 31.0 40.0 31.0 
Water depth [m] 374.0 388.0 398.0 429.0 403.0 
MD [m RKB] 2222.0 1740.0 1780.0 1594.0 3240.0 
TVD [m RKB] 2221.0 1740.0 1779.0 1590.0 3239.0 
MD minus TVD [m] 1 0 1 1 4 
Max Inclination [  ̊] 3.2 4.46 4.1 9.6 4.8 
Bottom hole 
temperature [  ̊C] 

N/A 52 N/A N/A 105 
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Mainly three software [Interactive Petrophysics (IP), Hampson Russell (HR) and Petrel] are 
utilized to process and to analyze the well log data. The former two are used to perform 
petrophysical analysis, rock physical diagnostics and AVO forward modeling. Petrel has 
mainly been used for well correlation and to generate thickness maps of target reservoir units. 
Interactive Petrophysics has the best functionality for petrophysical analysis but lacks 
advanced options regarding rock physics diagnostics and AVO forward modeling compared to 
Hampson Russell. In addition, three Microsoft software packages (Word, Excel, and Publisher) 
have been utilized for editing, supplementary calculations and plots. Standard and 
reconstructed rock physics templates are employed as part of the rock physics diagnostics. 

1.5 Chapter descriptions 
A total of 7 chapters are included in the thesis. A brief description of each chapter is given 
below: 
 
Chapter 1 (Introduction) provides an overview of the Barents Sea area, exploration history and 
future predictions of available resources and the global energy demand for petroleum products. 
The study area is outlined, in addition to tasks, available data, software, and limitations. 
 
Chapter 2 (Geological Setting) presents the regional tectonic and structural evolution of the 
SW Barents Sea, emphasizing the main structural elements in the Johan Castberg area and the 
stratigraphy and petroleum systems within the Triassic-Jurassic successions. Finally, the 
effects of uplift are addressed. 
 
Chapter 3 (Research Methodologies and Theoretical Background) compiles the geophysical 
methods applied in the thesis with examples extracted from available data, published articles 
and literatures. The technique and magnitude of estimated uplift are presented.  
 
Chapter 4 (Petrophysical Analysis) presents the results, interpretation, and limitation of the 
petrophysical analysis. The reservoir quality from the potential reservoir formations are 
evaluated based on lithology determination and estimations of shale volume, porosity, net-to-
gross ratio, permeability and hydrocarbon saturation. Furthermore, spatial variations in 
reservoir properties between wells linked to depositional footprints and diagenetic processes 
are discussed. 
 
Chapter 5 (Rock Physics Diagnostics) presents the results, interpretation, and limitation of rock 
physics diagnostics. It involves various crossplots which links reservoir and seismic properties. 
Several crossplots feature specific information about lithology, cementation, sorting, porosity 
and/or fluid content. The sensitivity and risk of applying a particular model are evaluated.  
 
Chapter 6 (AVO Modelling) presents the results, interpretation and limitation of AVO 
modelling. The chapter encompasses AVO seismic forward modelling, where the class of gas 
sand are determined from a target top (or base) of a potential gas/oil reservoir. The process 
involves the generation of synthetic seismic in order to study amplitude variations with offset. 
The effect of fluid substitution is outlined.  
 
Chapter 7 (Summary and Conclusions) summarizes and validates the quality of all results and 
interpretations. 
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1.6 Limitations and further works 

• Time is the main issue in this study. About five months (January-May 2018) were used 
to produce results, making interpretations, editing pictures and writing the thesis. 

• Analysis of cores / cuttings can improve reservoir characterization and validate the 
results, however, due to time restrictions and unavailability of cores / cuttings, this 
technique is not included. Instead, such information is extracted from published data. 

• Due to limited time, seismic data are not used. Seismic data could improve 
understanding of the spatial variations of reservoir properties, through geometrical 
modelling and property modelling. Seismic attribute studies and inversion would in this 
case also be possible. 

• The study has been confined to the Triassic-Jurassic succession, although potential 
reservoirs also exist in the Cretaceous succession in the Johan Castberg area, i.e. Knurr 
and Kolje Formations.  

• Well log data are only provided from five exploration wells in the northern part of the 
Johan Castberg Field. Combining the thesis work conducted by my fellow student 
(Sofia Margarita Villanueva Quintana) in the southern part of the field could increase 
further understanding of the Johan Castberg Field. 

• Well log data available are restricted as visualized in Table 1.2. Spectral gamma ray, 
SP, shallow resistivity and rate of penetration are missing or  partly available in some 
wells. Even though the well logs are marked as available, data may still not be present 
in the entire well section. Well 7220/5-2 has data limitations where the target 
formations occur. The quality of well log data may also be disrupted in certain depth 
intervals. 

Table 1.2: Availability of well logs (and other data). 

Well log / other 7220/8-1 7220/5-1 7220/5-2 7220/2-1 7220/4-1 
Caliper ü ü ü ü ü 
Bit size ü ü ü ü ü 
Gamma ray ü ü ü ü ü 
Spectral Gamma ray ü ü ü û ü 
SP û û û û û 
Density ü ü ü ü ü 
Neutron Porosity ü ü ü ü ü 
Sonic (P-wave) ü ü ü ü ü 
Sonic (S-wave) ü ü ü ü ü 
Resistivity Micro ü ü ü ü ü 
Resistivity Shallow ü ü û û û 
Resistivity Medium ü ü ü ü ü 
Resistivity Deep ü ü ü ü ü 
Photoelectric ü ü ü ü ü 
Rate of penetration û û ü ü ü 
Checkshot data û û ü ü ü 
Well Path û û ü ü ü 
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Chapter 2 Geological setting 

2.1 Regional tectonic and structural evolution 
The current basin configuration, as well as the distribution of reservoir and source rocks in the 
Barents Sea are mainly related to three tectonic phases occurring between the Late Paleozoic 
to the Paleogene; the Caledonian Orogeny in the Paleozoic, the Uralian Orogeny in the Late 
Paleozoic to Mesozoic, and the widespread rifting and crustal breakup in the Late Mesozoic to 
Cenozoic (Henriksen et al., 2011b). Uplift in the Paleogene has also largely influenced the 
prospectivity in the area (Doré, 1995).  

Three major rift phases are identified in the western Barents Sea, after the Caledonian Orogeny; 
the Late Devonian-Carboniferous, the Late Jurassic-Early Cretaceous, and the Early Tertiary. 
The various phases involve numerous pulses of reactivation (Faleide et al., 2015). 

In the Late Paleozoic there was crustal extension over almost the entire Barents Sea, yet, rifting 
migrated westwards during later extensions (Faleide et al., 2015). The western Barents Sea has 
been the tectonically most active region through Mesozoic and Cenozoic times (Gabrielsen et 
al., 1990) and the eastern part has generally been stable since Late Paleozoic (Faleide et al., 
2015). Figure 2.1 illustrates the timing of main rift phases and their extent.  

 

Figure 2.1: Major rifting events and the study area (modified from Faleide et al., 2015). 

The Caledonian Orogeny developed during the Ordovician to Early Devonian due to oceanic 
subduction followed by the collision between the Precambrian Baltic Shield and Laurentia 
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(Clark et al., 2014; Doré, 1995) and formed most of the regional basement in the area 
(Ritzmann and Faleide, 2007).  

In the Late Paleozoic, crustal extension dominated with development of block-faulted basins 
separated by highs. Sediments were syntectonically deposited into grabens oriented in the 
northeast-southwest direction during the Late Devonian to Early Carboniferous time. In the 
Middle Carboniferous to Early Permian the area turned tectonically quieter and a widespread 
deposition of post-rift carbonates started to dominate, with evaporites in local basins (Faleide 
et al., 1984). At the end of the Permian, the depositional trend changed with the deposition of 
mostly terrigenous marine clastics (Faleide et al., 1984). 

Large quantities of sediments were deposited in the Triassic, derived from the Uralian highland 
in the east, the Baltic shield and other local areas. Shales and sandstones dominate, with coarser 
material in younger intervals and towards source in the easterly and southern directions. A 
marine environment characterized the Barents Sea in the Early Triassic. The marine regime 
was followed by shallowing and subsequent continental conditions over a large area in Middle 
Triassic. Delta progradation continued to feed sediments into the regional basin, ending with 
regression and erosion in Late Triassic (Faleide et al., 2015). The depositional environments 
for the Triassic period are illustrated in Figure 2.2. 

 

Figure 2.2: Palaeogeographic evolution of the Barents Shelf during the Early Triassic, Middle 
Triassic and Late Triassic where the red rectangle indicates the study area (modified from 
Lundschien et al., 2014). 
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It was a relatively quiet tectonic period in the Triassic to Early Jurassic (Gabrielsen et al., 
1990). In the Middle Jurassic, there was renewed tectonic activity with widespread rifting and 
strike-slip adjustments. This lead to regional fault block rotation with differential subsidence 
in the southwestern Barents Sea. Mainly west-dipping normal faults created accommodation 
space for very deep and relatively narrow rift basins such as Harstad, Tromsø and Bjørnøya 
basins (Faleide et al., 1993). Sandstones dominated the Lower to Middle Jurassic, which 
comprise the main reservoirs in the southwestern Barents Sea (Faleide et al., 2015). 
Syntectonically deposited sediments dominated towards the Late Jurassic (Faleide et al., 1993). 
The depositional environments for the Jurassic period are illustrated in Figure 2.3. 

 

Figure 2.3: Palaeogeographic evolution of the Barents Shelf during the Early Jurassic 
(Hettangian and Toarcian) and Middle Jurassic (Bajocian) where the red rectangle indicates 
the study area (modified from Smelror et al., 2009). 

Continued rifting occurred in the Early Cretaceous with distal marine environments and periods 
of restricted circulation. Shales and claystone dominated, with instances of silt, limestone and 
dolomite (Faleide et al., 2015). The Cretaceous extension ended with seafloor spreading in the 
Eocene (Faleide et al., 1993; Gabrielsen et al., 1990). After the opening of the North Atlantic, 
the Barents Shelf became tectonically more stable. 

Regional uplift and erosion took place in the Late Cenozoic (Faleide et al., 1993). From the 
Paleocene three main episodes of uplift have been suggested; one at 60 Ma (Paleocene), one at 
33 Ma (Oligocene) and one at 5 Ma (Pliocene-Pleistocene). The Oligocene and the Pliocene-
Pleistocene event was the most significant. The episodes of uplift have removed much of the 
Cretaceous and the Tertiary strata by erosion (Ohm et al., 2008). The majority of sediment 
deposition occurred in the western basins, sourced from uplifted areas (Clark et al., 2014; 
Faleide et al., 2015). In the Late Pliocene and Pleistocene, the area was glaciated, and major 
erosion took place (Gabrielsen et al., 1990).  
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2.2 Structural elements 
The study area covers primarily 3 structural elements: Bjørnøyrenna Fault Complex (BFC), 
Polhem Subplatform (PSP) and Loppa High (LH) as seen in Figure 1.4 (a and b). These are 
discussed more in detail in the subchapters below: 

2.2.1 Bjørnøyrenna Fault Complex (BFC) 

The Bjørnøyrenna Fault Complex is bounded by the Loppa High and the shallow Fingerdjupet 
Subbasin to the north-east, the deeply subsided Bjørnøya Basin to the north-west, the Veslemøy 
High to the south-west and the Tromsø Basin to the south (Figs. 1.2b and 1.4a). The fault 
complex represents a zone of weakness with northeast-southwest trending normal-faults with 
large offsets and defines the boundary towards a thick interval of Cretaceous sediments in the 
north-west (Fig. 2.4). The vertical displacement can be up to about 6 seconds TWT (determined 
at the Upper Triassic). The throw is reduced in the northern and southern directions. The 
Bjørnøyrenna Fault Complex was active during the Late Jurassic to Early Cretaceous with a 
Late Cretaceous and Tertiary reactivation (Gabrielsen et al., 1990).  

 

Figure 2.4: Seismic section from the Polhem Subplatform in the south-east, across the 
Bjørnøyrenna Fault Complex and to the deeply subsided Bjørnøya Basin in the north-west 
(modified from Henriksen et al., 2011b).  

Dome structures have been identified locally i.e. at the intersect to the Veslemøy High and at 
72°45’N where the fault complex is narrow with only one master fault. Moreover, evidence of 
inversion exists with deformed fault planes, reverse faults and highly deformed footwall blocks 
(Gabrielsen et al., 1990). 

Active gas chimneys and gas hydrates are common in the Bjørnøyrenna Fault Complex. The 
source rocks do generate hydrocarbons in the area and several traps are filled to spill (Halland 
et al., 2014). Leakage problems are evident, but ongoing active oil migration typically 
compensates for leakage (Rønnevik, 2015). 
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2.2.2 Polhem Subplatform (PSP) 

The Polhem Subplatform is located between the westernmost part of the Loppa High in the 
east and the Bjørnøyrenna Fault Complex and the Ringvassøy-Loppa Fault Complex in the 
west (Figs. 1.2b and 1.4a). The element has a characteristic block faulted structural style which 
developed during the formation of the Ringvassøy-Loppa Fault Complex. Triassic and Jurassic 
sediments on the subplatform have slid towards the west and Jurassic rocks have been eroded 
(Gabrielsen et al., 1990). 

During the Late Paleozoic, the Polhem Subplatform was a tectonically active segment of the 
Loppa High. The element was then downfaulted relative to the crest of the Loppa High in the 
Early to Middle Triassic. Faulting in the area started in the Permian, but the majority of faults 
are Late Jurassic to Early Cretaceous listric faults (reactivated multiple times). A detachment 
surface is present below base Triassic (Gabrielsen et al., 1990). 

2.2.3 Loppa High (LH) 

The Loppa High is bounded in the west by the Bjørnøyrenna Fault Complex and the 
Ringvassøy-Loppa Fault Complex (Figs. 1.2b and 1.4a). In the east and southeast, Loppa High 
acts as a monocline against the Hammerfest Basin and the Bjarmeland Platform. In the 
northeast, there is a major salt structure, the Svalis Dome (and the Maud Basin which is a rim 
syncline connected to the Svalis Dome). The Loppa High incorporates the Polhem Subplatform 
(Gabrielsen et al., 1990). 

The Loppa High is diamond shaped and consists of a crestal western and northwestern margin 
and a platform in the east. The Loppa High has a relatively shallow metamorphic Caledonian 
basement under the western part of the High, which yield positive gravity- and magnetic 
anomalies (Gabrielsen et al., 1990). 

The high developed due to tectonism in the Late Jurassic to Early Cretaceous and Late 
Cretaceous-Tertiary. It was an island during Cretaceous times (Faleide et al., 1993; Gabrielsen 
et al., 1990). Paleogene shales on the high were highly eroded during uplift in the Late Tertiary 
(Gabrielsen et al., 1990). 
 
2.3 Stratigraphy 
The lithostratigraphy in the southwestern Barents Sea is shown in Figure 2.5. Mixed 
carbonates, evaporates and clastics are identified in the Upper Paleozoic (Faleide et al., 2015). 
The Triassic interval contains marine and alluvial shales with layers of sandstone in between, 
resulting from multiple transgressive and regressive episodes. The upper part of the Triassic to 
Middle Jurassic contains more sand, indicating a higher energy environment. A more distal 
marine environment is indicated in the Upper Jurassic, reflected by marine shales (Ohm et al., 
2008).  

The formations of the Sassendalen, Kapp Toscana, and Adventdalen Groups (Triassic and 
Jurassic to Early Cretaceous) are described briefly in the following sections based on Dalland 
et al. (1988), Halland et al. (2014) and NPD (2018b). Table 2.1 illustrates the formation tops 
penetrated by the individual wells and Figure 2.6 summarizes the depositional environment of 
most formations of Sassendalen, Kapp Toscana and Adventdalen Groups. 
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Figure 2.5: Lithostratigraphy for the south-western Barents Sea (modified from Clark et al., 
2014 and Glørstad-Clark et al., 2010). 

 

Figure 2.6: Summarizing the depositional environments of various formations (modified from 
Halland et al., 2014). 
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Table 2.1: Depth [m MDKB] of groups and formations in individual wells. Cross = formation 
not present / eroded. Depths are extracted from NPD (2018b). 

Age Group Formation 7220/8-1 7220/5-1 7220/5-2 7220/2-1 7220/4-1 
Neogene Nordland Unspecified 397 428 429 469 434 
Paleogen

e 
Sotbakken Torsk 455 478 475 530 490 

Creta. 

Nygrunnen Kveite      
Kviting      

Adventdalen 

Kolmule 1014 1035 988 655 1294 
Kolje 1227  1252  2171 
Knurr 1245 1238 1254  2185 

Hekkingen  1296 1391   

Jurassic 
Fuglen 1252 1312 1464   

Kapp 
Toscana 

Stø 1276 1337 1532 828 2267 
Nordmela 1354 1415 1606 873 2293 

Tubåen 1511 1578 1763 992 2405 

Triassic 

Fruholmen 1628 1695 

 

1113 2513 
Snadd 2122 

 
1538 2990 

Sassendalen 
Kobbe 

  Klappmyss 
Havert 

 

2.3.1 Sassendalen Group 

The Early to Middle Triassic Sassendalen Group consists the Havert, Klappmyss and Kobbe 
Formations. Shales and siltstones dominate, with lesser amounts of sandstones and carbonate 
rocks. The group represents shallow to deep shelf deposits with multiple transgressive-
regressive successions. The start of every formation are marked by a regional transgression.  

2.3.1.1 Havert Formation 

The Havert Formation is of Induan age and was deposited in a marginal marine to open marine 
setting. The depositional environment turns coastal to the south and south-east. The formation 
typically consists of shales with minor interbeds of siltstones and sandstones in two upwards 
coarsening sequences.  

2.3.1.2 Klappmyss Formation	

The Klappmyss Formation is of Olenekian age and was deposited in a marginal to open marine 
environment with coastal progradation to the north following the transgression in Early 
Smithian (Fig. 2.6). The formation consists of shales transitioning into interbeds of shales, 
siltstones and sandstones up-unit.  

2.3.1.3 Kobbe Formation	

The Kobbe Formation is of Anisian age and was deposited during transgression and subsequent 
outbuilding of clastic marginal marine sediments from coastal areas in the south (Fig. 2.6). The 
transgressive event indicates the base of the formation. In terms of lithology, it consists of a 
20m thick shale sequence at the base passing into interbedded shales, siltstone and carbonate-
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cemented sandstones up-unit. 

2.3.2 Kapp Toscana Group 

The Ladinian to Bathonian Kapp Toscana Group can be subdivided into the Snadd, Fruholmen, 
Tubåen, Nordmela and Stø Formations which comprise the target formations of this thesis. 
Nearshore, deltaic environments are indicated, comprising reworked deltaic and fluviodeltaic 
sediments.  

2.3.2.1 Snadd Formation	 	

The Snadd Formation is of Ladinian to Early Norian age. The Ladinian succession is 
characterized by a distal marine environment, following a large-scale transgressional event that 
placed all structural highs and platforms under water (Fig. 2.6). Silts and sands deposited from 
storms of southern origin are typical. In the Carnian, a large-scale progradation of deltaic 
complexes from the south / southeast are indicated over the entire region. In terms of lithology, 
the formation consists of shales which are coarsening upwards into shales interbedded with 
siltstones and sandstones. Thin calcareous layers are identified in the lower and middle parts 
of the formation and thin lenses of coal occurs locally up-unit.  

2.3.2.2 Fruholmen Formation	 	

The Fruholmen Formation is of Early Norian to Rhaetian age (Triassic / Jurassic transition) 
and was deposited in an open marine environment, shallowing up to more coastal and fluvial 
dominated sandstone successions (Fig. 2.6). A northward fluviodeltaic progradation with a 
depocenter to the south is suggested. Due to a lateral shift in the deltaic input, the southern and 
central parts became dominated by flood-plain deposition, while northern parts are more 
marine dominated. The formation consists of shales that transition upwards into interbedded 
sandstones, shales and coals. Sands are dominating the middle part of the formation, while the 
upper parts are more shale-rich. A threefold division can consequently be observed; shaly 
(Akkar Member), sandy (Reke Member) and shaly (Krabbe Member).  

2.3.2.3 Tubåen Formation	

The Tubåen Formation is of Late Rhaetian to Early Hettangian age (Sinemurian locally) and 
was deposited in a high energy marginal marine environment (estuarine and/or tidal inlet) (Fig. 
2.6). In the north-west the environment is more distal marine represented by marine shales, 
while coals and shales in the south-east indicate a back-barrier protected lagoonal environment. 
The lithology consists of sandstones with shales and slight amounts of coals. A threefold 
pattern can be recognized; a lower and upper sand-rich unit with a more shaly interval in 
between.  

2.3.2.4 Nordmela Formation	

The Nordmela Formation is of Sinemurian to Late Pliensbachian age and was deposited in a 
tidal flat to floodplain environment with estuarine- and tidal channels representing sandstone 
sequences (Fig. 2.6). The formation consists of interbedded sandstones, siltstones, shales and 
claystones with occurrences of coal. Sandstone becomes increasingly more abundant towards 
the formation top.  
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2.3.2.5 Stø Formation	

The Stø Formation is of Late Pliensbachian to Bajocian age and was deposited in a prograding 
coastal environment (Figs. 2.6 and 2.7) with regional transgressive events represented by shale 
and siltstone intervals in the Late Toarcian and Late Aalenian. Linear clastic coasts features 
are identified. The formations consist of moderately to well-sorted, mature sandstones with 
thin shale / siltstone beds. Phosphatic lag conglomerates occur in some wells, particularly in 
the upper parts of the formation. The formation is, in general, sandier compared to the more 
shale dominated Nordmela Formation below.  

 

Figure 2.7: Depositional environment of the Stø Formation with prograding deltas towards the 
north (modified from Halland et al., 2014). 

2.3.3 Adventdalen Group 

The Late Jurassic to Early Cretaceous Adventdalen Group can be subdivided into the Fuglen, 
Hekkingen, Knurr, Kolje and Kolmule Formations. The group is dominated by dark marine 
sandstones. It comprises also deltaic- and shelf sandstones and thin condensed beds of 
carbonate. 

2.3.3.1 Fuglen Formation 

The Fuglen Formation is of Late Callovian to Oxfordian age and was deposited in a highstand 
marine setting during active tectonic movements. The formation consists of pyritic mudstones 
thinly interbedded with limestones.  

2.3.3.2 Hekkingen Formation 

The Hekkingen Formation is of upper Oxfordian to Ryazanian age and was deposited in a deep 
marine shelf environment with partly anoxic conditions due to local barriers that restricted 
circulation. The formation consists of shales and claystones, with sporadic thin interbeds of 
limestone, dolomite, siltstone and sandstone. The clastic component (sandstone) becomes more 
common towards basin margins.  

2.3.3.3 Knurr Formation 

The Knurr Formation is of Ryazanian / Valanginian to Early Barremian age and was deposited 
in an open distal marine environment with restricted bottom conditions locally (Fig. 2.6). The 
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formation consists of claystones with thin interbeds of limestone and dolomite. In the lower 
part of the formation there has been identified thin sandstones.  

2.3.3.4 Kolje Formation 

The Kolje Formation is of Early Barremian to Late Barremian / Early Aptian age and was 
deposited in an open distal marine environment with proper water circulation, but also during 
periods of more restricted conditions. The lithology consists of dominantly shale and 
claystones, with interbeds of limestone and dolomite. Thin interbeds of siltstone and sandstone 
are located in the upper part of the unit. 

2.3.3.5 Kolmule Formation 

The Kolmule Formation is of Aptian to mid-Cenomanian age and was deposited in an open 
marine environment. The formation consists of claystones and shales, but is partly siltier with 
interbeds of siltstones. Limestone and dolomite stringers and traces of pyrite and glauconite 
also occur. 

2.4 Petroleum systems  
The Barents Sea is regarded as an overfilled multi-source rock petroleum system with sufficient 
charging of hydrocarbons in most areas. Almost every well drilled in the Barents Sea have 
hydrocarbon shows, however only a few are considered to be commercial discoveries. A 
residual column of oil can usually be identified from both dry and discovery wells, some of 
considerable thickness (Ohm et. al. 2008). The residual columns relate to significant leakage 
of oil from previously filled traps as a result of regional uplift and erosion. Understanding the 
timing of uplift and remigration of hydrocarbons are crucial for prospectivity evaluation. It is 
important to locate areas and trap-types that can resist the negative effects of uplift or are prone 
to remigration of leaked hydrocarbons from other traps). The yet-to-find hydrocarbons are 
considered to be high in the Barents Sea and a number of undrilled prospects exist (Henriksen 
et al., 2011b). The Triassic to Middle Jurassic has been the main exploration target (Lundschien 
et al., 2014).  

2.4.1 Source rocks 

Source rocks in the Norwegian Barents Sea are recognized in every stratigraphic interval from 
the Carboniferous to the Cretaceous and hydrocarbons have been generated over an extensive 
period of time. As a consequence, the discovered petroleum in a trap may be mixtures 
originating from a number of source rocks. To correlate a trapped oil to a single source rock 
may therefore be challenging (Ohm et al., 2008). Source rock intervals from the Carboniferous 
to the Cretaceous in the Norwegian Barents Sea and their respective quality are listed in Figure 
2.8.  

Most significant source rocks in the Barents Sea includes the Upper Jurassic and Triassic 
organic-rich shales (Faleide et al., 2015). The best potential lies within the Hekkingen, Snadd, 
Kobbe and the Klappmyss Formations (Henriksen et al., 2011b). Lower Cretaceous, Permian 
and Carboniferous shales, in addition to evaporates of the Lower Permian and coals of the 
Lower Jurassic are also candidate source rocks (Faleide et al., 2015). 
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Figure 2.8: Source rocks characteristics diagram for the Norwegian Barents Sea with source 
intervals from Carboniferous to Cretaceous (modified from Ohm et al., 2008). 

The most prolific source rock is the Upper Jurassic Hekkingen Formation shale with a high 
total organic carbon content, high generative potential and a high hydrogen index (Ohm et al., 
2008). Along the eastern basin margins of the Bjørnøya Basin (Bjørnøyrenna Fault Complex 
area) the Hekkingen source rock is oil mature and further to the west, below the thick 
Cretaceous strata, the source rock is considered to be post-mature (Henriksen et al., 2011b). 
Petroleum systems connected to this widespread source rock are dominating the western part 
of the Barents Shelf, but with indications of mixing (Henriksen et al., 2011b; Ohm et al., 2008).  

Early to Middle Triassic source rocks are also well developed around the basin areas of the 
Loppa High (Henriksen et al., 2011b), however major contribution from Triassic shales have 
not been seen (Doré, 1995). The Klappmyss Formation is not identified in the study area, and 
there is uncertainty regarding formations buried deeper than the Snadd Formation, as they have 
not been penetrated by any of the five wells in this study (see Tables 1.1 and 2.1). 

2.4.2 Reservoir rocks  

Various reservoirs exist in the Barents Sea e.g. Paleozoic carbonates and Paleogene deep 
marine sandstones. The Late Triassic-Middle Jurassic succession comprises the main 
reservoirs in the western Barents Sea and includes the Fruholmen, Tubåen, Nordmela and Stø 
Formations. The reservoir rocks consist of terrestrial and marine sandstones (Henriksen et al., 
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2011b). The Stø Formation usually has very good reservoir properties with high porosity and 
permeability (Doré, 1995). Larsen et al., (1993) has estimated that approximately 85 % of the 
hydrocarbon resources in the Norwegian Barents Sea are generated from this formation. The 
thickness of the reservoir rocks in the area can be observed from the well correlation below 
(Fig. 2.9). 

   

Figure 2.9: Left: Well correlation across horizons of the Triassic-Jurassic succession (flattened 
at top Stø Formation). Right: Position of wells in the study area. Appendix D.1 shows a similar 
well correlation but from the top Cretaceous. 

Furthermore, Snadd, Kobbe and Klappmyss Formations are all candidate reservoir rocks in the 
Barents Sea. However, Triassic reservoirs generally have a lower sand content and the sand 
bodies are often discontinuous with alterations of thin sandstones and shales (Doré, 1995). 
Cretaceous rocks (e.g. well 7220/5-2) also have reservoir potential (Faleide et al., 2015). 

2.4.3 Plays and trapping regime 

The most prospective traps in the Barents Sea are associated with extensional fault blocks and 
gently folded domes that developed due to the multiple tectonic episodes in the area. 
Discoveries can be made at various stratigraphic levels (Henriksen et al., 2011b).  

In the Bjørnøyrenna Fault Complex area, a number of tilted fault-block plays occur associated 
with extensional tectonics. The rotated fault blocks are down-stepping towards the Bjørnøya 
Basin (Fig. 2.10). Potential up-dip traps exist for the shallow marine and continental pre-rift 
strata of the Triassic-Jurassic succession as well as Early Cretaceous traps associated with syn-
rift thin-bedded sandstones (Henriksen et al., 2011b). An example of a pre-rift up-dip trap is 
shown in Figure 2.11. 
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Figure 2.10: Extensional fault blocks of the Bjørnøyrenna Fault Complex from the Polhem 
Subplatform, across the Bjørnøyrenna Fault Complex and to the Bjørnøya Basin (modified 
from Henriksen et al., 2011b). 

 
 

Figure 2.11: Plays associated with extensional fault blocks in the Bjørnøyrenna Fault Complex. 
Marginal marine Jurassic pre-rift reservoirs trapped up-dip and onlapped by Lower Cretaceous 
syn-rift fans (modified from Henriksen et al., 2011b). 

3 exploration models / geological plays are suggested for the Triassic-Jurassic succession of 
the Bjørnøyrenna Fault Complex (NPD, 2017b) are summarized and presented in Table 2.2. 
The Skrugard and Havis discoveries drilled in 2011 are associated with the Lower to Middle 
Jurassic plays (NPD, 2017b).  

Table 2.2: Geological plays for 3 stratigraphic intervals. 

 Triassic Plays Lower to Middle 
Jurassic Plays 

Upper Jurassic to Lower 
Cretaceous Plays 

Source  Steinkobbe FM  
or older source rocks 

Hekkingen FM  
or older source rocks 

Hekkingen FM or 
Cretaceous FM source rocks 

Reservoir Snadd FM Fruholmen, Tubåen, 
Nordmela and Stø FMs 

Intra Hekkingen, Knurr, 
Kolje and Kolmule FMs 

Trap Stratigraphic (Rotated fault 
blocks or halokinetic) 

Rotated fault blocks Stratigraphic pinch-out or 
fault dependent 

Wells 7220/4-1 7220/8-1, 7220/5-1, 
7220/2-1, 7220/4-1 

7220/5-2 
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2.4.4 Uplift and seal failure 

Due to episodes of uplift and erosion from the Paleocene, it has been challenging to find 
commercial quantities of hydrocarbons in the Barents Sea (Ohm et al., 2008). The Barents Sea 
has experienced up to 3000 m of net erosion (the difference between the present day- and 
maximum burial for a specific horizon) and in most wells, nearly all of the Paleogene- and all 
Neogene strata are missing (Doré and Jensen, 1996; Henriksen et al., 2011a). In the 
southwestern Barents Sea erosion are estimated to be around 1000-1500 m (Faleide et al., 
2015). Uplift estimates from Ohm et al. (2008) are presented in Figure 2.12. 

 

Figure 2.12: Tentative uplift map based on vitrinite data where the red rectangle indicates the 
study area (modified from Ohm et al., 2008). 

Several effects of uplift are presented below: 
 

1. Uplift and removal of overburden cause pressure release in the reservoirs. This leads to 
gas exsolution from the oil and also gas expansion, thus oil will be pushed below the 
spill point of the trap (Henriksen et al., 2011a; Nyland et al., 1992). 

2. Differential uplift can induce tilting of reservoirs, causing hydrocarbons to be spilled 
(Doré and Jensen, 1996), but also potentially remigrate and charge traps in more distal 
positions (Ohm et al., 2008).  

3. Seals may be cracked during uplift and cause hydrocarbon leakage (Sales, 1993) 
because the external pressure is reduced compared to the high internal pore pressure 
within the reservoir (Gelius and Johansen, 2010). Stratigraphic or anticline traps are 
thought to have a higher chance of surviving uplift, rather than traps that are bounded 
by faults (Henriksen et al., 2011a). If the cap rock fails and becomes semitransparent 
during uplift, it can cause gas to leak and oil to be retained, as gas overlies oil in the 
trap. Gas leaks first, preserving oil. In the other case, if the cap rock is tight, oil will be 
spilled, and the trap becomes gas-saturated (Karlsen and Skeie, 2006; Sales, 1993). 
Effect 1, 2 and 3 are illustrated in Figure 2.13. 
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Figure 2.13: Cap rock quality versus hydrocarbon phase and the differences between a good 
(left) and a bad (right) cap rock where green = oil and red = gas. Hydrocarbon migrate up-dip 
to shallower more distal traps. Gas expand due to uplift and pushes oil below the spill point of 
the trap. Gas exsolution from oil also occur. The “good” seal can hold a large gas column and 
favors storage of gas and spillage of oil.  The “bad” seal (thinner and siltier cap rock) leaks 
during uplift. Gas will leak, and oil is held back. The bar graph illustrates that the relative 
surface volume of gas dominates over oil when petroleum reaches the surface (modified from 
Ohm et al., 2008). 

4. Hydrocarbon generation ceases as a result of cooling of the source rocks (Doré and 
Jensen, 1996).  

5. The reservoir quality at a specific depth will be lower than predicted (in particular 
porosity and permeability), due to deeper burial before uplift (Doré and Jensen, 1996). 
Reservoirs may also be more quartz cemented than expected if the reservoirs have been 
buried to more than 70-80 °C (Faleide et al., 2015). 

6. Source rocks mature faster in net subsidence areas adjacent to uplifted areas, due to 
rapid burial caused by the deposition of erosional products (Doré and Jensen, 1996).  

7. Source rocks can be used to estimate uplift as they are often more mature than expected 
from present burial depth (Doré and Jensen, 1996). Maturation is an irreversible process 
and the measured maturity reflects the maximum temperature the source rock has 
experienced (Bjørkum et al., 2001).  

8. Formation water can contain a high concentration of dissolved methane. Decreasing the 
pressure and temperature during uplift can cause methane exsolution from formation 
water (Doré and Jensen, 1996).  

9. The reservoir quality can also be enhanced during uplift, as reservoir rocks often have 
a considerably lower ductility than typical cap rocks like shales and evaporites, and are 
consequently more exposed to brittle fracturing. Fracturing might develop additional 
porosity and permeability. Consequently, the reservoir quality can be increased at the 
same time as the cap rock can preserve sealing capacity (Doré and Jensen, 1996).  

10. Finally, it is suggested that deeply buried reservoirs may be sterilized if exposed to 
temperatures higher than about 80-90 °C. Consequently, uplifted reservoirs are often 
less biodegradated than non-uplifted reservoirs at the same present depth (Wilhelms et 
al., 2011).  
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Chapter 3 Research Methodologies and Theoretical 
Background 

3.1 Workflow 
The primary research workflow is illustrated in Figure 3.1. The raw well log data were quality 
checked before loading of well tops and well correlation. NCT (Normal Compaction Trend) 
based- uplift estimation were performed afterward. Results were then produced and interpreted, 
starting with the petrophysical analysis, thereafter the rock physics diagnostics and finally, 
AVO forward modeling. Quality control and correlations were applied simultaneously between 
all three disciplines. 

 
 
 

Figure 3.1: Workflow chart. 
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3.2 Estimations of uplift and erosion in the study area 
The depositional porosities of siliciclastic sediments can vary a lot, ranging from 36-40 % for 
sands and 60-80 % for clays / shales. As the sediments are buried, rocks become load bearing 
and compact both mechanically and chemically with a consequent porosity reduction with 
depth. Shales generally follow an exponential compaction curve, as shales are likely to de-
water quickly. Clean sands tend to follow a more linear relationship (Simm and Bacon, 2014). 
 
Compaction can be divided into two zones, namely the mechanical compaction domain and the 
chemical compaction domain. Mechanical compaction occurs in the upper part of the section 
and involves crushing and rearrangements of grains in addition to the collapse of platy mineral 
structures in shales (Mondol et al., 2007). Consequently, the porosity decreases, the rock 
becomes stiffer and the acoustic impedance increases (i.e. higher density and P-wave velocity). 
Mechanical compaction occurs due to the increased effective stress from the overburden during 
burial, causing the sediments to be packed more tightly. If unmovable fluids are present in the 
pore space, it may hamper compaction and create overpressured zones (Mondol et al., 2008; 
Fawad et al., 2010; Bjørlykke, 2015a). 

The transition to the chemical compaction regime occurs around 70-80 °C. At this temperature, 
smectite transforms to illite, water, and silica. The transformation of shales initiates quartz 
cementation of sands. Chemical compaction includes dissolution, precipitation, and 
cementation. If the temperature is sufficient, quartz cementation continues until zero porosity, 
where a temperature increase leads to an increase in the cementation rate. Nucleation surfaces 
are required for quartz cementation. If grains are coated (e.g. by chlorite or illite), sediments 
may be shielded from the cementation process (Bjørlykke, 2015a; Bjørlykke and Jahren, 2015).  

During the first 2-4 % of quartz cementation, the rock stiffness increases dramatically with a 
consequent rapid increase in P-wave velocity (Peltonen et al., 2008; Bjørlykke and Jahren, 
2015). The rapid increase stands out in the Vp versus depth crossplot to recognize the boundary 
between the mechanically and chemically compacted domains (Storvoll et al., 2005). 

A general increase in P-wave velocity with depth are expected and several mechanical 
compaction curves are empirically derived from various publications. Lithology, fluid type, 
and pore pressure all affect compaction and different curves represent distinct conditions. By 
comparing the observed trend from the velocity-depth crossplot with various published trends 
for mechanical compaction, it is possible to estimate uplift. The process is illustrated for well 
7220/5-1 in Figure 3.2. The process of uplift estimation for other wells in this study are shown 
in Appendix A.1-A.5, where Appendix A.5 discriminate between formations. The trend by 
Storvoll et al. (2005) gave the best fit to the observed Vp reduction. 

Regional overview maps of uplift and erosion in the Barents Sea have been published by 
Henriksen et al. (2011a) and Baig et al. (2016) (Fig. 3.3). The study area is estimated to have 
a net erosion of 800-1600 m in Henriksen et al. (2011a) and 1000-1500 m of uplift in Baig et 
al. (2016). Well-specific uplift estimates from the Vp versus depth crossplots and from the two 
published articles, Henriksen et al. (2011a) and Baig et al. (2016), are listed in Table 3.1. In 
addition: Ohm et al. (2008) estimated the study area to range from 1500-2000 m uplift and 
Ktenas et al. (2017) has estimated well 7220/8-1 (Skrugard) to 1750 m net erosion (with an 
uncertainty of 100 m).  
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Figure 3.2: Vp versus depth for well 7220/8-1 (Skrugard), where MC = Mechanical 
Compaction and CC = Chemical Compaction. Uplift is estimated to be about 1430 m using the 
trend from Storvoll et al. (2005) for a sand-clay sequence.  

 

Figure 3.3: Net erosion map (left) modified from Henriksen et al. (2011a) and net exhumation 
map (right) modified from Baig et al. (2016), where the red rectangle indicates the study area. 
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Table 3.1: A comparison of uplift estimation in the study area. 

Well Uplift Henriksen et al. (2016) Uplift Baig et al. (2016) Uplift from Vp vs Depth 

7220/8-1 1200-1400 m 1250-1375 m 1210 m 
7220/5-1 1200-1400 m ~1250 m 1430 m 
7220/5-2 1200-1400 m 1125-1250 m 1342 m 
7220/2-1 ~1200 m ~1375 m 1529 m 
7220/4-1 1000-1200 m 1000-1125 m 1120 m 

 
The geothermal gradient is estimated based on the bottom hole temperatures (BHT) available 
from two of the wells (7220/4-1 and 7220/5-1). All the studied wells are fairly close, thus the 
average gradient computed from wells 7220/4-1 (Kramsnø) and 7220/5-1 (Skrugard Appraisal) 
have been used for the remaining wells. It is calculated by the following relation: 
 

𝐺 = #$
#%

   Eq. 3.1 

Where G = geothermal gradient, DT = change in temperature from the sea bottom to maximum 
penetrated depth, and DZ = change in depth from the sea bottom to the maximum penetrated 
depth.  
 
The temperature of the sediments at the sea bottom is assumed to be 4 °C. Values used for 
calculating the geothermal gradient for the two wells are presented in Table 3.2. 
 
Table 3.2: Calculation of the geothermal gradient in two well locations. 

Well TVD  
[m RKB] 

Water 
depth [m] 

Kelly 
Bushing [m] 

TVD  
[m BSF] 

BHT 
[°C] 

Geothermal 
gradient [°C/km] 

7220/5-1 1740.0 388.0 40.0 1312.0 52 36.59 
7220/4-1 3239.0 403.0 31.0 2805.0 105 36.01 

 
The result demonstrates that the study area has been highly uplifted and eroded. Reservoirs 
have been buried significantly deeper than observed today, and possible consequences are 
mentioned in subchapter 2.4.4. Due to uplift, porosities are lower than expected at the present 
burial depth. The reservoir rocks have experienced about 31 – 42 °C (uplift divided by 
geothermal gradient) higher temperatures than observed today (assuming the geothermal 
gradient of 36 °C / km as valid before uplift), and reservoirs may therefore be considerably 
cemented. 
 
Several uncertainties exist for uplift estimation: 
 

• Published trends can only be used with certainty if the rocks in the study area match 
the rocks used to derive the empirical relation. 

• Determination of the transition zone between mechanical and chemical compaction 
may be difficult to place accurately as velocity is highly affected by lithology. The 
presence of carbonates or evaporates may lead to a shift towards higher velocities, 
compared to sandstones and shales. Moreover, chemical compaction initiates around 
70-80 °C for sandstones and around 70-100 °C for mudrocks (Mondol et al., 2007; 
Thyberg et al., 2010; Simm and Bacon, 2014). 
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• Due to significant uplift, much of the mechanically compacted sediments are eroded. 
The observed Vp reduction curve is therefore based on a smaller interval. 
 

3.3 QC of well log data 
This subchapter describes how to make sure that log data are in proper condition and that 
further calculations and modelling have the highest quality possible. The process includes the 
identification of bad borehole data from the caliper and the density correction logs (Fig. 3.4). 

Bad borehole includes damaged formations or washouts. It is commonly caused by 
incompetent formations and interactions between clays and mud filtrate. The density log is 
very sensitive to bad borehole conditions (Simm and Bacon, 2014). Logs should be predicted 
or ignored for missing and erroneous sections, respectively. 

Formations with significant error and less reliable results are identified in five intervals based 
on anomalous values from the caliper and the density correction log: 7220/4-1: Knurr 
Formation, 7220/5-1: Kolmule and Stø Formations, 7220/5-2: Kolmule Formation and 7220/8-
1: Fuglen Formation. As the Stø Formation is emphasized in this study, the data from well 
7220/5-1 (Fig 3.4) should be interpreted carefully. 

 

Figure 3.4: Example of bad borehole data in well 7220/5-1 (Skrugard Appraisal). Cyan color-
fill marks the divergence from zero for the density correction log (DENC). Anomalous high 
caliper values and DENC are identified in a thin interval in the Stø Formation. Values within 
+/- 0.15 density correction are considered to be without errors (Simm and Bacon, 2014). 

3.4 Petrophysical analysis 
Petrophysical analysis evaluates the subsurface rock formations based on well log data. The 
aim is to determine rock properties and to identify and quantify hydrocarbon resources in target 
reservoirs. It also includes the identification of source, reservoir and cap rocks and provides 
information about stratigraphy, lithology, depositional environment, thickness distribution etc.  

Well logs are geophysical measurements of rocks and fluids recorded in a wellbore that 
distribute physical parameters as a function of depth. For each depth level, properties (e.g. 
porosity and water saturation) can be estimated from the well logs based on mathematical 
relations and assumptions. Different well logs can combine to yield additional information and 
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also compress well log specific borehole effects, lithology effects, etc. 

Logging tools can measure radioactivity (gamma ray, density and neutron logs), acoustic 
properties (sonic log) and electrical properties (resistivity logs). The caliper log measures the 
wellbore dimensions (Mondol, 2015). 

In this subchapter, the procedure of the petrophysical analysis is described, starting with the 
identification of a potential reservoir by lithology / shale volume and porosity, followed by the 
estimation fluid content within qualified reservoir intervals. Finally, various parameters (e.g. 
permeability indicators) are investigated against the reservoir potential. 

3.4.1 Lithology discrimination and depositional conditions 

Lithology information is available from multiple logging tools. Discrimination is mainly 
achieved by using the gamma ray log and the neutron-density log. The interpretation is also 
supported by the caliper and the sonic logs. Depositional conditions are interpreted based on 
the spectral gamma ray logs. 
 
3.4.1.1 Gamma ray log 

The gamma ray log measures the count rate of gamma emissions (API) from naturally 
occurring radioactive isotopes (i.e. potassium, uranium, and thorium) in the formation rock 
matrix adjacent to the borehole. High gamma ray values are indicative of shales as clay 
minerals contain radioactive isotopes. Pure reservoir rocks (consisting of quartz, calcite and/or 
dolomite) however, do not contain radioactive isotopes and exhibit lower gamma ray values 
(Asquith and Krygowski, 2004;  Mondol, 2015; Schlumberger Limited, 1991).  
 
Limitation: Coals, evaporates and tight carbonates also yield low gamma ray signatures, thus 
a low gamma ray response does not necessarily reflect a reservoir rock. On the other hand, 
reservoir rocks can yield high gamma ray values and still be perfect reservoirs if it contains 
radioactive minerals like mica or feldspar. There are also influences from the borehole: Mud 
or casing can reduce radiation levels as the receivers are shielded. If KCL based mud is used, 
the gamma ray response increases, due to the potassium content (Asquith and Krygowski, 
2004;  Mondol, 2015; Schlumberger Limited, 1991). 
 
There are two gamma ray tools available. The standard gamma ray log which measures the 
total gamma ray response and the spectral gamma ray log which isolates the response for the 
individual isotopes. The spectral gamma ray log can be used to distinguish whether the shale 
interval is organic-rich or clean. High uranium content is indicative of organic-rich shales 
(Gelius and Johansen, 2010).   
 
Spectral gamma ray can be used for analysis of mineral composition and sedimentary 
environment, and also highlight intervals in the total gamma ray log where high gamma ray 
signatures reflects background radiation from non-clay rock components such as organic 
matter, feldspar, micas, glauconite and/or heavy minerals (Glover, 2016; Klaja and Dudek, 
2016). 

Natural radioactivity arises from the presence of potassium, uranium, and thorium in the 
formation. Thorium is typically found in shales and contains information about the clay 
content. Potassium is also one of the main components of shale rocks but is indicative of the 
presence of mica or feldspar. Uranium content is controlled by the content of organic matter 
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and is usually not related to the clay content. The best clay content indicator is thorium, 
sometimes potassium and rarely uranium (Klaja and Dudek, 2016). 

Commonly, ratios of the abundance of each radioactive element are analyzed. The Th/K ratio 
can be used to identify mineral types linked to different facies and determine the distance to 
the paleo-shoreline (Klaja and Dudek, 2016). Thorium (and uranium) is measured in ppm, 
while potassium is measured in percent [%]. This means that a thorium content of 12 ppm and 
a potassium content of 4 % gives the ratio: Th/K = 3. The ratio is in parts per ten thousand 
[ppm/%]. Generally, the Th/K ratio increase as follows: Glauconite ® Muscovite ® Illite ® 
Mixed-layer minerals ® Kaolinite ® Chlorite ® Bauxite (Glover, 2016). 

The following ranges is presented in Klaja and Dudek (2016):  

• Th/K below 0.6 = feldspars. 

• Th/K between 0.6 and 1.5 = glauconite. 

• Th/K between 1.5 and 2.0 = micas. 

• Th/K between 2.0 and 3.5 = illite. 

• Th/K above 3.5 = mixed-layered.  

An overview of typical ranges are presented in the chart below (Fig. 3.5). Weathering and 
chemical maturity increase with increasing Th/K ratio, moving from K-feldspar, to micas to 
clays. 

 

Figure 3.5: Th/K ratio [ppm/%] and ranges of various minerals (modified from Glover, 2016). 

When the mineral / clay content is defined, the spectral gamma can support depositional 
environment discrimination. The most important observations are mentioned below from 
Glover (2016):  

• Glauconite content: Marine and mainly continental shelf origin. 
• Phosphatic deposits: Marine and mainly continental shelf origin, including warm 

water and reducing conditions. 
• Uranium content: Low energy, reducing environment. 
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• Bauxite: Continental environment, warm and humid with good drainage. 
• Feldspar: Located in abundance close to an igneous source only.  

 
The Th/U ratio can also be utilized to support depositional environment determination. High 
Th/U ratios are typical for continental environments, while low ratios are typical for marine 
environments (Klaja and Dudek, 2016).  
 
The following ranges are presented by Klaja and Dudek (2016): 
 

• Continental: Th/U above 7.  

• Marine: Th/U below 7. 

• Reducing conditions (likely): Th/U below 2.  

• Oxidation conditions (likely): Th/U above 7.  

3.4.1.2 Neutron-density combination 

The density tool induces gamma rays from a radioactive source to the formation. As the gamma 
rays propagate they collide, scatter and lose energy. The receiver detects the gamma rays that 
return at a fixed distance from the source, which is a measure of the electron density. The 
electron density is proportional to the bulk density. The unit is in g/cm3 (Asquith and 
Krygowski, 2004;  Mondol, 2015; Schlumberger Limited, 1991).  

If a mudcake is present, the density measurement is highly disturbed. The tool is therefore 
constructed with a source and detector installed on a skid which ploughs through the mudcake 
against the borehole wall. The remaining effect from the mudcake is registered and corrected 
for by comparing the count rate of close and far receivers (Tracs International, n.d.). The 
amount of correction applied lead to the density correction log which is used for quality control. 
If the correction is over 0.2 g/cm3 the measurement is less reliable and possibly invalid (Asquith 
and Krygowski, 2004). 

The neutron log is related to the amount of hydrogen in the formation and reflects porosity 
because fluids in the pore space (water or hydrocarbon) contain hydrogen. Fast, high energy 
neutrons are emitted into the formation from a source. The neutrons are slowed down during 
travel, mainly due to collision with hydrogen atoms as they have almost the same mass. The 
remaining neutron populations are recorded at a receiver (Asquith and Krygowski, 2004; 
Mondol, 2015). 

The neutron log is scaled for a fresh water-saturated limestone model. Therefore, precise values 
for porosity can only be read directly in case of this lithology. For different fluids and rocks, 
the log need to be calibrated. However, the correction is small in case of water filled or clean 
oil-saturated sandstone and the value can be used as an approximation. If the formation 
contains gas or shale, the effect is considerably higher. Gas decreases the apparent porosity as 
gas has a low hydrogen content compared to water and oil. Shale increases the apparent 
porosity due to the presence of hydrogen in the shale matrix. Furthermore, the tool is sensitive 
to the borehole shape. When the contact with the formation is poor it measures high apparent 
porosities (Asquith and Krygowski, 2004; Mondol, 2015; Tracs International, n.d.). 
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The neutron-density combination and its crossover study is an extremely important method for 
lithology identification. The abnormally high neutron log response for shales can be used as a 
shale indicator as the neutron logs read much higher and produce a positive separation between 
the neutron porosity log and the density log. There is also a separation between the density log 
and the neutron log for sandstone and dolomite, but not for limestone. The sandstone separation 
is negative, and the dolomite separation is positive (Mondol, 2015). 
 
The scale of the neutron log is displayed reversed relative to the density log. The range of 
values should be synchronized in such manner that the density and the neutron log overlay each 
other for measurements in the calibrated lithology (see scheme below). The configuration is 
typically calibrated for brine-bearing limestone, but it is also possible to calibrate for sandstone 
or dolomite. Formations that contain different lithology or fluid content, from the one 
calibrated, should show deflections as the neutron porosity over- or underestimates from the 
true porosity (Ellis and Singer, 2008). 
 
Ellis and Singer (2008) presents the following scheme: 
 
Ranges for a limestone configuration:  1.95 to 2.95 [g/cm3] for density. 
      0.45 to -0.15 [fraction] for neutron porosity. 
 
Ranges for a sandstone configuration:  1.9 to 2.9 [g/cm3] for density. 
      0.45 to -0.15 [fraction] for neutron porosity. 
 
3.4.2 Shale volume calculation 

For shale volume calculations, the gamma ray log and the neutron-density combination have 
been employed. The aim is to estimate the fraction of shales in the formation in order to 
separate a reservoir rock from a non-reservoir rock as a function of depth (Mondol, 2015). To 
define the shale volume (Vsh) in a reservoir, two lines are defined, corresponding to clean rocks 
(sand line, GRmin) and non-clean rocks i.e. shales (shale line, GRmax) based on linear 
interpolation. The gamma ray index (Igr) can then be calculated using the equation below (Ellis 
and Singer, 2008; Mondol, 2015): 

𝐼'( =
'()*+,'(-./

'(-01,'(-./
   Eq. 3.2 

Where IGR = gamma ray index, GRlog = gamma ray reading at a specific depth, GRmin = sand 
line (defined by mean minimum gamma ray value through a sandstone or carbonate formation), 
and GRmax = shale line (defined by the mean maximum gamma ray value through a shale or 
clay formation). 

The linear relationship overestimates the actual shale volume and IGR corresponds to the 
maximum Vsh value. To compensate, IGR should be calibrated to a proposed empirical non-
linear trend to produce a more optimistic result (Asquith and Krygowski, 2004; Crain, 2015; 
Mondol, 2015). The non-linear trends (Fig. 3.6) are based on a geographical area, a formation 
age or other local information: 
 

Larionov (1969) (Older rocks): 𝑉34 = 0.33(2:.;∗=>? − 1)    Eq. 3.3 

Clavier et al. (1971): 𝑉34 = 1.7 − [3.38 − (𝐼'( + 0.7):]H/:   Eq. 3.4 
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Steiber (1970): 𝑉34 =
=>?

J,:∗=>?
       Eq. 3.5 

Larionov (1969) (Tertiary rocks): 𝑉34 = 0.083(2J.K∗=>? − 1)  Eq. 3.6 

 

 
Figure 3.6: Chart for shale volume correction. 

The interpreted shale and sand lines are an uncertainty because it varies between interpreters 
and also between individual wells and at different depths. Furthermore, abnormally high 
gamma ray values may be associated with organic-rich shales (Mondol, 2015) and should be 
neglected when picking the shale line.  

Instead of only relying on the shale volume from one log, the shale volume has also been 
calculated from the neutron-density combination, as stated in the Interactive Petrophysics Help 
Manual:   
 

𝑉34 =
(LM)N,LM)O)∗(P,PM)O),(L,LM)O)∗(PM)N,PM)O)

(LM)N,LM)O)∗(PM)0Q,PM)O),(LM)0Q,LM)O)∗(PM)N,PM)O)
  Eq. 3.7 

Where D and N = measured density and neutron values, DCl1, NCl1, DCl2 and NCl2 = values 
selected for the two ends of the clean line, and Dclay and Nclay = density and neutron values at 
the shale point. 

From the two shale volume estimates the smallest value should be selected, because errors 
usually increase the apparent shale volume (Crain, 2015). 

3.4.3 Porosity estimation 

Porosity is the pore volume fraction of the total volume of the formation. Only parts of the 
fluids in the pore space are able to move freely through the rock. Therefore, porosity can be 
divided into effective porosity (connected porosity) and ineffective porosity. First and 
foremost, grain size and sorting controls connectivity. In log analysis, the reservoir can be 
viewed as consisting of four components (matrix, clay, water, and hydrocarbons) as seen in 
Figure 3.7. The idea of effective porosity is highly important as most sandstones contain some 
amount of shale. Shale includes clay minerals, silt and chemically bound water (Simm and 
Bacon, 2014). 
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Figure 3.7: A component model of a shaly sandstone where Hyd = hydrocarbon (modified from 
Simm and Bacon, 2014). 

Porosity can be obtained from three logs available in this study; the neutron log, the density 
log or the sonic log. The porosity logs do not measure porosity directly but depend on 
mathematical relations and good information about the lithology. The neutron, sonic and 
density logs all exhibit lithology effects causing errors in the porosity estimations. Yet, when 
logs are used in combination, the effects are compressed and the porosity can be more precisely 
determined (Mondol, 2015; Schlumberger Limited, 1991). 

The effective porosity in well log analysis is defined as the volume of the pore space that is 
available for the storage of hydrocarbon and excludes clay-bound water. Porosity values 
estimated from typical porosity equations from well logs reflect the effective porosity. It is 
given by (Hook, 2003):  

𝜙S =
TUV,TWXY

TX
    Eq. 3.8 

Where fe = effective porosity, Vpt = total pore volume, Vcbw = volume of clay bound water, 
and Vb = bulk volume of rock. 

The total porosity in well log analysis is the total volume of pores compared to the bulk volume 
of the formation, regardless of the fluid content (clay bound water are included). The total 
porosity is more challenging to calculate due to the uncertainty in dry clay density. The total 
porosity is given by (Hook, 2003): 

𝜙Z =
TUV
TX

   Eq. 3.9 

Where ft = total porosity, Vpt = total pore volume, and Vb = bulk volume of rock. 

 
3.4.3.1 Porosity from density log 

From the density log, the porosity of the formation can be calculated as follows (Mondol, 
2015): 
 

𝜙L =
[-0,[X
[-0,[\)

   Eq. 3.10 

Where fD = density porosity, ρma = density of the matrix, ρfl = density of the pore fluids, and 
ρb = bulk density reading at a specific depth. 

Typical density values for sandstones, fresh-water and salt-water are listed in Table 3.3. 



Chapter 3 Research Methodologies and Theoretical Background 

 34 

Table 3.3: List of density values of sandstone and water [g/cm3]. Based on Asquith and 
Krygowski (2004). 

Lithology / Fluid Density [g/cm3] 

Sandstone 2.644 
Fresh-water 1.0 
Salt-water 1.15 

 
The relative volumes of shales and sands do not necessarily affect the result as shales often 
have a similar density to quartz. Moreover, the density tool does not measure deep into the 
formation (only about 6 inches). Therefore, the density of pore fluids (ρfl) are primarily related 
to the invading mud filtrate and the density of the mud filtrate depends on the salinity. If the 
zone is saturated with hydrocarbons, the fluid in the invaded zone will be a mixture between 
mud filtrate, hydrocarbons and formation water. In this case, a fluid density of 1 g/cm3 can be 
assumed. If the filtrate invasion is limited, the recorded density is highly affected by gas 
saturation and the pore fluid density will be much lower (Schlumberger Limited, 1991; Tracs 
International, n.d.). 
 
It is possible to vary the matrix density as a function of shale volume. A value for wet shale 
density is required as input for shale density (ρsh). If dry shale density is selected, then the total 
porosity is calculated (Kennedy, 2015). Including the shale term into Equation 3.10 gives the 
following new equation: 
 

𝜙L =
[-0,[X
[-0,[\)

− T]^([-0,[]^)
[-0,[\)

   Eq. 3.11 

Where fD = density porosity, ρma = density of the matrix, ρfl = density of the pore fluids, ρb = 
bulk density reading at a specific depth, Vsh = shale volume, and ρsh = shale density. 

3.4.3.2 Porosity from sonic log 

The sonic log records the travel time of high-frequency acoustic pulses through the formation 
close to the borehole. The tool consists of two receivers that are placed at different distances 
from a source. As the acoustic pulse is detected at different times for the two receivers, the 
transit time to the near receiver can be subtracted from the far receiver to yield the interval 
transit time (and also the acoustic velocity) of the formation. The unit is typically in µs/ft 
(Asquith and Krygowski, 2004; Mondol, 2015). 

The travel time can be used to estimate porosity, by utilizing the Wyllie Time Average equation 
(Wyllie et al., 1958): 
 

𝜙_ = 	
∆Z)*+,∆Z-0Vb.1

∆Z\)c.d,∆Z-0Vb.1
	  Eq. 3.12 

Where fs = sonic porosity, Dtlog = interval transit time from the log at a specific depth, Dtmatrix 
= interval transit time of the matrix, and Δtfluid = interval transit time of the fluid. 

An assumption is that the formation is a homogeneous mix of matrix and pore fluids. Matrix 
corresponds to 0 % porosity, while fluids correspond to 100 % porosity. Based on a linear 
relationship the values between can be estimated, but it requires knowledge of the acoustic 
properties of the medium (Tracs International, n.d.). Typical values of interval travel times for 
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common minerals and fluids in the formation are listed in Table 3.4. 

Table 3.4: List of travel time values of sandstone and water [µ sec/ft]. Based on Asquith and 
Krygowski (2004). 

Lithology / Fluid Travel time [µs/ft] 
Sandstone 51.5 to 55.5 
Fresh-water mud filtrate 189 
Salt-water mud filtrate 185 

 
Alternatively, the Raymer-Hunt-Gardener equation can be used (Raymer et al., 1980): 
 

𝜙_ =
e
f
∗ #Z)*+,#Z-0Vb.1

#Z)*+
 Eq. 3.13 

Where fs = sonic porosity, Dtlog = interval transit time at a specific depth, and Dtmatrix = interval 
transit time of the matrix. 

For uncompacted formations, the time average relationship yield estimation errors. 
Unconsolidated formations overestimate transit times due to poor grain contacts and an 
empirical compaction factor must be introduced (Asquith and Krygowski, 2004; Tracs 
International, n.d.): 
 

𝜙_ = 	
∆Z)*+,∆Z-0Vb.1

∆Z\)c.d,∆Z-0Vb.1
∗ H
gU

  Eq. 3.14 

Where Cp = compaction factor. 

The compaction factor is calculated by the following equation: 
 

𝐶i =
∆Z]^∗g
H;;

  Eq. 3.15 

Where Cp = compaction factor, Dtsh = interval transit time in a shale that is adjacent to the 
evaluated formation, and C = constant which is normally 1 (Hilchie, 1978). 

Also, if hydrocarbons are present in the formation, the transit time increases, and consequently 
the porosity derived from the sonic log may be overestimated (Asquith and Krygowski, 2004). 
An empirical correction has been suggested from Hilchie (1978): 
 

For gas: 𝜙 = 𝜙3 ∗ 0.7  Eq. 3.16 
 

For oil: 𝜙 = 𝜙3 ∗ 0.9  Eq. 3.17 

3.4.3.3 Porosity from neutron- and density porosity combination 

Porosity can also be calculated by averaging the porosity estimated from the neutron log and 
the density log. The effect of lithology can thereby cancel out. Alternatively, the following 
equation can be used, which suppress the effect of gas in the flushed zone better (Mondol, 
2015):  
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𝜙PL = klm
Nn	lo

N

:
  Eq. 3.18 

Where fND = neutron-density porosity, fN = neutron porosity, and fD = density porosity. 

Complex equations for neutron- and density porosity calculation are optional in the Interactive 
Petrophysics (IP) software and include a set of new parameters. New parameters carry 
additional uncertainties if not properly understood. The advanced equations attempt to adjust 
for (among other) shale and hydrocarbon effects. If used correctly, the equations may calculate 
more accurate porosities. The equations are presented in the Interactive Petrophysics Help 
Manual: 

𝜙L =
([-0,[X,TW)∗([-0,[W)))

([-0,[\)∗_1*,[pQqU∗(H,_1*))
   Eq. 3.19 

𝜙P =
(lmrc,TW)∗PSsgtnPSsuvZwxynzy{v|ZnPSs3vt)

(_1*n(H,_1*)∗PSs}~}=)
 Eq. 3.20 

Where fN = neutron porosity, fD = density porosity, fNeu = input neutron log, Vcl = wet clay 
volume,  NeuCl = neutron wet clay value, NeuMatrix = neutron matrix correction, Exfact = 
neutron excavation factor, NeuSal = neutron formation salinity correction, Sxo = flushed zone 
water saturation, NeuHyHI = neutron hydrocarbon apparent hydrogen index, rma = matrix 
density, rb = input density log, rcl = wet clay density, rfl = filtrate density, rHyAp = apparent 
hydrocarbon density. 

3.4.4 Water saturation and pay zone identification 

Saturation is the fraction of the pore volume which is occupied by a certain fluid. The water 
saturation is the fraction in which contains formation water. Pores must be saturated with some 
fluid and the summation of all fluids must equal 100 %. Water, oil, and gas are the three typical 
fluids. Rarely, but possible, there can be saturations of other fluids like carbon dioxide or just 
air. Generally, a water saturation less than 100 % indicate hydrocarbon saturation (1-Sw) 
(Schlumberger Limited, 1991). 
 
The resistivity log can be used to calculate the water saturation. The tool consists of an 
arrangement of electrodes that send electric currents into the formation (Asquith and 
Krygowski, 2004; Mondol, 2015). It measures the formation resistivity at different depths of 
investigation to generate curves corresponding to shallow, medium and deep resistivity. 
Shallow resistivity is the resistivity of the flushed zone near the borehole, the medium 
resistivity measures the resistivity in the invaded zone and the deep resistivity is the resistivity 
in the uninvaded zone (Varhaug, 2016). 
 
The electrical resistivity is the ability to flow an electric current through the formation, opposite 
of conductivity. Resistivity is measured in ohm-m. The rock matrix of formations do not 
conduct electrical currents; hence all conductivity occurs in the fluid phase. The current will 
only flow through the water-saturated pore volume of the formation, in which contains 
dissolved salts able to carry electrical currents (Schlumberger Limited, 1991). Hydrocarbons 
(and freshwater), however, are highly resistive. High resistivity values indicate hydrocarbons, 
(or very low porosity). Low resistivity values indicate salt water, or a porous formation 
(Mondol, 2015). 
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Since the resistivity instruments have a deep depth of investigation, it can essentially determine 
the saturation in the zone not influenced by drilling fluid (true resistivity, Rt). A comparison 
can be made between the flushed and the non-invaded zone and the effect of the mud filtrate 
can be compensated for (Schlumberger Limited, 1991).  
 
The water saturation can be calculated from Archie´s law (Eq. 3.21). The equation is 
empirically derived for clean, consolidated sandstones, with variations in intergranular porosity 
(Mondol, 2015).  

𝑆� = �v
(V
∗ (Y
l-
�
O
/  Eq. 3.21 

Where Sw = water saturation, Rw = resistivity of formation water, a = tortuosity factor, m = 
cementation exponent, n = saturation exponent, f = porosity, and Rt =true formation resistivity. 

The cementation exponent (m) is measured in the laboratory, with a range from 1 to 3, where 
1 reflects a porous rock and 3 a highly cemented rock. The value increases with cementation. 
Typical values are 1.3 for unconsolidated sands, 1.8-2.0 for consolidated sands and 1.7-4.1 for 
carbonates (Mondol, 2015). 
 
The tortuosity factor (a) is related to the difference between the flow area of pore throat and 
pore body. The value is typically around 1 for carbonates. The saturation exponent (n) is 
associated with the wettability of the rock and the presence of hydrocarbons in the pore space. 
Rocks that are water-wet within a hydrocarbon saturated system are more conductive than in 
an oil-wet system. The exponent is typically close to 2 (Mondol, 2015). 
 
The resistivity of water (Rw) is calculated from a nearby water-saturated interval (Eq. 3.22) 
(Varhaug, 2016). The calculation assumes that in a 100 % water-saturated zone, the bulk 
resistivity (R0) is equal to the true formation resistivity (Rt) (Petrowiki, 2015b). The formation 
water resistivity can also be determined from the SP log (Ellis and Singer, 2008), but the log 
is not available in this study.  
 

𝑅� =
(V
�

  Eq. 3.22 

Where Rw = resistivity of formation water, F = formation resistivity factor, and Rt = true 
formation resistivity. 

The formation resistivity factor describes the amount of rock matrix. It is a function of porosity 
and permeability of the rock and is independent of the porewater conductivity (Mondol, 2015). 
The formation resistivity factor can be calculated as follows: 
 

𝐹 = v
l-

  Eq. 3.23 

Where F = formation resistivity factor, a = tortuosity factor, m = cementation exponent, and f 
= porosity. 

Limitations and comments: The water saturation is rarely zero, as there is always some amount 
of capillary water that cannot be replaced by oil and gas, commonly referred to as connate 
water saturation. Vice versa, for an oil or gas-filled reservoir, it is not possible to recover / 
remove all hydrocarbons as some hydrocarbons remain trapped in the pore space, which is 
referred to as residual oil (Schlumberger Limited, 1991). Furthermore, temperature influences 
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the resistivity of formation fluids and drilling muds. There is also significant uncertainty related 
to drilling mud invasion, the estimations of Rt and Rw and the choice of cementation and 
saturation exponents (Mondol, 2015). 
	

3.4.5 Net-to-Gross ratio and petrophysical cut-offs 

There are some fundamental descriptive terms used to describe the ability a rock has to store 
and transmit fluids based on thickness or thickness ratios in an interval of evaluation 
(Worthington and Cosentino, 2005). The terms are illustrated in Figure 3.8 and explained 
below. 
 

 
Figure 3.8: Calculation of net parameters to gross rock based on cutoff values (modified from 
Worthington and Cosentino, 2005). 

• “Gross rock” is the total volume of rock.  
 

• “Net sand” corresponds to the rocks that might have sufficient reservoir properties. 
Sand means in this setting a clean sedimentary rock. Net sand is defined by summing 
the intervals where the sand is greater than or equal to a cutoff value. In this case the 
shale volume, as discussed in subchapter 3.4.2. 

 
• “Net reservoir” corresponds to the net sand intervals that do have sufficient reservoir 

properties. Net reservoir is defined by summing the net sand intervals which have a 
porosity value above, or equal to a cutoff value. The rock should be able to store and 
transmit hydrocarbons, hence permeability should also be sufficient.  
 

• “Net pay” corresponds to the net reservoir intervals which contain a significant amount 
of hydrocarbons. It is defined by the cutoff value for water saturation. The net pay 
should be equal or less than the water saturation cutoff. Nowadays, net pay does not 
only describe the rock type but also has an economic aspect as it defines those 



Chapter 3 Research Methodologies and Theoretical Background 

 39 

hydrocarbon reservoirs which can be produced economically using a particular 
production procedure. 

 
• “Net-to-Gross” is the thickness ratio of any of the three net-properties above, divided 

by the gross thickness i.e. net-to-gross sand, net-to-gross reservoir and net-to-gross pay. 
 
Permeability is not measured from well logs, but predicted based on the calculated porosity or 
other well logs (see next subchapter). Therefore, the permeability cutoff is termed a pseudo-
permeability cutoff. The permeability cutoff can be 0.1 mD for gas reservoirs and 1.0 mD for 
oil reservoirs (Worthington and Cosentino, 2005). Worthington and Cosentino (2005) has 
suggested the following cutoffs for shale volume, porosity and water saturation (Table 3.5). 
There are exceptions, e.g. a fractured reservoir can have significantly lower values of porosity 
than the cutoff, but still be capable of producing hydrocarbons (Bjørlykke and Jahren, 2015). 
 
Table 3.5: Proposed cutoff values for a producible sandstone reservoir. Based on Worthington 
and Cosentino (2005). 

Cutoff parameter Value 
Vsh <= 0.3-0.5 
f 
 

>= 0.06-0.08 
Sw <= 0.5-0.6 

 

3.4.6 Permeability prediction 

Permeability is the ability of a rock to flow fluids through a formation. The unit of permeability 
is in Darcy, however this is a big quantity, so millidarcy (mD) is generally used. For a rock to 
be permeable, it requires interconnected pores, capillaries or fractures. There is, therefore, a 
minor relationship between porosity and permeability, where higher porosity often corresponds 
to higher permeability, although this is not always true. The porosities can be high (e.g. in 
shales), but the pores too small to be able to transmit fluids (Schlumberger Limited, 1991). 
Permeability can be approximated from well logs using empirical relations for porosity and/or 
water saturation as suggested by Crain (2015) and Petrowiki (2015a): 
 

Timur equation: 𝑘 = H;�lr
�.�

_YN
        Eq. 3.24 

Logarithmic – linear for sandstones: logH; 𝑘 = 𝐶 logH; 𝜙S + 𝐷   Eq. 3.25 

Wylie – Rose formula (Timur parameters): 𝑘 = J�;;∗lr
�.�

_YN
     Eq. 3.26 

Wylie – Rose formula (Morris – Biggs parameters): 𝑘 = �:e;;∗lr
�.�

_YN
   Eq. 3.27 

Where k = calculated permeability, fe = effective porosity, Sw = irreducible water saturation in 
a hydrocarbon-bearing formation, and C/D = approximate constants. 

Limitation and comments: The equations above state that the permeability increases as a 
function of porosity increase and irreducible water saturation decrease. Estimates that only 
relies on porosity (e.g. Eq. 3.25) might show severe errors, in carbonate reservoirs especially. 
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C and D are typically around 7 in Equation 3.25 (Petrowiki, 2015a). The permeability constants 
used in the Wylie-Rose formula and Timur equation applies to oil reservoirs. For gas reservoirs, 
different constants should be applied (mentioned in Crain, 2015), however, the constants used 
are not calibrated to cores and adjusted according to the study area. 
 
The gamma ray cutoff can be used to define the limit of effective permeability, as the volume 
of shale and permeability possess a negative correlation in which increasing shale decreases 
the permeability by blocking pores and channels (and also decrease porosity by filling pores) 
(Klaja and Dudek, 2016; Tracs International, n.d.). 
 
The resistivity log can be applied to relatively decide which depth intervals are more permeable 
than others, by evaluating the separation between the different depth of investigation curves to 
estimate the diameter of mud filtrate penetration (Varhaug, 2016). Identification of mudcake 
from the caliper log can also indicate permeable intervals (caliper < bit size indicating 
permeable rock) (Mondol, 2015). 
 
3.5 Rock physics diagnostics 
Rock physics represents a link between reservoir properties (e.g. lithology, porosity, saturation, 
shale volume, sorting, etc.) and seismic parameters (e.g. acoustic impedance, elastic moduli, 
Vp/Vs ratio, density, etc.) within a reservoir. Rock physics models can be used to predict 
seismic properties from observed reservoir properties or vice versa. The technique can also be 
used to test so-called “what if” scenarios by testing the effect of various fluid or lithologies 
(Avseth et al., 2009). Furthermore, rock physics are suitable for quality controlling, to highlight 
distorted sections of the log and to predict missing sections. In this study, reservoir properties 
are extracted from good quality well log data and the petrophysical analysis. 
 
Rock physics crossplots are frequently used to describe various relationships (e.g. Vp/Vs ratio 
versus acoustic impedance), and a wide range of templates exists, all with their advantages and 
limitations (Avseth, 2015). Generally, two parameters are plotted against each other, and data 
are plotted relative to theoretical trends to determine rock properties. Plotted data can also be 
color-coded to reveal additional information, to quality control or simply to locate a zone of 
interest. 
 
Typical rock physics models are introduced below, including contact models, theoretical 
bounds, empirical models and Gassmann´s equation, in addition to the construction and 
employment of rock physics templates. 

3.5.1 Fundamentals / Calculation of elastic parameters 

Elastic moduli describe how rocks react to stress (force per area). The bulk modulus (K) is the 
fractional change in volume (DV/V) due to uniform compressive stress in all directions of the 
rock. It is a measure of the resistance the rock has to compression. The shear modulus (µ) is 
the response to shear stress and change in shape. It is indicative of rigidity, which is the 
resistance the rock has to a shaking motion or stresses employed parallel to bed boundaries. 
Fluids cannot resist the shear movement and consequently, the shear modulus of a fluid is zero 
(easy to change the shape of fluid) (Simm and Bacon, 2014). The change in volume and shape 
is illustrated in Figure 3.9. 
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Figure 3.9: Change in volume and shape due to stress applied to a rock. a) Change in volume 
due to uniform compressive stress in all directions (theory behind bulk modulus). b) Change 
in shape due to shear stress (theory behind shear modulus) (modified from Simm and Bacon, 
2014). 

The bulk modulus and shear modulus can be linked to Vp and Vs through the following 
relationship (Avseth, 2015; Gelius and Johansen, 2010):  
 

𝑉i = ��n���
[

  Eq. 3.28 

𝑉3 = k
�
[
  Eq. 3.29 

Where Vp = P-wave velocity, Vs = S-wave velocity, K = effective bulk modulus, µ = effective 
shear modulus, and r = effective density. 

Alternatively, the formula can be rearranged for direct calculation of K and µ (Gelius and 
Johansen, 2010): 
 

𝐾 = 𝜌 �𝑉i: −
�
J
𝑉3:�  Eq. 3.30 

𝜇 = 𝜌𝑉3   Eq. 3.31 

The Poisson´s ratio (n or PR) defines the fractional change in width (Dw/w) to the change in 
length (Dl/l) of a medium by uni-axial compression (Fig. 3.10). The ratio is given in Equation 
3.32. Compared to other minerals, quartz has a low Vp/Vs ratio. Therefore, sands do usually 
have a lower Poisson´s ratio than shales. Moreover, sandstones that contain fluids able to 
compress such as hydrocarbons and particularly gas has a lower Poisson´s ratio compared to 
brine sands. A lower Vp and a slightly higher Vs are expected with hydrocarbon saturation 
(Simm and Bacon, 2014).  

 
Figure 3.10: Poisson´s ratio (transverse strain divided by longitudinal strain) (modified from 
Simm and Bacon, 2014). 
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  Eq. 3.32 

Alternatively, with velocity switched out with bulk and shear moduli: 
 

𝜈 = :�,:�
:(J�n�)

  Eq. 3.33 

Rocks can be viewed as an effective medium (Fig. 3.11) in rock physics. This is because of the 
variability in scale, and the fact that the seismic wavelength is larger than grain size. Despite 
heterogeneity on the microscopic level, rocks act as a homogeneous medium on a macroscopic 
level. The average elastic properties of distinct volume elements is the elastic properties of the 
effective medium (Gelius and Johansen, 2010). 
 
To average elastic properties, one needs information about the elastic moduli of the constituents 
and their volume fractions, as well as geometrical details of how the constituents are arranged. 
The geometric details are hard to determine, and if unknown, upper and lower bounds should 
be estimated. If measurements or calculations fall outside of bounds, there are error or some 
mistakes have been done (Mavko, 2005). The theoretical bounds are discussed in subchapter 
3.5.3. 
 

 

Figure 3.11: Real rock versus model (modified from Hampson-Russell, 2016). 

The effective density (r) is taken directly from the density log and is the weighted average of 
all density components: 
 

𝜌 = 𝜙𝜌{tsx� + (1 − 𝜙)𝜌�wvx�   Eq. 3.34 

Where r = effective density, rfluid = density of fluid, rgrain = density of the grains, and f = 
porosity. 

If two fluids are present, the fluid mixture density is the weighted sum of densities for the two 
fluids: 

𝜌{t = 𝑆�𝜌� + (1 − 𝑆�)𝜌4   Eq. 3.35 

Where rfl = density of the fluid mixture, Sw = water saturation, rw = density of brine, rh = 
density of hydrocarbon. 
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3.5.2 Empirical models and Vs prediction 

Empirical models are based on experiments and trends. Trends are generally simple regression 
and there are little physics involved. Nonetheless, trends are highly valuable (e.g. Han´s 
relations for P-wave velocity, porosity, and clay content, and Greenberg-Castagna´s relations 
for P-wave and S-wave velocity). The shear wave velocity (Vs) is a required parameter in 
certain areas of rock physics diagnostics e.g. for Vp/Vs ratio calculation and to solve 
Gassmann´s fluid substitution. All wells in the study contain Vs. If certain intervals lack Vs 
data, Vs has to be predicted. Due to the fact that the correlation between P- and S-wave 
velocities are highly dependent on lithology and to a great extent independent of pressure, this 
is achievable (Castagna et al., 1985).  

Vs can be computed from compressional velocity (Vp), and many linear relationships exist for 
different lithology and fluid compositions (Dvorkin, 2008) (summarized in Table 3.6). Some 
Greenberg-Castagna Vp-Vs relations for different lithologies are illustrated in the crossplot 
(Fig. 3.12, left). 

Table 3.6: Various Vp-Vs relations. All relations consider water-bearing formations, except for 
the Krief et al. (1990) gas sand case. The mudrock equation applies for unconsolidated and 
partially consolidated mudrocks. A rule of thumb for gas sand is mentioned in Simm and Bacon 
(2014); Vp/Vs = 1.4 to 1.8, averaging 1.6. For coal: Vp/Vs = 1.9-2.1. 

Author(s) Description Equation [km/s] 

Castagna et al. (1985) Mudrock equation Vs = 0.862Vp – 1.172 
Castagna et al. (1993) Clastic rock Vs = 0.804Vp – 0.856 
Han et al. (1986) Clay <25% Vs = 0.754Vp – 0.657 
Han et al. (1986) Clay >25% Vs = 0.842Vp – 1.099 
Han et al. (1986) Shaly sand, f<15% Vs = 0.756Vp – 0.662 
Han et al. (1986) Shaly sand, f>15% Vs = 0.853Vp – 1.137 
Greenberg and Castagna (1992) Sandstone Vs = 0.804Vp – 0.856 
Greenberg and Castagna (1992) Shale Vs = 0.770Vp – 0.867 
Murphy et al. (1993) Clean sand / Quartz Vs = 0.802Vp – 0.73 
Williams (1990) Water-bearing sands Vs = 0.846Vp – 1.088 
Krief et al. (1990) Water sand Vp

2 = 2.213Vs
2

 + 3.857 
Krief et al. (1990) Gas sand Vp

2 = 2.282Vs
2

 + 0.902 
Krief et al. (1990) Shaly sand Vp

2 = 2.033Vs
2

 + 4.894 
Krief et al. (1990) Limestone Vp

2 = 2.872Vs
2 + 2.755 

 

P-wave velocity, porosity, and clay content are described by Han´s relations based on 
laboratory experiments on water-bearing, well-consolidated sandstones. Increasing clay 
content softens the rock and the P-wave velocity decreases. For different pressures, the 
relationships are summarized in Table 3.7 (Han et al., 1986). The relations can be used to 
decide positions of parallel lines which describes variation in clay content in the porosity-
velocity crossplot (Avseth et al., 2005; Simm and Bacon., 2014). This is illustrated in Figure 
3.12 (right). 
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Figure 3.12: Left: Greenberg-Castagna Vp-Vs relations. Right: Han’s relations showing 
constant clay lines in the Vp versus porosity crossplot (modified from Simm and Bacon, 2014). 

Table 3.7: Han´s relations, where Vp = P-wave velocity [km/s], Vs = S-wave velocity [km/s], 
f = porosity [fraction] and C = clay content [fraction]. 

Pressure Equation [km/s] 

40 MPa Vp = 5.59 – 6.93f – 2.18C 

 
30 MPa Vp = 5.55 – 6.96f – 2.18C 
20 MPa Vp = 5.49 – 6.94f – 2.17C 
10 MPa Vp = 5.39 – 7.08f – 2.13C 

 
3.5.3 Theoretical bounds 

Theoretical bounds were briefly mentioned in subchapter 3.5.1 and are used to define physical 
property limits for different mixtures of rocks and fluids based on a lower bound (e.g. Reuss) 
and an upper bound (e.g. Voigt). A Voigt average assumes that the strain is everywhere 
uniform, while a Reuss average assumes that the stress is everywhere uniform (Mavko, 2005). 
The geometric interpretation is illustrated in Figure 3.13 with different arrangements of soft 
and stiff parts (Mavko, 2005). Figure 3.14 illustrates that suspensions (porosity above about 40 
%) plots very close to the Reuss bound, and almost all other points fall in-between the two 
bounds. The Reuss bound describes both suspensions and fluid mixtures (Mavko, 2005). 

 

Figure 3.13: Principle of Voigt (Iso-strain, left) and Reuss (Iso-stress, right) bound (modified 
from Mavko, 2005). 
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Figure 3.14: P-wave velocity versus porosity with indicated Reuss and Voigt bounds (modified 
from Mavko, 2005). 

In this study, another set of bounds are used, defined by Hashin and Shtrikman (1963). The 
bounds are more advanced, but constrains boundaries slightly better than Voigt-Reuss. The 
Hashin-Shtrikman representation are descriptive for a mixture of two materials as illustrated in 
Figure 3.15. The equations are: 

𝐾}_± = 	𝐾H +
{N

(�N,�O)�On{O(�On
�
��O)

�O   Eq. 3.36 

𝜇}_± = 𝜇H +
{N

(�N,�O)�On
N\O(�O�N�O)

��O��O�
�
��O�

   Eq. 3.37 

Where K = bulk moduli, µ = shear moduli, f1 = volume fraction of phase 1, and f2 = volume 
fraction of phase 2. 

If the stiffest material is 1 and the softest is 2, the equation calculates the upper bound. 
Oppositely, if the softest material is 1 and the stiffest material is 2 the equation calculates the 
lower bound (Simm and Bacon, 2014). Subscript 1 defines the shell in Figure 3.15, while 
subscript 2 defines the sphere (Mavko, 2005). 
 

 
 

Figure 3.15: Hashin-Shtrikman representation of the bulk modulus of a two-phase material 
(modified from Mavko et al., 2009). 

Bounds can be used to estimate the effective moduli of mixtures of rock and fluids, which can 
be input parameters to the Gassmann´s equation (Simm and Bacon, 2014). Moreover, the shape 
of the bounds can describe sorting and diagenetic trends (i.e. cementation), which can be 
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adapted to rock physics models (Avseth et al., 2005) (see next subchapter 3.5.4). 

Various bounds are illustrated in Figure 3.16. In a water-quartz system, the Reuss bound are 
equivalent to the Hashin-Shtrikman´s lower bound, because the shear modulus of brine is zero 
(Simm and Bacon, 2014). 

 

Figure 3.16: Bounds for quartz and clay (brine filled sandstone) after Nur et al. (1998) and 
Simm and Bacon (2014), where (1) Voigt average, (2) Reuss average, (3) upper Hashin-
Shtrikman, (4) lower Hashin-Shtrikman and (5) modified Voigt bound. 

3.5.4 Contact models 

Contact models are suitable for sandstones and are constructed based on mathematical relations 
for grain contacts. Dry rock end members for high porosity and low porosity are defined and 
interpolated with bounds determined by Hashin and Shtrikman (1963). The models describe 
the effect of cement and effective pressure on unconsolidated sediments, and how it stiffens 
the rock. Essentially, it makes it possible to determine whether sand is unconsolidated or 
cemented (Simm and Bacon, 2014). Two contact models are frequently used; the friable sand 
model and the contact cement sand model derived by Dvorkin and Nur (1996). 

The friable sand model (also called the uncemented sand model) describes the velocity-
porosity relation as a function of reduced grain sorting for a specific pressure condition. The 
model assumes that smaller grains fill up the pore space with a consequent sorting deterioration 
(Avseth et al., 2005).  

Procedure: A high porosity, dry rock moduli end member is determined at the critical porosity 
for a random pack of equal and spherical grains by the Hertz-Mindlin Theory (Mindlin, 1949) 
(Equations 3.38-3.39). Interpolation of mineral moduli from critical to zero porosity are 
performed using the lower Hashin-Shtrikman bound and represents reduced porosity due to 
decreased sorting. The elastic moduli of the zero-porosity end member correspond to the elastic 
properties of the mineral (Simm and Bacon, 2014). The procedure is illustrated in Figure 3.20, 
step 1 to 2. 

𝐾}u = ��
N(H,lW)N�N

Hf N(H,¡)N
𝑃�

O
�   Eq. 3.38 

𝜇}u = e,�¡
e(:,¡)

�J�
N(H,lW)N�N

: N(H,¡)N
𝑃�

O
�  Eq. 3.39 

Where fc = critical porosity, K = bulk modulus, µ = shear modulus, n = Poisson´s ratio of solid 
phase, P = effective pressure, and n = coordinate number. 
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The coordinate number (n) is empirically related to porosity and represents the radius of contact 
of the cement layer (Avseth et al., 2005): 

𝑛 = 20 − 34𝜙 + 14𝜙:  Eq. 3.40 

Where n = coordination number, and f = porosity. 

The moduli between the end members are derived using the lower Hashin-Shtrikman bound: 
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�     Eq. 3.43 

Where Kdry = dry rock bulk modulus of the friable sand mix, µdry = dry rock shear modulus of 
the friable sand mix, f = porosity, fc = critical porosity, KHM = bulk modulus of the mineral, 
and µHM = shear modulus of the mineral. 

The contact cement model (also called the cemented sand model) is the porosity reduction 
due to uniform cementation on the surface of sand grains during burial (Simm and Bacon, 
2014). A small cement increase causes a significant increase in rock stiffness because cement 
fills close to contact points between grains (Avseth et al., 2005). The model is not sensitive to 
pressure after initiation of cementation (Avseth et al., 2010). The mathematical relations for 
this model are described in Dvorkin et al. (1994). Inputs are the bulk and shear moduli of the 
solid phase and the cement phase as well as the coordination number (Simm and Bacon, 2014).  

The constant cement model is a combination of the two models. The sorting trend has a 
constant value of cement, and porosity reduction is related to sorting. The mathematical 
solution is similar to the contact-cement model approach but interpolated by a lower bound 
(Avseth et al., 2005). The three models are illustrated in Figure 3.17: 
 

 
 
Figure 3.17: Elastic modulus (Vp or Vs) versus porosity showing cement models for sands with 
high porosity (modified from Avseth, 2010). 
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3.5.5 Gassmanns´s equation  

The Gassmann´s equation is extremely important. It is applied for fluid substitution modelling 
and to calculate the bulk moduli of the fluid-saturated medium as a function of mineral, fluid, 
porosity and dry rock frame. The Gassmann´s equation is as follows (Gassmann, 1951): 

�]0V
�¬,�]0V

= �d
�¬,�d

+ �\)
l(�¬,�\))

  Eq. 3.44 

𝜇3vZ = 𝜇�     Eq. 3.45 

Where Ksat = bulk modulus of the fluid-saturated rock, K0 = bulk modulus of the matrix, Kd = 
bulk modulus of the dry rock frame, Kfl = bulk modulus of the pore fluid, f = porosity, µsat = 
shear modulus of the fluid-saturated rock, and µd = shear modulus of the dry rock frame. 

The dry rock frame is the total rock without fluids. Utilizing the Gassmann´s equation, fluid is 
added into the pore space and the procedure is illustrated in Figure 3.18. The shear modulus is 
not affected by fluids in the pores (as mentioned in subchapter 3.5.1). The determination of 
inputs to the equation are summarized in Figure 3.19 with some typical input values for quartz 
and clay in Table 3.8. It is difficult to set a certain value for clay, as clay can have many 
different compositions and properties (Avseth et al., 2005).  

 
Figure 3.18: Procedure of Gassmann´s model (elements in the figure are adapted from 
Hampson-Russell, 2016). 

Some limitations and comments: The Gassmann´s model applies only to clean, moderate to 
high porosity sandstones at low frequency (i.e. seismic) (Simm and Bacon, 2014). Frequencies 
from well log data are in the transition zone between low and high frequencies (or essentially 
low frequency) (Biot, 1956) and it is generally accepted to use the Gassmann´s equation on 
well log frequencies (Simm and Bacon, 2014). The model is valid for all pore geometries 
(Mavko, 2005). Shales- or tight sand may exaggerate the fluid substitution effect, and the 
equation is not valid for fractured or dual porosity rocks (Simm and Bacon, 2014).  

 

Figure 3.19: Inputs to Gassmann´s equation (elements in the figure are adapted from Simm and 
Bacon, 2014). 



Chapter 3 Research Methodologies and Theoretical Background 

 49 

The bulk modulus of a two-fluid mix is given by the Reuss (or Wood´s) law: 

H
�\)

= _Y
�Y
+ H,_Y

�^
   Eq. 3.46 

Where Kfl = bulk modulus of the fluid mixture, Kw = bulk modulus of water, Kh = bulk modulus 
of hydrocarbon, and Sw = saturation of water. 

To estimate the effective bulk modulus of a fluid-saturated medium where the fluid is replaced 
with another fluid, the following equation is given (Gelius and Johansen, 2010): 
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  Eq. 3.47 

Where K1 = effective bulk modulus of medium with fluid mix 1, K2 = effective bulk modulus 
of medium with fluid mix 2, Ks = bulk modulus of the frame / solid part, f = porosity, Kf1 = 
bulk modulus fluid 1, and Kf2 = bulk modulus fluid 2. 

The new bulk density of the fluid-saturated rock is (Simm and Bacon, 2014): 

𝜌¯: = 𝜌¯H − �𝜙𝜌{tH® − 𝜙𝜌{t:®�   Eq. 3.48 

Where rfl1 = density of fluid mixture 1, rfl2 = density of fluid mixture 2, rb1 = bulk density of 
medium with fluid mixture 1, and rb2 = bulk density of medium with fluid mixture 2. 

3.5.6 Construction of rock physics templates (RPTs) 

The technique of using rock physics templates (RPTs) to determine fluid and lithology in a 
reservoir was introduced by Ødegaard and Avseth (2004) by the Vp/Vs versus acoustic 
impedance crossplot (Avseth, 2015). Rock physics templates are crossplots with background 
trends calibrated for a local area. It helps to understand the effects of changing porosity, fluid 
content, cement volume etc. (Simm and Bacon, 2014). To generate a RPT for a specific 
location, geological factors such as lithology, mineralogy and burial depth needs to be specified 
(Avseth, 2015).  
 
An example of a stepwise procedure for generating rock physics models are illustrated below 
(Fig. 3.20) together with a representation of porosity reduction (Fig. 3.21): Step 1: The dry 
rock frame moduli are computed for a specific porosity at a certain pressure level using the 
Hertz-Mindlin contact theory. Step 2: The dry rock moduli are computed at all porosity levels 
from the critical porosity towards zero porosity. If packing and sorting are controlling the 
porosity reduction, the lower Hashin-Shtrikman bound can be utilized. The upper Hashin-
Shtrikman bound is an option in case of cemented rocks. Step 3: The Gassmann´s equation is 
used to add fluids into pores and to compute the bulk moduli of the fluid-saturated rock. It can 
be performed at various fluid saturations by fluid substitution. Now, an estimate of the rock 
bulk and shear moduli at different porosities and at different fluid saturations have been 
established. 
 
As an example, the Vp/Vs versus AI crossplot requires density, P-wave and S-wave velocity 
information (AI = Vp ´ r). The three parameters can be computed for various scenarios to be 
displayed as background trends in the Vp/Vs versus AI crossplot. 
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Figure 3.20: Rock Physics Template (RPT) generation procedure (modified from Avseth et al., 
2009). 

 
Figure 3.21: Hashin-Shtrikman interpolation towards zero porosity from right to left (elements 
in the figure are adapted from Hampson-Russell, 2016). 

Table 3.8: Typical values for quartz and clay based on Simmons and Wang (1971) (as cited in 
Simm and Bacon, 2014). 

Mineral Vp [km/s] Vs [km/s] K [GPa] µ [GPa] Density [g/cm3] Poisson´s ratio 

Quartz 6.038 4.121 36.6 45 2.65 0.064 
Clay 
(Approx) 

4.900 2.500 41.0 17 2.68 0.324 
 
3.5.6.1 Porosity versus Vp / Vs / AI / K / µ 

The stiffness and velocity of rocks are dependent on the rock fabric and pore geometries (e.g. 
the number of grain contacts, type and amount of cement and shale content). Soft rocks tend to 
have a low acoustic impedance (low density and velocity) and stiff rocks tend to have a high 
acoustic impedance (high density and high velocity) (Simm and Bacon, 2014). As introduced 
in subchapters 3.5.3 and 3.5.4, a sandstone can plot sub-parallel to a lower bound (e.g. Reuss 
or Hashin-Shtrikman lower bound) where the porosity reduction is related to sorting, or along 
an upper bound related to diagenesis / cementation (e.g. Hashin-Shtrikman upper bound) (Fig. 
3.22). 

 

Figure 3.22: Sorting and cementation trends for a clean sandstone (modified from Simm and 
Bacon, 2014). 
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The shale content is an important parameter in terms of describing acoustic properties of 
sandstones. Two sand / shale situations are common: (1) Sands and shales are mixed; either 
matrix supported or grain supported. (2) Alternating sand and shale laminations. Clay can be 
pore filling (dispersed) or structural (framework), or both (Simm and Bacon, 2014). 

Marion et al. (1992) shows experimentally the effects of clay and sand mixes (Fig. 3.23). Just 
a small amount of clay-fill into pores is likely to increase the acoustic impedance (AI), and 
with a constant increase until the pore space is completely filled. When the clay content is 
larger than the porosity of sand, the rock transitions from grain-supported to clay supported 
(shaly sands to sandy shales transition) and the sand grains become separated (Avseth, 2015). 
Once the pore space is full, further infill of clay adds to the rock frame, make it softer and 
reduce the acoustic impedance. Consequently, a rotated V trend are observed (Simm and 
Bacon, 2014). The maximum velocity (and minimum porosity) can be noticed where the clay 
content is identical to the sand porosity (Avseth, 2015). Laminated sands and structural clays 
tend to follow a more linear trend in crossplots, where structural clay softens the rock frame 
and reduces acoustic impedance (Simm and Bacon, 2014). 

The relations by Han et al. (1986) may also reveal information about the clay content for shaly 
sandstones at various pressure levels, as mentioned in subchapter 3.5.2. Lines of clay can be 
displayed as background trends in the Vp versus porosity crossplot.  

 
Figure 3.23: The effect of dispersed shale for a sandstone in the AI versus porosity crossplot 
where c = clay and fs = sand porosity (modified from Marion et al., 1992 and Simm and Bacon, 
2014). 

3.5.6.2 Vp/Vs versus AI 

The Vp/Vs versus AI crossplot is used to predict lithology, porosity and fluid saturations in the 
presence of hydrocarbons. Generally, the Vp/Vs ratio are applicable to discriminate fluids. A 
low Vp/Vs ratio may indicate a hydrocarbon saturated sandstone. In a homogeneous 
unconsolidated setting, it is usually easy to separate a hydrocarbon saturated sandstone from a 
brine-saturated sandstone. When cement volume or shale content are introduced, it disturbs 
fluid-sensitivity. Increasing cement volume moves brine-saturated sandstone data towards 
lower Vp/Vs values (same as hydrocarbon saturation) and can consequently be inseparable from 
hydrocarbon saturated data. The presence of shale has the opposite effect and increases the 
Vp/Vs response. The effects can also counteract each other (Avseth, 2015). The Vp/Vs crossplot 
are visualized in Figure 3.24. 
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Figure 3.24: Vp/Vs versus AI crossplot template where (1) increasing shale content, (2) 
increasing cement volume, (3) increasing porosity, (4) decreasing effective pressure, (5) 
increasing hydrocarbon saturation and (6) increased dispersed shale content (modified from 
Simm and Bacon, 2014; Ødegaard and Avseth, 2004). 

3.5.6.3 LMR 

The LMR- lambda-rho (λ ´ ρ) versus mu-rho (µ ´ ρ) crossplot is a lithology and fluid indicator 
as it describes rock and fluid properties; rigidity and incompressibility. Gas is easily 
compressible compared to rock and fluids, thus a sandstone reduces incompressibility with gas 
saturation. Moreover, gas saturation does not affect rigidity.  

Shales can be compared to a deck of cards which easily slides over each other and have a low 
rigidity (more like Reuss representation; Fig. 3.13, right). Carbonates can be compared to 
bricks, which are both incompressible and hard to slide over each other (high rigidity, high 
incompressibility) (more like Voigt representation; Fig. 3.13, left). Loose sand acts like a 
sponge with low incompressibility (Gelius and Johansen, 2010). Due to these property 
variations, a template has been developed by Goodway et al. (1997) with a threshold cutoff for 
porous gas sand and clastics-carbonates (Fig. 3.25). 

 
Figure 3.25: Lambda-rho (λ ´ ρ) versus Mu-rho (µ ´ ρ) crossplot (digitized from Goodway et 
al., 1997). 
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3.5.6.4 Vp versus Vs 

Fluid and lithology specific relations of Vp versus Vs (mentioned in subchapter 3.5.2) can be 
plotted as background trends in the Vp versus Vs crossplot (e.g. gas filled sandstone or brine 
filled sandstone). Data plot relative to the trends and are investigated for specific patterns or 
anomalies. 
 
3.6 AVO modeling 
AVO (amplitude variation with offset) is a powerful technique to prove hydrocarbons, optimize 
reservoir characterization and reduce exploration risk. The approach describes seismic 
amplitudes as properties of rock and pore fluids by studying amplitude variations with offset 
for pre-stack seismic data along a reflector (Avseth, 2015).  

Amplitude versus offset / angle is related to the contrast in P- and S-wave velocities (polarized 
in the vertical direction) across an interface. The primary objective is to prove hydrocarbons, 
which is possible due to the amplitude changes that occur during fluid change (water to 
hydrocarbon), hence it is termed a direct hydrocarbon indicator (DHI). The contrast in 
Poisson´s ratio has a large control on the amplitude change that occurs with offset (Simm and 
Bacon, 2014). Still, the approach suffers limitations due to effects of lithology, tuning, and 
overburden that may cause inaccurate or false anomalies (Avseth, 2015). The technique works 
best in case of young and poorly consolidated sediments. 

3.6.1 Fundamentals / Generation of a synthetic seismogram 

A seismic trace is the convolution of a seismic pulse with a reflectivity coefficient associated 
with rock property differences across a rock boundary. Rock properties are measured as 
acoustic impedance (AI), the product of velocity (Vp) and bulk density (r). The formula for 
reflectivity is stated in Equation 3.49 and is valid for normal incidence. AI1 is the acoustic 
impedance on the side of the boundary where the incident wave hits, while AI2 is the acoustic 
impedance on the side of the boundary where the wave is transmitted. Reflectivity can be both 
positive or negative and controls whether the seismic amplitude is displayed as a trough or a 
peak. 

𝑅(0) = °=N,°=O
°=Nn°=O

= TUN[N,TUO[N
TUN[NnTUO[N

   Eq. 3.49 

Where R(0) = zero offset reflectivity, AI = acoustic impedance of layer 1 or 2, Vp = P-wave 
velocity of layer 1 or 2, and ρ = density of layer 1 or 2. 

AVO responses can be extracted from well log data by the generation of synthetic seismic. The 
procedure is illustrated in Figure 3.26. Synthetic data requires information about the shape of 
the seismic pulse and a calculated reflectivity series. The reflectivity series are calculated from 
the sonic (P-wave) and the density logs. The sonic and the density logs are multiplied and 
combined to create an impedance log (AI = r ´ Vp). From the impedance log, the reflectivity 
series are produced, utilizing Equation 3.49. Reflectivity is then convolved with a certain 
wavelet (e.g. Ricker wavelet selected for this thesis) to generate synthetic seismic data.  
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Figure 3.26: Illustrating how synthetic seismic are created from well log data by convolution 
between a reflectivity series and an input zero phase symmetrical wavelet with positive 
standard polarity (elements in the figure are taken from Simm and Bacon, 2014). 

A wavelet is a mathematical function applied to distribute an input function into various 
frequency components along a matching scale (Mondol, 2015). A recorded seismic pulse 
generally exhibits three dominant loops. The shape may vary according to the nature of the 
source, the geology or other factors. If nothing has been done to the wavelet, either changing 
its timing or shape, the recorded wavelet begins at time zero and the wavelet is causal (Fig 
3.27). A problem with the application of causal wavelets is the time lag between the position 
of the reflector (impedance contrast) and the energy related to the boundary reflection; hence 
it is hard to correlate seismic to geology. Processing steps are executed in order to transform 
the seismic wavelet to a concentrated symmetrical shape (Fig 3.27), where the time lag is 
removed and energy is placed at the position of the boundary. Consequently, a processed 
wavelet is beneficial for interpretation purposes as it is well correlated to geology (Simm and 
Bacon, 2014). 

Figure 3.27 illustrates the causal and the processed wavelet. Two different polarity conventions 
are shown for the processed wavelet and a choice of polarity convention is required. In this 
study, a peak is represented by a positive reflection coefficient, following positive standard 
polarity referred to in Sheriff and Geldart (1995). 

 

Figure 3.27: Causal wavelet versus symmetrical wavelet and polarity convention (modified 
from Simm and Bacon, 2014). 

Synthetic seismic should be generated from a statistical wavelet extracted from the actual 
seismic data. However, when such information is unavailable, an idealized symmetric wavelet 
is applied. Several idealized wavelets exist. The Ricker wavelet is applied in this study, which 
has a single central frequency and two side lobes. In Hosken (1988) the application of the 
Ricker wavelet is not advised due to the peaked amplitude spectrum, different from the flat-
topped amplitude spectrum in real seismic data. Regardless, due to the simplicity and because 
no seismic data are available to create well to seismic ties, the Ricker wavelet is used. 
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Upscaling of well logs is required before synthetic seismic can be generated, meaning that 
values need to be averaged into sample intervals to better fit seismic frequency. The procedure 
is discussed further in chapter 6. When the synthetic data are created for zero offset, it is 
important to keep in mind that wavelets from individual reflectors may interact if the seismic 
wavelet is longer than the spacing between reflectors. Tuning is the interactions between 
amplitudes, both destructively and constructively due to overlapping (closely spaced) 
reflections (SEG, 2016). The tuning thickness defines vertical resolution and is established 
based on the P-wave velocity and the wavelength: 

𝑇𝑢𝑛𝑖𝑛𝑔	𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = ¹
�
  Eq. 3.50 

𝜆 = TU
�d

     Eq. 3.51 

𝐹� =
H
$
     Eq. 3.52 

Where l = Wavelength [m], Fd = Dominant frequency [Hz], Vp = P-wave velocity [m/s], T = 
Period [seconds from trough to trough or peak to peak]. 

Interference is illustrated through a 3-layer wedge model, with impedance contrasts (Fig. 3.28). 
Think about it as a sand wedge (layer 2) surrounded by shale (layer 1 and 3) where the reflection 
coefficient has opposite polarity on top and base of the sand layer. A zero offset Ricker wavelet 
at 30 Hz frequency is used (SEG, 2016). 

The figure illustrates the problem of separating the top and base of close reflectors. With 
sufficient wedge thickness (above 40 m), there is a good separation between the top and base 
reflectors and the amplitudes are constant. But when the sand is thinner (below 40 m), the 
trough and peak amplitudes constructively interfere and overestimates. Amplitude variation 
with sand thickness is illustrated in the tuning curve. The maximum amplitude is at tuning 
thickness (17 m in the example) where the top and base reflector starts to become 
indistinguishable from each other. Below tuning thickness (thinner sand layer than 17 m), 
amplitudes decrease by destructive interference (SEG, 2016). 

 

Figure 3.28: Wedge model illustrating vertical seismic resolution and constructive- and 
destructive interference (modified from SEG, 2016). 
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In another case, if the polarity of the base and the top layer is similar, for example in an angular 
unconformity setting, reflection becomes a single loop at tuning thickness with constructive 
interference and amplitude increase below tuning thickness (Simm and Bacon, 2014). The key 
message is that reflections from the top of a reservoir sand compared to a cap rock shale are 
not only dependent on the interface impedance contrast but also the layering close to the 
boundary. 

3.6.2 Angle / offset dependent reflection coefficient  

In the previous section (3.6.1), synthetic seismic was generated from zero offset. In this section, 
incidence angles are introduced and the S-wave is taken into account. The section will to a 
large extent emphasize real seismic, to understand the principle of synthetic seismic.  

When a seismic source emits a pulse into the subsurface, reflections and refractions occur at 
the boundary of sedimentary layers due to impedance-contrasts. From an angled incident P-
wave at a layer interface, four types of waves are generated: A reflected P-wave, reflected S-
wave, refracted P-wave and refracted S-wave (Fig. 3.29). S-waves are generated due to mode 
conversion (Gelius and Johansen, 2010; Mondol, 2015). 

 
Figure 3.29: Reflected and refracted P- and S-waves generated at an interface from an incident 
P-wave (modified from Mondol, 2015). 

The angle of incidence (θ1) is the angle between the normal to the interface and the incident P-
wave. The angle of reflection is the same as the angle of incidence (θ3 = θ1) in an isotropic 
media case. The angle of refraction (θ2) varies with the velocity of the wave in the layer below, 
according to Snell´s law (Gelius and Johansen, 2010; Mondol, 2015): 
 

»¼½ ¾O
TO

= »¼½ ¾N
TN

   Eq. 3.53 

 
Where V1 = velocity of media 1, V2 = velocity of media 2, sin θ1 = sine of the incidence angle, 
and sin θ2 = sine of the refracted angle.  

The law describes the change of the wave-front direction that occurs when a wave travels across 
an interface of two media with different velocities. In a fluid-solid interface (e.g. seafloor) S-
waves will not be present in the fluid part. 
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The calculation of the reflection coefficient for a layer interface at zero offset (normal 
incidence) is stated in Equation 3.49. For incidence that comes at any angle (θ), the P-wave 
reflection coefficient can be expressed by the Zoeppritz (1919) equation. The Zoeppritz 
equation are very complicated, therefore many approximations have been made to make the 
equation more intuitive. A popular three-term approximation has been developed by Aki and 
Richards (1980). The approximation has been re-formulated by Wiggins et al. (1983). The 
equation is: 
 

𝑅(𝜃) = 𝐴 + 𝐵𝑠𝑖𝑛:𝜃 + 𝐶𝑠𝑖𝑛:𝜃𝑡𝑎𝑛:𝜃   Eq. 3.54 

 
Description of terms are given below: 
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∆𝑉i = 𝑉i: − 𝑉iH ∆𝑉3 = 𝑉3: − 𝑉3H ∆𝜌 = 𝜌: − 𝜌H 

 
Term A (AVO intercept) is the reflection coefficient at zero angle. Term B (AVO gradient) 
expresses the effect of shear velocity at an angle of incidence. Term C represents the curvature 
of the amplitude response, close to the critical angle. The third term can be neglected to give 
the Shuey (1985) simple linear regression equation. This approach is only valid for a limited 
range of angles (generally accepted to 30° angle of incidence) (Simm and Bacon, 2014). 
 

𝑅(𝜃) = 𝐴 + 𝐵𝑠𝑖𝑛:𝜃   Eq. 3.55 

 
3.6.3 AVO classification of reservoir sands  
 
Multiple models exist for amplitude interpretations. Single interface AVO plots are used in this 
study. Vp, Vs and r for the upper and lower layer of an impedance boundary are input values 
to the Zoeppritz equation algorithm (integrated in the Hampson Russell software) which 
produces a graph of the reflection coefficient (amplitude) versus angle of incidence. 
 
The AVO gradient is the calculation of the slope of amplitude change with sin2q. A positive 
AVO gradient describes a gradually more positive amplitude with offset and a negative AVO 
gradient describes a gradually more negative amplitude with offset. The negative gradients are 
associated with a positive S-wave velocity contrast, which means that the Vs in the upper layer 
is lower. The positive gradients are associated with a negative S-wave velocity contrast, which 
means that the Vs in the upper layer is higher (Simm and Bacon, 2014). The AVO response 
can be divided into a number of classes representing a shale to gas sand interface, as seen in 
Figure 3.30. 
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Figure 3.30: 4 classes of gas sand and their amplitude behavior as a function of angle of 
incidence (modified from Simm and Bacon, 2014). 

3.6.3.1 Class 1 anomalies 

A Class 1 AVO is characterized by a positive impedance contrast and a negative gradient. The 
impedance of sand is larger than the impedance of shale. Class 1 is often associated with 
onshore moderately- to highly compacted, mature sands (Gelius and Johansen, 2010). 

3.6.3.2 Class 2 anomalies 

A Class 2 AVO is characterized by a small impedance contrast of either positive (Class 2p) or 
negative (Class 2) value. The gradient is negative and at far offset the reflection coefficient is 
negative and large. Class 2p includes a phase reversal. Class 2 and 2p is often associated with 
moderately compacted and consolidated sediments, both onshore and offshore (Gelius and 
Johansen, 2010; Simm and Bacon, 2014). 

3.6.3.3 Class 3 anomalies 

A Class 3 AVO is characterized by a large negative impedance contrast and a negative gradient. 
Class 3 is associated with marine environments and the sands are typically unconsolidated. In 
stacked seismic data, Class 3 can be seen as a bright spot. There is no definition of where the 
transition between a Class 2 and a Class 3 response is. It depends on the definition of “close to 
zero intercept”, which can be basically no amplitude (Gelius and Johansen, 2010; Simm and 
Bacon, 2014). 

3.6.3.4 Class 4 anomalies 

A Class 4 AVO is characterized by a large negative impedance contrast and a positive gradient. 
It is associated with a marine environment and unconsolidated sands (Gelius and Johansen, 
2010). 

A plot of the amplitude as a function of angle (Fig. 3.30) is convenient for describing and 
visualizing the AVO response, yet, when a lot of data are analyzed, the I-G (Intercept versus 
Gradient) crossplot is preferred. In the I-G crossplot the intercept and gradient value can be 
plotted as a single point and the AVO classes populate specific areas of the plot (Fig. 3.31). 
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Figure 3.31: AVO Intercept versus AVO Gradient (I-G) crossplot and discrimination between 
the four classes of gas sand (modified from Simm and Bacon, 2014). 

A rising AVO (increasing amplitude with offset) does not necessarily mean pay, as brine sand 
can show a similar response. The geological context is of great importance and the response 
must therefore be tested against models built for various scenarios (e.g. various fluids, 
saturations, shale content and/or porosities). In many cases, the relative change in AVO 
response is more important than the class (Simm and Bacon, 2014). 

Considering the shale-hydrocarbon sand setting, there are also base reflections associated with 
the base of sand and the fluid contact within the sand. These AVO responses generally have a 
positive gradient. A positive AVO intercept with a positive gradient is the typical response for 
hydrocarbon contacts (Fig. 3.32, left). The base of brine sand, however, can have many 
different responses as seen on the right side of Figure 3.32. Similarly, to the hydrocarbon 
contact, the positive amplitude may increase with offset, but in this case, the gradients are 
typically low. As lithological changes with a positive intercept often have a negative gradient 
(Class 1), the base reflector can be a good indicator for hydrocarbon contacts. In real data, the 
AVO characteristics of fluid contacts may be disrupted by interference between the fluid 
contact and bedding, or simply the decay of amplitude with offset (Simm and Bacon, 2014). 

 

Figure 3.32: Typical GWC (Gas-Water-Contact) AVO response (left) and possible base of sand 
responses (right) (modified from Simm and Bacon, 2014). 
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Chapter 4 Petrophysical Analysis 

4.1 Results 
Results from the petrophysical analysis are presented in this subchapter. Properties are 
summarized in tables for reservoir- or pay zones for all Triassic-Jurassic sequences (i.e. Stø, 
Nordmela, Tubåen, Fruholmen and Snadd Formations) with reservoir potential and discussed 
individually. The complete display of well logs for all studied wells are found in the appendix 
(Appendix B.1-B.5). There are some limitations: Snadd Formation is only partly available from 
three wells (7220/8-1, 7220/4-1 and 7220/2-1) in this study and not present in the remaining 
two wells (7220/5-1 and 7220/5-2). Fruholmen Formation is not available in well 7220/5-2 
(Nunatak) and only partly available in well 7220/5-1 (Skrugard Appraisal). Tubåen Formation 
is only partly available in well 7220/5-2 (Nunatak). The Nordmela and the Stø Formations are 
available in all five wells. Consult Table 2.1 or Figure 2.9 for a general overview of studied 
wells. 
 
Thickness maps extracted by convergent interpolation in Petrel for all target reservoir units 
(except for the Snadd Formation due to the lack of data) are illustrated in Figure 4.1. The maps 
are created purely on well top data from the five wells in the study area and are consequently 
highly uncertain. Strong local variations are likely, due to the complex fault systems in the 
area. The thickness maps provide a general regional overview of thickness variations of target 
reservoir units. 
 

 
Figure 4.1: Thickness maps from left to right: Stø-Nordmela (8 increments), Nordmela-Tubåen 
(8 increments), Tubåen-Fruholmen (20 increments), Fruholmen-Snadd (30 increments). Well 
locations, structural elements, and discoveries are shown to the right. 
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Shale volume (Vsh) is estimated from the gamma ray log and calibrated by Larionov´s equation 
(old rocks). Results are quality controlled by the shale volume from the neutron-density log. 
Effective porosity (fe) is estimated from the neutron-density combination. Water saturation 
(Sw) is computed by Archie´s equation. The cutoff values for net reservoir are set to <= 0.5 for 
shale volume and >= 0.06 for effective porosity. The cutoff value for net pay is set to <= 0.6 
for water saturation. Net reservoir and net pay intervals below 1 m are also neglected. Potential 
pay and reservoir zones are identified and compiled in Table 4.1 based on these criteria.  
 
Reservoir zones above 1 m are identified in all encountered formations from all wells. The 
amount of pay zones are less and mostly found in the Stø and the Nordmela Formations. No 
pay zones were identified in the Tubåen Formation, while small pay zones occur in the 
Fruholmen and Snadd Formations for well 7220/4-1 only. 
 
Table 4.1: Reservoir zones, pay zones and hydrocarbon content in target formations from all 
five wells. 

Well Formation Reservoir zone Pay zone HC 

7220/2-1 

Stø ü ü Gas 
Nordmela ü ü Gas (+ Oil leg) 
Tubåen ü û - 
Fruholmen ü û - 
Snadd ü û - 

7220/5-1 

Stø ü ü Gas + Oil 
Nordmela ü û - 
Tubåen ü û - 
Fruholmen - - - 
Snadd - - - 

7220/5-2 

Stø ü û - 
Nordmela ü û - 
Tubåen - - - 
Fruholmen - - - 
Snadd - - - 

7220/4-1 

Stø ü ü Gas 
Nordmela ü ü Gas 
Tubåen ü û - 
Fruholmen ü ü Gas 
Snadd ü ü Gas 

7220/8-1 

Stø ü ü Gas + Oil 
Nordmela ü ü Oil 
Tubåen ü û - 
Fruholmen ü û - 
Snadd ü û - 

 
Shale volume terminologies (assuming that only sand and shale are present): 

• 0-25 % is sand 
• 25-50 % is shaly sand 
• 50-75 % is sandy shale 
• 75-100 % is shale 
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Porosity terminologies regarding a hydrocarbon reservoir: 
• 0-5 % is insignificant  
• 5-10 % is poor 
• 10-15 % is fair 
• 15-20 % is good 
• 20-25 % is excellent 

 
Permeability terminologies regarding a hydrocarbon reservoir: 

• 1-10 mD is poor 
• 10-100 mD is good 
• 100-1000 mD is excellent 

 
Wells in this chapter and the following chapters are often denoted by their discovery name such 
as 7220/8-1 (Skrugard), 7220/5-2 (Nunatak), 7220/4-1 (Kramsnø) and 7220/2-1 (Isfjell). Well 
7220/5-1 is denoted “Skrugard Appraisal”. The northern part of the study area refers to well 
7220/2-1 (Isfjell). The western part refers to well 7220/4-1 (Kramsnø) and the east and south-
eastern part refer to wells 7220/5-2 (Nunatak), 7220/5-1 (Skrugard Appraisal), and 7220/8-1 
(Skrugard). Depth represents “Measured Depth relative to Kelly Bushing” [m MDKB], unless 
other is stated. 
 
4.1.1 Stø Formation 

Results from the petrophysical analysis of the Stø Formation are compiled in Table 4.2. The 
well log interval of well 7220/8-1 (Skrugard) is shown in Figure 4.2 with indicated pay- and 
reservoir zones. The thickness ranges from 78 to 26 m, where the thickest Stø Formation is 
located in the south-east. Further to the west and to the north, the thickness decreases 
significantly (Fig. 4.1). 

 
Figure 4.2: The Stø Formation in well 7220/8-1 (Skrugard). The Fuglen Formation is above 
and the Nordmela Formation is below the Stø Formation. 

The average shale volume for Stø reservoirs varies between 4.9 % and 12.6 %. The lowest 
shale volume is identified in the southern wells (all below 9 %) and the highest shale volume 
in the north (7220/2-1, Isfjell). The same trend is observed for net-to-gross (N/G) where all the 
southern wells exhibit high N/G ratios of about 90 %. Well 7220/2-1 (Isfjell) has a slightly 
lower N/G, averaging 55.2 %. Average porosity values range from 9.2 % to 21.8 %. The highest 
values are located in the southeastern wells 7220/8-1 (Skrugard), 7220/5-1 and 7220/5-2 
(Nunatak), all above 20 %. Porosity decreases towards the north and west in wells 7220/2-1 
(Isfjell) and 7220/4-1 (Kramsnø), averaging 13.5 % and 9.2 %, respectively.  
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Pay zones are identified in all studied wells (except well 7220/5-2, Nunatak) and are presented 
below: 
 

• 7220/8-1 (Skrugard): 66.55 m with 11.7 % average water saturation. 
• 7220/5-1 (Skrugard Appraisal): 53.19 m with 19.1 % average water saturation. 
• 7220/2-1 (Isfjell): 23.29 m with 27.1 % average water saturation. 
• 7220/4-1 (Kramsnø): 22.89 m with 25.5 % average water saturation. 

 
Table 4.2: Reservoir properties (average) of the Stø Formation. Depth is given in meter [m 
MDKB]. R = Reservoir. P = Pay. F = Fraction. N = Net. G = Gross. Vsh = Volume of shale. fe 
= Effective porosity. Sw = Saturation of water. 

STØ FORMATION 

Well FM depth Gross 
[m] 

Net [R] 
[m] 

N/G 
[R] [F] 

Vsh [R] 
[F] 

fe [R] 
[F] 

Net [P] 
[m] 

Sw [P] 
[F] 

7220/8-1 1276-1354 78 68.84 0.883 0.066 0.214 66.55 0.117 
7220/5-1 1337-1415 78 69.34 0.889 0.084 0.218 53.19 0.191 
7220/5-2 1532-1606 74 67.55 0.913 0.049 0.207 - - 
7220/2-1 828-873 45 24.82 0.552 0.126 0.135 23.29 0.271 
7220/4-1 2267-2293 26 24.56 0.945 0.062 0.092 22.89 0.255 

 
4.1.2 Nordmela Formation 

Results from the petrophysical analysis of the Nordmela Formation are compiled in Table 4.3. 
The well log interval of well 7220/8-1 (Skrugard) is shown in Figure 4.3 with indicated pay- 
and reservoir zones. The thickness ranges from 112 to 163 m. Similar to the Stø Formation, the 
thickest Nordmela Formation is located in the south-east and decreases towards the north and 
west (Fig. 4.1). 

 
 
Figure 4.3: The Nordmela Formation in well 7220/8-1 (Skrugard). Stø Formation is above and 
the Tubåen Formation is below the Nordmela Formation. 
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About double the amount of shale is observed in Nordmela Formation compared to Stø 
Formation in reservoir zones. Average shale volume varies between 12.6 % and 22.6 % where 
the lowest shale volume is found in the west (well 7220/4-1). The Nordmela Formation from 
well 7220/4-1 exhibit a poor N/G reservoir ratio of only 25.4 %, due to low porosity. The rest 
of the wells show N/G of about 60-80 %. Average porosity values for reservoirs varies between 
9.7 % and 21.9 %, pretty much identical to Stø Formation. Wells 7220/8-1 (Skrugard) and 
7220/2-1 (Isfjell) farthest to the north and south, respectively, features the highest porosity 
values (above 20 %). Intermediate values are found in well 7220/5-1 and 7220/5-2 (14-17 %). 
 
Table 4.3: Reservoir properties (average) of the Nordmela Formation. Depth is given in meter 
[m MDKB]. R = Reservoir. P = Pay. F = Fraction. N = Net. G = Gross. Vsh = Volume of shale. 
fe = Effective porosity. Sw = Saturation of water. 

NORDMELA FORMATION 

Well FM depth Gross 
[m] 

Net [R] 
[m] 

N/G 
[R] [F] 

Vsh [R] 
[F] 

fe [R] 
[F] 

Net [P] 
[m] 

Sw [P] 
[F] 

7220/8-1 1354-1511 157 98.65 0.628 0.147 0.219 30.53 0.236 
7220/5-1 1415-1578 163 121.39 0.745 0.226 0.167 0 - 
7220/5-2 1606-1763 157 127.98 0.815 0.159 0.143 - - 
7220/2-1 873-992 119 70.67 0.594 0.172 0.210 1.83 0.380 
7220/4-1 2293-2405 112 28.56 0.254 0.126 0.097 27.43 0.327 

 
Pay zones are identified in all wells (except well 7220/5-2 and well 7220/5-1) and are presented 
below: 
 

• Well 7220/8-1 (Skrugard): 30.53 m with 23.6 % average water saturation. 
• Well 7220/2-1 (Isfjell): 1.83 m with 38.0 % average water saturation. 
• Well 7220/4-1 (Kramsnø): 27.43 m with 32.7 % average water saturation. 

 
4.1.3 Tubåen Formation 

Results from the petrophysical analysis of the Tubåen Formation are compiled in Table 4.4. 
The well log interval of well 7220/8-1 (Skrugard) is shown in Figure 4.4 with indicated pay- 
and reservoir zones. The thickness ranges from 108 to 121 m. The thicknesses are overall very 
similar, yet poorly imaged in Figure 4.1. Data is not available for well 7220/5-2 (Nunatak) (the 
last formation penetrated). 
 
Average shale volume for reservoirs varies between 8.2 % and 19.2 % where the lowest shale 
volume is detected in the south-west at wells 7220/8-1 (Skrugard) and 7220/4-1 (Kramsnø), 
and the highest shale volume at 7220/2-1 (Isfjell) in the north. Wells 7220/8-1 (Skrugard) and 
7220/5-1 (Skrugard Appraisal) exhibit the highest net-to-gross reservoir ratios (96.2 % and 
87.0 %, respectively), followed by wells 7220/4-1 (Kramsnø) and 7220/2-1 (Isfjell) (82.4 % 
and 75.4 %, respectively). Average porosity values for reservoirs varies between 11.9 % and 
26.4 %. The highest values are identified in wells 7220/8-1 (Skrugard) and 7220/5-1 (Skrugard 
Appraisal) and also at well 7220/2-1 (Isfjell). Like the Stø and Nordmela Formations, the 
porosity is worse at 7220/4-1 (Kramsnø). No pay zone was identified in the Tubåen Formation. 
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Figure 4.4: The Tubåen Formation in well 7220/8-1 (Skrugard). The Nordmela Formation is 
above and the Fruholmen Formation is below the Tubåen Formation. 

Table 4.4: Reservoir properties (average) of the Tubåen Formation. Depth is given in meter [m 
MDKB]. R = Reservoir. P = Pay. F = Fraction. N = Net. G = Gross. Vsh = Volume of shale. fe 
= Effective porosity. Sw = Saturation of water. 

TUBÅEN FORMATION 

Well FM depth  Gross 
[m] 

Net [R] 
[m] 

N/G 
[R] [F] 

Vsh [R] 
[F] 

fe [R] 
[F] 

Net [P] 
[m] 

Sw [P] 
[F] 

7220/8-1 1511-1628 117 112.56 0.962 0.082 0.264 0 - 
7220/5-1 1578-1695 117 101.76 0.870 0.130 0.234 0 - 
7220/5-2 1763-1780 

(end) 
17 - - - - - - 

7220/2-1 992-1113 121 91.18 0.754 0.192 0.213 0 - 
7220/4-1 2405-2513 108 89.00 0.824 0.097 0.119 0 - 

 

4.1.4 Fruholmen Formation 

Results from the petrophysical analysis of the Fruholmen Formation are compiled in Table 4.5. 
A well log interval of well 7220/8-1 (Skrugard) is shown in Figure 4.5 with indicated pay- and 
reservoir zones. The thickness ranges from 425 to 494 m with the thickest succession in wells 
7220/8-1 (Skrugard) and 7220/4-1 (Kramsnø), and is slightly thinner in the north at well 
7220/2-1 (Isfjell). The thicknesses are overall very similar, yet poorly imaged in Figure 4.1. 
Data is not available for well 7220/5-2 (Nunatak) and only partly available for well 7220/5-1 
(Skrugard Appraisal). 
 
Average shale volume for reservoirs varies between 23.1 % and 36.6 % where the lowest shale 
volume is detected in the south-west at wells 7220/4-1 (Kramsnø) and 7220/8-1 (Skrugard). 
The shale volume is higher towards the north at wells 7220/5-1 (Skrugard Appraisal) and 
7220/2-1 (Isfjell). N/G ratios vary between 54.9 % and 8.8 % with higher values at wells 
7220/8-1 (Skrugard) and 7220/2-1 (Isfjell), and lower values at wells 7220/4-1 (Kramsnø) and 
7220/5-1 (Skrugard Appraisal). The same directional trend is observed for porosity. Average 
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porosity values for reservoirs range from 9.3 % to 15.8 %. Net pay is only identified in 
Kramsnø (4.42 m with 48.9 % average water saturation). 
 

 
 
Figure 4.5: Fruholmen Formation in well 7220/8-1 (Skrugard). Three zones: Possible shaly 
Krabbe Member on top, sandy Reke Member in the middle and shaly Akkar Member at the 
base. The Tubåen Formation is above and the Snadd Formation is below the Fruholmen 
Formation. 

Table 4.5: Reservoir properties (average) of the Fruholmen Formation. Depth is given in meter 
[m MDKB]. R = Reservoir. P = Pay. F = Fraction. N = Net. G = Gross. Vsh = Volume of shale. 
fe = Effective porosity. Sw = Saturation of water. 

FRUHOLMEN FORMATION 

Well FM depth  Gross 
[m] 

Net [R] 
[m] 

N/G 
[R] [F] 

Vsh [R] 
[F] 

fe [R] 
[F] 

Net [P] 
[m] 

Sw [P] 
[F] 

7220/8-1 1628-2122 494 271.34 0.549 0.247 0.158 0 - 
7220/5-1 1695-1740 

(end) 
45 6.06 0.135 0.366 0.109 0 - 

7220/5-2 - - - - - - - - 
7220/2-1 1113-1538 425 215.40 0.507 0.325 0.131 0 - 
7220/4-1 2513-2990 477 41.91 0.088 0.231 0.093 4.42 0.489 
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4.1.5 Snadd Formation 

Results from the petrophysical analysis of the Snadd Formation are compiled in Table 4.6. A 
typical well log interval of well 7220/8-1 (Skrugard) is shown in Figure 4.6 with indicated pay- 
and reservoir zones. The thickness of the Snadd Formation is uncertain, because no wells are 
penetrating through the entire formation. Data is not available for well 7220/5-2 (Nunatak) and 
well 7220/5-1 (Skrugard Appraisal). 
 

 
 
Figure 4.6: Snadd Formation in well 7220/8-1 (Skrugard). The Fruholmen Formation is above 
the Snadd Formation. 

Average shale volume for reservoirs varies between 19.7 % and 23.2 %. Lowest shale volume 
is identified at well 7220/4-1 (Kramsnø) in the west, but the well also yields the lowest net-to-
gross reservoir ratio and porosity. Average porosity values for reservoirs varies between 12.3 
% and 17.4 %. A net pay interval of 19.51 m is located at well 7220/4-1 (Kramsnø) with 
average water saturation of 32.5 %. Wells 7220/2-1 (Isfjell)  and 7220/8-1 (Skrugard) exhibit 
very similar reservoir properties.  
 
Table 4.6: Reservoir properties (average) of the Snadd Formation. Depth is given in meter [m 
MDKB]. R = Reservoir. P = Pay. F = Fraction. N = Net. G = Gross. Vsh = Volume of shale. fe 
= Effective porosity. Sw = Saturation of water. 

SNADD FORMATION 

Well FM depth  Gross 
[m] 

Net [R] 
[m] 

N/G 
[R] [F] 

Vsh [R] 
[F] 

fe [R] 
[F] 

Net [P] 
[m] 

Sw [P] 
[F] 

7220/8-1 2122-2222 
(end) 

100 37.94 0.379 0.232 0.166 0 - 
7220/5-1 - - - - - - - - 
7220/5-2 - - - - - - - - 
7220/2-1 1538-1594 

(end) 
56 18.69 0.334 0.232 0.174 0 - 

7220/4-1 2990-3240 
(end) 

250 47.85 0.191 0.197 0.123 19.51 0.325 
 
4.1.6 Estimates of permeability 

Identification of permeable zones are primarily done qualitatively through the identification of 
mudcake from the caliper log (caliper < bit size, indicating permeable rock) or by studying the 
separation between the resistivity curves (which reflects infiltration of mud filtrate, and thereby 
permeability). Permeability has also been quantified indirectly through various relationships 
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(e.g. Timur and Morris Biggs oil and gas equations). An example is shown in Figure 4.7 for 
the Stø Formation of well 7220/5-1 (Skrugard Appraisal). Excellent to good, and continuous 
permeable zones are observed in the two lower hydrocarbon filled reservoir compartments. 
Permeability measurements in the upper part are alternating between good, poor and negligible. 
Permeability from the Timur equation or the Morris Biggs oil equation are applied in case of 
oil and the Morris Biggs gas equation are used in case of gas. A good correlation is seen 
between the Timur and the Morris Biggs oil equation, especially when the porosity is high (Fig. 
4.8). Permeability is integrated in discussions in the next subchapter. 
 

 
Figure 4.7: Example of permeability prediction from well 7220/5-1 (Skrugard Appraisal), 
where PERMT (blue) = permeability using the Timur equation, PERMO (green) = permeability 
using the Morris Biggs oil equation, and PERMG (red) = permeability using the Morris Biggs 
gas equation. 

 

 
 

Figure 4.8: Porosity versus permeability, where PERMT = blue, PERMO = green, and PERMG 
= red. 

4.1.7 Depositional environment and clay minerals 

The type of dominating clay mineral has been determined in the thorium versus potassium 
crossplots (Figs. 4.9-4.11) where spectral gamma ray data are available (wells 7220/8-1, 
7220/5-1 and 7220/4-1). The template has been digitized from Glover (2016).  
 
For well 7220/8-1 (Fig. 4.9), the clay content in the Stø Formation ranges from feldspar to 
chlorite / kaolinite, with the highest abundance within smectite. Small amounts of feldspar, 
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mica, and glauconite may overestimate the shale volume slightly. Nordmela Formation 
contains mainly illite as clay mineral but also yields a high abundance of mica and glauconite 
which may overestimate the shale volume more compared to the Stø Formation. The cap rocks 
plot mainly between mixed layer clays and smectite. 
 

 
Figure 4.9: Clay minerals in various formations of well 7220/8-1 (Skrugard). 

For well 7220/5-1 (Fig. 4.10), the Stø Formation is overall shifted towards lower Th/K ratios, 
indicative of a lower degree of weathering and chemical maturity. No chlorite content or Th/K 
ratios higher than 12 are observed. The clay mineral content ranges from glauconite to smectite, 
however most data plot within illite / smectite regions. Nordmela Formation contains mainly 
illite but has also a large abundance of mixed layer clays and generally less mica and glauconite 
compared to well 7220/8-1 (Skrugard). The cap rocks plot mainly as mixed layer clays. Tubåen 
Formation plots similarly to Nordmela Formation, and the top of the Fruholmen Formation 
plots within mixed layer clays. 
 

 
Figure 4.10:  Clay minerals in various formations of well 7220/5-1 (Skrugard Appraisal). 
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For well 7220/4-1 (Fig. 4.11), the Stø Formation contains small amounts of mica, illite, and 
glauconite. Nordmela Formation plots mainly within the mixed layer clays and smectite region, 
with less illite than observed from the other wells and an overall higher Th/K ratio. The cap 
rocks plot mainly as mixed layer clays. Tubåen Formation contains primarily smectite in 
contrast to well 7220/5-1 (Skrugard Appraisal), where the formation plots over a large range 
of minerals with a lower Th/K ratio. Fruholmen Formation does not plot very different from 
well 7220/5-1 (Skrugard Appraisal), but the Th/K ratio is higher and the formation contains 
smectite and mixed layer clays. The Snadd Formation yields a wider spectrum of minerals, 
from glauconite to heavy Thorium-bearing minerals, but predominantly kaolinite and smectite. 
 

 
Figure 4.11: Clay minerals in various formations of well 7220/4-1 (Kramsnø). 

Most feldspar and the lowest Th/K ratios were overall identified in the southeastern well 
7220/8-1 (Skrugard), but with a wide range of minerals. The mineral distribution turns more 
constrained and the Th/K ratio overall higher towards the west in well 7220/4-1 (Kramsnø). 
Intermediate values are detected in well 7220/5-1 (Skrugard Appraisal) (3 km north of 
Skrugard). The directional trend may not be the same for Fruholmen and Snadd Formations, 
because the availability of data is less. Generally, the Stø Formation tends to be more 
chemically mature compared to the Nordmela Formation, and the Tubåen Formation plots very 
similar to the Nordmela Formation. 
 
Figure 4.12 shows a well section from well 7220/8-1 (Skrugard) with the spectral gamma ray 
logs and the Th/K and Th/U ratios. The Th/K ratio is used to determine clay minerals, mica, 
glauconite, and feldspar. The Th/U ratio is used to differentiate between reducing and oxidizing 
conditions (or transitions), or to discriminate between continental and marine environments. 
The ratios stated in chapter 3 by Klaja and Dudek (2016) have been employed for 
discrimination. 
 
Overall from well 7220/8-1 (Fig. 4.12) and well 7220/5-1 (Appendix B.6) in the south-east: 
The most frequent fluctuation between marine- and continental conditions are observed for the 
Stø Formation. To the west in well 7220/4-1 (Appendix B.7), the Stø Formation yields mainly 
marine conditions. The Nordmela Formation exhibits continental conditions in the upper part, 
while it is mainly marine in the deeper parts of all wells. Tubåen Formation is completely 
marine in well 7220/4-1 (Kramsnø) in the west, while evidence of continental environments 
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are found in several intervals of well 7220/5-1 (Skrugard Appraisal) in the south-east. 
Fruholmen Formation is largely marine in well 7220/4-1 (Kramsnø). Snadd Formation has also 
dominantly marine conditions, but continental environments are also observed and coincides 
with the positions of hydrocarbon reservoirs. Fruholmen Formation, on the other hand, shows 
no continental conditions within the hydrocarbon reservoir. 
 

 
 
Figure 4.12: Spectral gamma ray, Th/K [ppm/%] ratio and Th/U [ppm/ppm] ratio in well 
7220/8-1 (Skrugard) used for mineral and sedimentary environment discrimination. Examples 
from wells 7220/5-1 (Skrugard Appraisal) and 7220/4-1 (Kramsnø) are found in Appendix B.6 
and B.7, respectively. 

Oxidizing and continental conditions overlap. Almost no reducing conditions are found in well 
7220/4-1 (Kramsnø) (Appendix B.7). Wells 7220/5-1 (Skrugard Appraisal) and 7220/8-1 
(Skrugard) have reducing conditions in an approx. 20-30 m thick interval in the lower part of 
the Stø Formation in addition to some thinner intervals (Fig. 4.12 and Appendix B.6). 
Nordmela Formation exhibits reducing conditions in well 7220/8-1 (Skrugard), while well 
7220/5-1 (Skrugard Appraisal) is largely in transition or yields oxidizing conditions. Tubåen 
Formation in well 7220/5-1 (Skrugard Appraisal) also has reducing conditions in a thicker 
interval of approx. 15 m in addition to some thinner intervals. Marine and reducing conditions 
do often correlate well with glauconite / feldspar content, however, glauconite and feldspar are 
also identified in continental environments. Furthermore, kaolinite / chlorite content often 
correlate with continental / oxidizing conditions (with exceptions). Mixed layer clays are 
located in all environments, but are less common in reducing environments. 
 
4.2 Discussion  
This subchapter discusses the reservoir quality, hydrocarbon potential and depositional features 
of the individual formations, starting with the Jurassic reservoirs. A simple overview of average 
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values of the five reservoir units, including N/G reservoir ratio, shale volume, and porosity of 
reservoir intervals are illustrated in Figure 4.13.  

 

Figure 4.13: Reservoir property averages of studied formations from all five wells in the study 
area. 

4.2.1 Jurassic reservoirs 

All discoveries in the Jurassic succession are situated primarily in the Stø Formation, but the 
hydrocarbon column may extend into the Nordmela Formation below, due to the relatively thin 
thickness of the Stø Formation. A comparison between cores from the Stø and Nordmela 
Formations as well as two SEM images from Jabbar (2015) are visualized in Figures 4.14 and 
4.15 for well 7220/5-1 (Skrugard Appraisal). The Stø Formation is obviously cleaner than the 
Nordmela Formation. The Stø and the Tubåen Formations have the best reservoir properties 
overall (see Fig. 4.13). Stø Formation yields the lowest shale volume, while Tubåen Formation 
has the highest porosity and N/G ratio. Yet, the Tubåen Formation disappoints in terms of 
saturation and is dry in all wells. Compared to Stø and Tubåen Formations, reservoirs in the 
Nordmela Formation have worse reservoir quality, mainly due to the higher shale content in 
the reservoirs. The porosities are quite good, especially in the upper part of the formation where 
the shale volume tends to be lowest. 

 

Figure 4.14: Core photos from well 7220/5-1 (Skrugard Appraisal) showing large differences 
between the Stø and the Nordmela Formation (modified from Jabbar, 2015). 
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Figure 4.15: SEM images of a clean sandstone from the Stø Formation (1356 m, left) and a 
clay and mica-rich sandstone of the Nordmela Formation (1439.80 m, right) from well 7220/5-
1 (modified from Jabbar, 2015). 

4.2.1.1 Stø Formation 

During the deposition of the Stø Formation in the Toarcian, a global sea-level rise and 
transgression from the west lead to shallow marine conditions. In the southwestern Barents 
Sea, there was a change from floodplain environments to prograding coastal environments and 
the Stø Formation does generally comprise stacked shoreface deposits (Smelror et al., 2009). 
The gamma ray response in the Stø Formation is generally low and blocky (cylinder shaped) 
in the lowest part of the formation, with a slight increase and more irregular (mainly upwards 
coarsening) behavior in the upper part. Consequently, the formation contains clean sandstones 
in the lower part, with a minor increase in shale abundance in the upper part.  

An upwards coarsening succession may be characterized by shallow marine sandstones (e.g. 
marine shoreface or mouth bar deposits) (Bjørlykke, 2015b; Bjørlykke, 2015c). The upper part 
is interpreted by Watt et al. (2015) in the Johan Castberg area as a shoreface environment, 
where upwards coarsening sequences ranges from offshore transition to upper shoreface 
deposits. The lower part of the Stø Formation is characterized by sheet-like sand dominated 
mouth bars (Watt et al., 2015). 

Spectral gamma ray analysis placed the Stø Formation in a transition-zone between marine and 
continental conditions in the eastern wells 7220/5-1 (Skrugard Appraisal) and 7220/8-1 
(Skrugard) and more marine in the west (well 7220/4-1). The observation fits well with the 
assumption of eastward transgression and shallow marine conditions. Glauconite has also been 
identified in the formation (more abundant in the west), indicative of shallow water shelf 
environments. Wells 7220/5-1 (Skrugard Appraisal) and 7220/8-1 (Skrugard) is likely located 
in a proximal position close to the shoreline and well 7220/4-1 (Kramsnø) is situated in 
relatively deeper water towards the west (similar to Fig. 2.3, Toarcian and Fig. 2.7). 

NPD (2018b) states that regional transgressive events represented by shale or siltstone intervals 
are present in the Stø Formation. One such interval is interpreted from a distinct spike in the 
gamma ray log towards higher API, observed in the middle of the formation for the three 
southern wells (7220/8-1, 7220/5-1 and 7220/5-2), also coinciding with a with a positive 
separation (shale crossover) (Appendix B.1 – B.3). The zone has almost zero porosity and may 
separate reservoirs into two compartments. Wells 7220/8-1 (Skrugard) and 7220/5-1 (Skrugard 
Appraisal) also exhibit high resistivity values and a low transit time (high velocity). The 
gamma ray spike is followed by an upwards coarsening sequence, and considering the 
prograding coastal environment, a transgressional surface is likely. An example from well 
7220/8-1 (Skrugard) is shown in Figure 4.2. The spike is interpreted to be representative of a 
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strongly cemented hardground / condensed interval of a transgressional surface, due to the high 
velocity. 

The Stø Formation is capped by impermeable shales of the formation above, which may vary 
between different wells:  
 

• 7220/2-1 (Isfjell): Kolmule Formation.  
• 7220/4-1 (Kramsnø): Knurr Formation. 
• 7220/5-1 (Skrugard Appraisal): Fuglen Formation. 
• 7220/5-2 (Nunatak): Fuglen Formation. 
• 7220/8-1 (Skrugard): Fuglen Formation. 

 
Stø Formation yields good reservoir properties in all wells, except in well 7220/4-1 (Kramsnø) 
where the porosity is considerably lower. Due to the more irregular and shaly nature in the 
upper part of the formation, the distribution of reservoir and pay zones are often more 
discontinuous in the upper part and more continuous in the lower part. Still, qualified reservoir 
zones are identified over almost the entire formation for all wells.  

The resistivity log and the neutron-density separation are used to indicate hydrocarbon 
saturation. Moreover, the neutron-density logs and the velocity log are used to discriminate 
between oil and gas. A lower density and lower neutron reading is expected for gas compared 
to oil, and produces a larger negative separation. Also, waves travel faster through an oil-
saturated reservoir compared to a gas-saturated reservoir (assuming identical lithology) and a 
small drop in transit time is expected when transitioning from gas to oil (or oil to brine).  

Considerable amounts of hydrocarbons are found in the Stø Formation in 4 out of 5 wells (well 
7220/5-2, Nunatak, contains only water). The individual discoveries within the Stø and 
Nordmela Formations are discussed below: 

Skrugard Discovery: Top of gas (TG) is identified at 1275 m (Stø Formation) in well 7220/8-
1 (Skrugard), interpreted from the start of resistivity separation (Appendix B.1). According to 
NPD (2018b), the GOC (Gas-Oil-Contact) is located at 1312 m. The position is not clear, but 
a somewhat smaller neutron-density separation is observed at this position, establishing a 36 
m gas column. NPD (2018b) also claims that the OWC (Oil-Water-Contact) is located at 1395 
m, establishing an 83 m thick oil column. The exact position is not clear from the well log data, 
because oil shows occur below and there are no sharp changes in any indicative well logs. 
Significant oil shows are observed down to 1399 m.  

A major part of the oil column constitutes clean sandstones. More shale is identified in the gas 
column and in the oil column within the Nordmela Formation. A 4 m impermeable zone is 
located at 1375 m in the Nordmela Formation, trapping oil below in another compartment. The 
1 m spike at 1315 m in the Stø Formation is also impermeable and constitutes the second major 
compartment for the discovery. A petrophysical log and a seismic section are shown in Løseth 
et al. (2014) (Fig. 4.16). Formation tops, OWC and TG are indicated. The interpretation from 
Løseth et al. (2014) fits well with the results from well 7220/8-1 (Skrugard) in this study (Figs. 
4.2 and 4.3).  
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Figure 4.16: Petrophysical log and seismic section associated with well 7220/8-1 (Skrugard). 
In the petrophysical log the volume of shale = green, sand = yellow, hydrocarbon = red, and 
water = blue. The illustration is strongly modified, however, the raw data / results are the same 
(modified from Løseth et al., 2014). Scale or legend was not provided for both seismic and 
well section. 

Skrugard Appraisal: Top of gas is identified at 1337 m (Stø Formation) in well 7220/5-1 
(Skrugard Appraisal), interpreted from the start of resistivity separation (Appendix B.3). The 
GOC is located at 1365 m, due to a smaller neutron-density separation, combined with a 
decrease in travel time (increased velocity). The OWC is identified at 1412 m in the Stø 
Formation, also with an increase in velocity. Identical GOC and OWC depth are stated in NPD 
(2018b). The discovery does not extend into the Nordmela Formation below, as is the case for 
Skrugard. The gas column is 27 m and the oil column is 47 m thick. Pay zones are very 
discontinuous in the upper part. 

Kramsnø Discovery: Top of gas is identified at 2267 m (Stø Formation) in well 7220/4-1 
(Kramsnø), interpreted from the start of resistivity separation (Appendix B.4). The Stø 
Formation contains an about continuous record of lower water saturation / higher hydrocarbon 
saturation. More separated intervals are found in the Nordmela Formation. NPD (2018b) states 
that the GWC (Gas-Water-Contact) is established at 2400 m in the Nordmela Formation, based 
on MDT (Modular Dynamics Tester) pressure gradients. The log data shows no evidence for 
such a contact (Appendix B.4).  

Sufficient reservoir quality and pay zones are rare below 2366 m (lower part of Nordmela 
Formation). Here porosities are poor to negligible and saturated zones are discontinuous and 
thin. The neutron-density logs show dominantly shale crossover in addition to high gamma ray 
values indicating large amounts of shale. The permeability is low due to minor or no mudcake 
build-up (and traces of caving) and a lack of separation between the shallow and deep resistivity 
curves. 
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According to NPD (2018b), extensive quartz cementation has reduced the reservoir quality in 
the Stø, Nordmela and Tubåen Formations for this well. Quartz cementation is possible, even 
before uplift, because the transition zone (initiating quartz cementation) is located at 1833 m 
BSF (70 °C based on the current geothermal gradient) and the reservoirs are buried deeper than 
this (top Stø Formation also occurs at 1833 m BSF). Even higher cementation rates are likely 
due to even deeper burial before uplift. 

Compared to the Skrugard discovery (7220/8-1 and 7220/5-1) the shale volume is low in the 
Stø Formation in well 7220/4-1 (Kramsnø), but porosities is much less. Reservoirs are currently 
buried shallower and above the 70 °C transition zone for the Stø Formation in wells 7220/8-1 
(Skrugard) and 7220/5-1 (Skrugard Appraisal) and a high degree of cementation is less likely. 
Still, reservoirs have probably undergone some degree of quartz cementation for a limited 
amount of time, due to uplift. Cementation is reviewed in rock physics diagnostics in chapter 
5. 

Oil shows are reported to be present in the Nordmela and the Tubåen Formations by NPD 
(2018b). Without any other supporting evidence, the Kramsnø discovery may be gas-saturated 
due to tilting from uplift, which in theory could have spilled and re-migrated oil and gas 
towards the more shallow Skrugard discovery in the east. No water or gas samples were 
acquired due to a broken cable incident (NPD, 2018b) and Kramsnø gas can therefore not be 
correlated to Skrugard gas. 

Isfjell Discovery: Top of gas is identified at 828 m (Stø Formation) in well 7220/2-1 (Isfjell), 
interpreted from the start of the resistivity separation (Appendix B.5). NPD (2018b) states that 
the GOC is located at 912 m in the Nordmela Formation. The separation in the neutron-density 
log is decreased and very low and with a slightly lower transit time at this depth, but still with 
a separation in the resistivity log. The OWC is interpreted where the resistivity log is low and 
with no separation at 914 m, constituting a 2 m oil leg. Down to 922 m there are good 
indications of oil shows, also confirmed by NPD (2018b). 

NPD (2018b) claims that the discovered gas show no signs of biodegradation. Most significant 
uplift in the study area is observed in this well (estimated to be 1529 m). 80 °C may be enough 
to sterilize reservoirs from biodegradation (Wilhelms et al., 2011). 80 °C is occurring around 
2111 m BSF and top Stø Formation has been buried to 1888 m BSF before uplift (and not 
below 80 °C). This may indicate that the magnitude of uplift may have been even more 
significant, or gas could have been situated in a deeper compartment before uplift. As the top 
Stø Formation has been below 70 °C the reservoir may be slightly quartz cemented.  

The shallowest burial for the top Stø Formation and highest amount of uplift has led to a 
considerable removal of overburden and pressure release in the reservoir. This may have 
resulted in gas exsolution from oil, and also pushed oil below the spill point of the trap; thus 
increasing the gas to oil ratio. This might be the reason why there is a small oil leg left, from 
an otherwise gas-saturated reservoir. 

Nunatak Discovery: The Nunatak discovery is within the Knurr Formation (NPD, 2018b). 
NPD (2018b) states that stable carbon isotopes correlate well between the Skrugard gas and 
Nunatak gas. The well section for the Stø and Nordmela Formations are shown in Appendix 
B.2. 
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4.2.1.2 Nordmela Formation 

Nordmela Formation exhibits a highly irregular gamma ray pattern, generally with much higher 
values compared to Stø Formation. Pay zones are largely only present in the upper part of wells 
7220/8-1 (Skrugard) and 7220/4-1 (Kramsnø), while reservoir zones occur in all parts of the 
formation, but predominantly in the upper to middle parts.  

The Nordmela Formation yields mainly continental environments in the upper part of wells 
(7220/8-1, 7220/5-1 and 7220/4-1) based on spectral gamma ray analysis. More marine 
environments are observed in the lower part. Both upwards coarsening and upwards fining 
sequences are identified, as well as more blocky trends. The formation is typically more sandy 
in the upper part, with dominantly upwards coarsening successions. An up to about 5 m thick 
high gamma ray, shaly interval followed by an upwards coarsening succession is a typical 
feature that occurs in the upper part of the formation (seen in wells 7220/5-1, 7220/8-1 and 
7220/5-2, and also to some extent in well 7220/4-1). Serrated to partly upwards fining 
successions occur in the lower part.  

Deltaic mouth bar and bay fill environments are reported by Watt et al. (2015) in the study 
area, while NPD (2018b) states that the formation is deposited in a tidal flat to floodplain 
environment with estuarine and tidal channels representing sandstone sequences. As more 
marine environments are indicated in the deeper parts, there has likely been a regression during 
the deposition of the formation. Watt et al. (2015) also states that the base of the Nordmela 
Formation is characterized by a freshwater lacustrine environment and that marine 
environment is more typical upwards. This contradicts the continental environments and 
possible regression in the upper part of Nordmela Formation seen in this study.  

4.2.1.3 Tubåen Formation 

Tubåen Formation demonstrates good reservoir quality in all studied wells that penetrate the 
formation but lacks net pay. Best properties are identified in wells 7220/8-1 (Skrugard) and 
7220/4-1 (Kramsnø), with a high sand content and reservoir potential almost continuously over 
the entire formation. The gamma ray signature is generally low, with several upwards fining 
intervals or more blocky trends. These features are both typical for tidal sand and fluvial 
channel deposits (Mondol, 2015). In the other wells (7220/2-1 and 7220/5-1) the shale volume 
are much higher and sudden pure shale, almost zero porosity intervals occur. These intervals 
are commonly found on top of upwards fining sequences and may separate reservoir zones.  
 
Tubåen Formation was deposited in a high energy marginal marine environment (fluvial, 
estuarine and/or tidal inlet), but can also have more distal marine conditions (NPD, 2018b; 
Watt et al., 2015). Interfingering of marine shales are typical (Smelror et al., 2009) and can 
possibly be associated with the high shale volume in wells 7220/5-1 (Skrugard Appraisal) and 
7220/2-1 (Isfjell). The high shale volume also corresponds to marine conditions in well 7220/5-
1 (Skrugard Appraisal). 
 
Figure 2.3 (Hettangian) shows that the Tubåen Formation in the study area was deposited in a 
periodically flooded area. The formation is mainly marine in the western well 7220/4-1 
(Kramsnø), while more influx of continental sediments are seen in well 7220/5-1 (Skrugard 
Appraisal) to the east, but the larger constituent is marine. Similar to the Stø and Nordmela 
Formations; deeper water is interpreted in the west and shallows towards the east. Marine 
conditions are more common in the formations upper part (Appendix B.6), and according to 
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Watt et al. (2015), may represent mouth-bar deposits. Glauconite has also been identified in 
the formation, indicative of shallow water shelf environments.  
 
Fining upwards sequences (identified in the Tubåen Formation) are typical for fluvial channels, 
with overbank muds that become tight shales during compaction. The highest permeability and 
the lowest capillary resistance is found near the base in upwards fining succession, which has 
production implications as hydrocarbons can be left behind in less permeable layers during 
water injections (Bjørlykke, 2015b; Bjørlykke, 2015c).  
 
4.2.2 Triassic reservoirs 

A lower N/G ratio, higher shale volume, and lower porosities are seen for the Triassic 
succession, compared to the Jurassic (Fig. 4.13). The Snadd Formation yields the lowest N/G 
ratio of all formations followed by the Fruholmen Formation. Lower porosity is expected for 
the Triassic succession due to deeper burial than the Jurassic succession. Alterations between 
shale and sandstone are more common, and thick clean sandstone intervals are rare. 

4.2.2.1 Fruholmen Formation 

The Fruholmen Formation is very thick in the study area compared to other formations. It has 
a distinct threefold division in all wells (e.g. Fig. 4.5), representing a shaly lower part (Akkar 
Member), a sandy middle part (Reke Member) and a shaly upper part (Krabbe Member). The 
uppermost part has a serrated gamma ray pattern. The middle part is more uniform (blocky) 
while the lower part is funnel-shaped with an increasing sand abundance towards the middle 
part, from a shaly base. 

According to NPD (2018b), Fruholmen Formation was deposited in an open marine 
environment (Akkar Member), which shallows up to coastal and fluvial environments (Reke 
Member), followed by flood-plain deposition (Krabbe Member). Bay fill and mouth bar 
deposits were reported in the upper part by Watt et al. (2015) in the study area. Fruholmen 
Formation exhibits marine conditions in well 7220/4-1 (Kramsnø) with an increasing 
abundance of continental deposits in the upper part. The middle part is more sandy, but no 
continental deposits are detected. The Reke Member is likely more shallow marine than fluvial. 
Compared to Figure 2.2 where the whole study area is located in a delta plain environment in 
the Late Triassic, the formation is found more marine in this study.  

The Fruholmen Formation exhibits continuous reservoir potential in large parts of the middle 
sandy succession (Reke Member) of wells 7220/8-1 (Skrugard) and 7220/2-1 (Isfjell). There 
are also indications of reservoir potential in the lower and upper part, however, properties are 
much worse and the reservoir zones are highly discontinuous. The formation exhibits a small 
pay zone in the lower part of well 7220/4-1 (Kramsnø). Two possible 1m thick coal intervals 
are observed in well 7220/8-1 (Skrugard), due to a sharp decrease in neutron, density, and 
velocity. No errors are observed in the density correction log or caliper log at these positions. 

4.2.2.2 Snadd Formation 

In the Carnian, during the deposition of the Snadd Formation, there was an overall regional 
regression and a westward large-scale progradation of near-shore and coastal environments 
(NPD, 2018b; Smelror et al., 2009). Figure 2.2 shows the regression from Middle Triassic to 
Late Triassic and a transition from shallow marine / deep water shelf deposits to delta plain 
deposits in the study area. Mainly marine environments are indicated in well 7220/4-1 
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(Kramsnø), however, continental conditions and cylindrical gamma ray trends are typical 
where hydrocarbon reservoirs occur.  

Two intra-Snadd reservoirs are identified for well 7220/4-1 (Kramsnø) in sandy intervals. NPD 
(2018b) states that both intervals are 45 m thick, although only 20 m qualified as net pay in 
this study. The relatively high porosity, sand-rich reservoirs have sharp boundaries to shale 
below and above. According to Smelror et al. (2009) the sandstones of the Snadd Formation in 
the southwestern Barents Sea may be associated with repeating multi-story and multi-lateral 
sheets of amalgamated channel deposits which are interbedded with mudrocks. The fluvial 
channel- and fluvial-tidal nature of the Snadd Formation have also been reported by Net et al. 
(2015).  

The presence of chlorite coating and its ability to preserve high porosity in the Snadd Formation 
has been reported by Line (2015) and Net et al. (2015). Spectral gamma ray analysis also 
documented the presence of chlorite in the hydrocarbon reservoirs of well 7220/4-1 (Kramsnø) 
(Appendix B.7 and Fig. 4.11). 
 
4.2.3 Quality check – Well 7220/5-1 

Porosity has been estimated by Jabbar (2015) from well 7220/5-1 (Skrugard Appraisal) based 
on Scanning Electron Microscopy (SEM) and point counting on selected thin sections from 
various depths in the Stø Formation and the upper part of the Nordmela Formation. Porosity 
ranges from 6 to 28 % from Jabbar (2015), while porosity from this study, for the same depths, 
ranges from 0 to 24 %. The fit is not perfect, however, the trends of decreasing and increasing 
porosity correlates fairly well. 

The porosity values extracted from well data depend on the exact depth position the porosity 
is taken from, and there is a high vertical variability. If the porosity reading is shifted with a 
few meters (1-4 m) up or down to a more representative interval, well log porosity fits well 
with thin section porosity. Well data has a different depth of investigation and vertical 
resolution than thin sections and the estimated porosity reflects a larger area and also deeper 
into the formation. A large number of samples in varying facies is required to provide a 
statistically good calibration data from thin sections. Thin sections are tiny and difficult to 
scale-up to represent the whole reservoir (Crain, 2015), which may lead to the error. 

The easiest way to calibrate the porosity from well data is by core analysis, but when core data 
is not available, thin section visual porosity is the next best. Thin section porosity usually 
excludes micro-porosity, and are termed useful porosity instead of effective porosity for well 
log studies. Calibration can be done by adjusting shale, matrix or fluid parameters in the log 
analysis, or playing with different mathematical models or mineral assemblages to give a better 
match (Crain, 2015). No calibration has been utilized in this study, due to time limitations and 
unavailability of core data. 

Area has been measured in the SEM analysis with percentages of porosity, clay, quartz, 
feldspar and heavy minerals by Jabbar (2015) as seen in Figures 4.17 and 4.18 at 1431.7 m 
depth in well 7220/5-1 (Skrugard Appraisal). At this position; well log porosity and thin section 
porosity is very similar (28.0 % porosity from SEM and 27.7 % from the petrophysical 
analysis). 
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Figure 4.17: Thin-section porosity and mineral content from SEM in well 7220/5-1 (Skrugard 
Appraisal) at 1431.7 m depth where red = porosity, yellow = kaolinite, green = quartz and illite, 
pale blue = K-feldspar, and dark blue = heavy minerals (modified from Jabbar, 2015, personal 
communication). 

 

Figure 4.18: Bar graph of thin-section porosity and mineral content from SEM in well 7220/5-
1 (Skrugard Appraisal) at 1431.7 m depth where red = porosity, yellow = kaolinite, green = 
quartz and illite, pale blue = K-feldspar, and dark blue = heavy minerals (modified from Jabbar, 
2015, personal communication). 

4.2.4 CSEM 

Exploration wells in the Barents Sea have historically been drilled according to seismic data 
and typically on the basis of geological structures only. In recent years, CSEM (controlled 
source electromagnetic) data has proved to be very useful in the Bjørnøyrenna Fault Complex 
/ Polhem Subplatform area (in combination with seismic) to support decision making and to 
reduce exploration risk. CSEM measures the electrical resistivity in the subsurface and is 
sensitive to both fluid content and saturation (Fanavoll et al., 2014).  

The purpose of mentioning CSEM is that all significant / commercial discoveries are correctly 
predicted / well imaged by resistivity anomalies in the area (e.g. wells 7220/5-1 and 7220/8-
1), which stands out from the background geology. Non-commercial and dry wells do not show 
an anomalous CSEM response e.g. well 7220/5-2 (Nunatak), non-commercial gas. Figure 4.19 
illustrates that all predictions are correct for some wells in or close to the study area in Lower 
to Middle Jurassic and Lower Cretaceous plays in the Bjørnøyrenna Fault Complex (Fanavoll 
et al., 2014). 
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Figure 4.19: CSEM anomalies from Salina in the south to Nunatak in the north, proving that 
CSEM is able to separate commercial and non-commercial discoveries (modified from 
Fanavoll et al., 2014). 

Prior to the drilling of well 7220/8-1 (Skrugard), CSEM analysis was carried out. Pre-well 
CSEM resistivity images predicted a strong anomaly and hydrocarbon saturation at the well 
location. Figure 4.20 shows the clear anomaly associated with Skrugard from a new CSEM 
survey which was carried out in 2011. Note the tight fit to the reservoir geometry. A good 
match was also observed between the resistivity data obtained from the post-well resistivity 
logs and the pre-well estimated CSEM resistivity of Skrugard. High resistivity is also observed 
in Cretaceous sediments to the west (Løseth et al., 2014). 

 
Figure 4.20: 3D inversion of new post-well CSEM data from 2011 (modified from Løseth et 
al., 2014). 

In 2017, another oil discovery (Kayak) was made in the Bjørnøyrenna Fault Complex. This 
well would likely not have been drilled without an associated CSEM anomaly. However, the 
discovery had moderately to poor reservoir quality (Carstens, 2017b). 

Considering that all the discoveries are associated with resistivity anomalies, good arguments 
are required to justify drilling in a location without an anomaly (Fanavoll et al., 2014). CSEM 
is highly capable of predicting hydrocarbon in the area (Løseth et al., 2014). Still, limitations 
exist: The CSEM technique is sensitive to all kinds of resistors, such as lithology with 
resistivity enough to contrast with the background geology (e.g. salt). Furthermore, deep targets 
cannot be detected / well imaged by CSEM (Fanavoll et al., 2014).  
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4.4 Uncertainties 
The petrophysical analysis provides the input data for further reservoir characterization. 
Geological parameters are not measured directly but relies on various relations, carrying 
numerous uncertainties. Possible sources of error are summarized below: 

• Acquisition: 
o The borehole environment induces several uncertainties. There may be damages 

in the borehole: Mechanical damage e.g. creation of fractures and holes during 
drilling and chemical damage e.g. interactions between drilling fluid and the 
formation (smectite may absorb water and swell). An uneven borehole may 
prevent the measuring tools from staying in contact with the formation, causing 
errors. Moreover, the use of a certain type of drilling mud and its corresponding 
corrections for drilling mud effects may cause uncertainty (Mondol, 2015). 

• Shale volume:  
o Interpreted baselines for shale and sand are interpreter-biased. Anomalies such 

as organic-rich shales (peaks in the gamma ray log) may influence the picks.  
The linear / nonlinear relation selected for shale volume corrections (e.g. 
Larionov), causes variability. Comparison with the neutron-density log 
supported the selection of both relations and baselines. 

o A good shale volume result is trustworthy using the gamma ray method if the 
sandstone is not radioactive and for the density-neutron method it is trustworthy 
if the borehole conditions are good with absence of gas crossover and heavy 
minerals. Vsh is negative in case of gas crossover and heavy minerals results in 
overestimations. Most errors tend to increase Vsh. Values greater than 1 are set 
to 1 and values below 0 are set to 0 (Crain, 2015). 

• Porosity:  
o The neutron-density combination is utilized for porosity estimation. The choice 

of wet clay neutron value and shale density cause uncertainty. Propagation of 
error from the shale volume calculation introduces additional risk for the 
porosity estimation. 

• Water saturation:  
o A proper calculation of water saturation by Archie´s equation relies on several 

parameters. (1) Water resistivity is computed from a brine-saturated interval. 
Yet, the discrimination of such an interval may be challenging, and just a minor 
presence of hydrocarbons may increase the resistivity reading significantly. (2) 
The choice of cementation exponent, saturation exponent and tortuosity factor 
may introduce variability. (3) Corrections for clay bound water are required for 
formations with a high shale content (Ellis and Singer, 2008). 

• Permeability:  
o Permeability relations are highly simplified, and many other parameters control 

permeability, such as surface area, pore- shape, and size. 
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Chapter 5 Rock Physics Diagnostics  

5.1 Results 
Results from the rock physics diagnostics are presented in this chapter. The idea is to link 
elastic properties of target reservoir units to hydrocarbon saturation, shale volume, 
cementation, porosity etc. in various crossplots. Although porosity, saturation and shale 
volume are already interpreted in chapter 4, rock physics treats data in a different manner and 
is also utilizing different well log combinations. Trends and estimations from the various 
models are compared to results from the petrophysical analysis in order to quality control, 
gather supporting evidence and assess application risk. New in this chapter is the cement 
volume determination. It is recommended to repeat chapter 3 for any confusions regarding 
distinct models and/or templates. Due to a significant uplift in the study area, standard 
templates must be used carefully (see uncertainties, section 5.3). 

The petrophysical analysis separated four interesting zones: The Stø Formation in well 7220/5-
1 (Skrugard Appraisal), and the Stø and Nordmela Formations in wells 7220/2-1 (Isfjell), 
7220/4-1 (Kramsnø) and 7220/8-1 (Skrugard). The main focus regards these intervals, 
nonetheless, interesting features from other formations are also emphasized to a smaller extent. 
Due to an error in the petrophysical analysis for well 7220/5-2 (Nunatak), which is now 
corrected, time was not sufficient to perform all rock physics diagnostic tests for this well. 
However, the cement models were reproduced. 

5.1.1 Vp versus Vs relationship 

Vs data are available from all formations of  interest and Vs estimation is therefore not required. 
Vp versus Vs crossplots have the ability to highlight gas saturation, as gas-saturated intervals 
deviate from published trends which are developed for brine. An example is shown in Figure 
5.1, visualizing the differences between measured Vs, and Vs predicted by the Krief et al. (1990) 
and Castagna et al. (1985) equations. Notably, curves highly correlate in the brine-saturated 
shale interval and deviate in the gas-saturated sandy interval. 

 

Figure 5.1: Measured Vs and calculated Vs from well 7220/2-1 (Isfjell) using Castagna et al. 
(1985) and Krief et al. (1990) equations, where green = shale and yellow = sand. Note the 
deviation that arises due to gas saturation. 
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In the following Vp versus Vs crossplots, trends derived by Greenberg and Castagna (1992) and 
Williams (1990) have been selected and displayed in the background. Saturation data extracted 
from the petrophysical analysis represents the color legend, mainly to quality control (e.g. Fig. 
5.3, right). Data for a brine-saturated sandstone tends to plot along a certain linear relationship, 
although porosity, shale volume, and pore pressure (burial depth) represent smaller variations 
as seen in Figures 5.2 and 5.3.  
 
Introduction of gas reduces Vp and causes a deflection from the brine sand trend, with a stronger 
deviation as a function of increased hydrocarbon saturation (Fig. 5.3, right). Moreover, 
hydrocarbons are expected to be in the upper part of the Nordmela Formation. Shallow burial 
drags data towards lower Vp and Vs (Fig. 5.3, left) and this explains the position of hydrocarbon 
saturated data close to the origin. 
 

 

Figure 5.2: Effects of porosity (left) and shale volume (right) in the Vp versus Vs crossplot. 
Examples from well 7220/8-1 (Skrugard). 

 
Figure 5.3: Effects of burial depth (left) and gas saturation (right) in the Vp versus Vs crossplot. 
Examples from well 7220/8-1 (Skrugard). 

5.1.1.1 Skrugard Discovery (well 7220/8-1) 

Figure 5.4 shows the Stø and Tubåen Formations in well 7220/8-1 (Skrugard). Reservoir 
cutoffs have been applied. A strong gas deviation is observed for the Stø Formation (Fig. 5.4, 
left). Depth has been applied in order to test the fluid separation based on known fluid contacts 
and two zones are identified which separates oil and gas (Fig. 5.5). Oil displays the smaller 
deviation. The Tubåen Formation and the Triassic Fruholmen and Snadd Formations (Fig. 5.4, 
right) exhibits a good correlation with the published trends. The formations plot slightly over 
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the trend lines, due to the high sand content (reservoir cutoff, effect from Fig. 5.2, right). 
Nordmela Formation is displayed in Figure 5.3 (right). The color bar fits well for all formations, 
and the result is comparable to what is expected from the petrophysical analysis. 
 

 
Figure 5.4: Stø Formation (left) and Tubåen, Fruholmen and Snadd Formations (right) in the 
Vp versus Vs crossplot, color-coded by water saturation. Reservoir cutoffs are applied for both 
crossplots. 

 
Figure 5.5: Stø Formation in the Vp versus Vs crossplot. Reservoir cutoffs are applied. Color 
legend: Gas and oil discrimination. 

5.1.1.2 Skrugard Appraisal (well 7220/5-1) 

Figure 5.6 shows the Stø Formation of well 7220/5-1 (Skrugard Appraisal). Reservoir cutoffs 
have been applied. Like well 7220/8-1 (Skrugard), a strong gas deviation is observed for the 
Stø Formation and two zones are indicated, representing oil and gas (oil displays the smallest 
deviation). Some brine-saturated data do also deviate from the published brine sand trends. A 
slightly pessimistic water saturation calculation from the petrophysical analysis is probable. 
The Tubåen Formations and the Triassic Fruholmen and Snadd Formations demonstrate a good 
correlation with the published trends (Appendix C.4). The Nordmela Formation does also plot 
in a similar fashion. The color fill fits fairly well for all formations, and the result is comparable 
to what is expected from the petrophysical analysis.  
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Figure 5.6: Stø Formation in the Vp versus Vs crossplot. Reservoir cutoffs are applied. Color 
legend: Water saturation (left) and gas- and oil discrimination (right). 

5.1.1.3 Kramsnø Discovery (well 7220/4-1) 

Figure 5.7 shows data from the Stø Formation to the Tubåen Formation of well 7220/4-1 
(Kramsnø). Reservoir cutoffs have been applied. Published trends fail to capture much data, 
and water-saturated sandstones and gas-saturated sandstones plot on top of each other (strong 
overlap). Fruholmen and Snadd Formations of well 7220/4-1 (Kramsnø) also plot in similar 
fashion. The color fill shows a poor fit. As indicated from the petrophysical analysis, the target 
formations in this well might be highly cemented as reservoirs are buried relatively much 
deeper compared to other wells in the study area. For a better explanation of the data, a more 
detailed investigation is necessary. 

 
 

Figure 5.7: Stø, Nordmela and Tubåen Formations in the Vp versus Vs crossplot. Reservoir 
cutoffs are applied. Color legend: Water saturation. 
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5.1.1.4 Isfjell Discovery (well 7220/2-1) 

Figure 5.8 shows the Stø (left) and Nordmela (right) Formations of well 7220/2-1 (Isfjell). 
Reservoir cutoffs have been applied. A strong gas deviation is observed for the Stø Formation. 
The low water saturation data follows a remarkably regular, almost linear trend because gas is 
the dominant fluid. The same feature is observed for the Nordmela Formation, but data also 
plot closer to the published trends. The smaller deviation may reflect the oil leg interpreted 
from the petrophysical analysis or very small saturations of gas. Tubåen Formation and the 
Triassic formations exhibit a good correlation with the published trends (Appendix C.4). The 
color fill fits reasonably well for all formations, and the result is comparable to what is expected 
from the petrophysical analysis. 

 
Figure 5.8: Stø Formation (left) and Nordmela (right) Formation in the Vp versus Vs crossplot. 
Reservoir cutoffs are applied. Color legend: Water saturation. 

5.1.2 Cement models 

As mentioned in chapter 3, velocity versus porosity crossplots may reveal information about 
diagenesis (i.e. cementation) and sorting. In this subchapter, S-wave velocity versus total 
porosity is shown for the target reservoir units superimposed with digitized overlay trends 
extracted from Avseth et al. (2010). Crossplots are divided into formations and color-coded by 
their associated well. Trends are designed for sandstones. Therefore, shale volume above 50 % 
is ignored. An attempt to illustrate variations due to sorting and clay content, as well as the 
reason for the set 50 % shale volume cutoff, are illustrated in Figure 5.9. Fruholmen Formation 
was selected due to the sufficient thickness and varied lithology required to visualize the clay 
effect proposed by Marion et al. (1992). 
 
Data from the Fruholmen Formation are overlain by constant clay lines suggested by Han et 
al. (1986) for 20 MPa effective pressure. Assuming a pressure gradient of 10 MPa/km; 20 MPa 
corresponds to 2 km depth. Trends can be used to estimate shale volume, however, in this case, 
it is only applied to quality control the petrophysical analysis.  
 
Shale volume does affect velocity, especially after the transition from grain supported to clay 
supported matrix. The trend changes dramatically after this point and does not fit suggested 
sorting lines in the cement models, which is expected to be nearly flat (Avseth, 2015). 
Consequently, a filter is set to only pass 0-50 % shale volume in the cement models. 
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Figure 5.9: Fruholmen Formation of well 7220/8-1 (Skrugard) in the Vp versus porosity 
crossplot. Water saturations below 100 % are filtered out to avoid the decrease of Vp related to 
gas saturation. Lines by Han et al. (1986) for 20 MPa effective pressure are displayed in the 
background. Color legend: Shale volume. 

The cement models have a friable sand trend (uncemented sand model) only related to sorting, 
a contact cement trend (cemented sand model) only related to cementation and multiple 
constant cement lines related to sorting, but with a constant value of cement. 
 
Assuming identical porosity and mineralogy, a cemented sandstone is expected to be stiffer 
than a non-cemented sandstone. A relatively steep velocity increase / porosity reduction trend 
is seen when cement are added at the early stage of chemical diagenesis. Porosity reduction 
associated with sorting and clay content variations have a more flat velocity / porosity 
relationship (Avseth, 2015). Diagenetic trends are presented here by Dvorkin´s model (Dvorkin 
and Nur, 1996) in the Vs versus porosity crossplot. Essentially, Vs are used instead of Vp to 
avoid large effects of hydrocarbon saturation. An example of the Vp versus total porosity and 
the Vs versus total porosity crossplot are shown in Figure 5.10 below. 
 

            
 
Figure 5.10: Left: Vp versus porosity crossplot with digitized cement lines from Avseth (2015). 
Right: Vs versus porosity crossplot with digitized cement lines from Avseth et al. (2010). 

The cement volumes are determined by interpolating between constant cement volume lines, 
visually. Results are compiled in Table 5.1. Furthermore, Marcussen et al. (2010) has published 
a linear relation between P-wave velocity and cement volume. The relation has been derived 
for shallow marine sandstones of the Etive Formation in the northern part of the Viking Graben 
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in the North Sea and states that an increase in P-wave velocity is expected due to quartz 
cementation. The relation is used as color coding to support trends digitized from Avseth et al. 
(2010) and to determine what cement volume to expect at the contact cement line. The relation 
is: 
 

𝑉i = 86.60	𝑉|SÇ + 2773.73  Eq. 5.1 

Where Vp = P-wave velocity [m/s], and Vcem = quartz cement volume [%]. 

Table 5.1: Visually interpreted average cement volume [Vcem] from all formations. 

Formation 7220/8-1 7220/5-1 7220/5-2 7220/2-1 7220/4-1 
Stø 5 % 3 % 5 % 1 % (or 0) 16 % 
Nordmela 6 % 8 % 10 % 2 % (or 0) 18 % 
Tubåen 9 % 9 % - 2-3 % 19 % 
Fruholmen 8-12 % - - 4-12 % 14-24 % 
Snadd 11 % - - 9 % 19 % 

 
Sorting can also be estimated. It varies between 1 and 0, and equals 1 when data falls on the 
contact cement model line. From the contact cement model line and towards zero porosity, 
sorting deteriorates and the amount of pore-filling material increases and lowers porosity. 
Sorting is equal to 0 at zero porosity. The pore-filling materials do not include cement (Avseth, 
2015). In Figure 5.11, clay volume is fairly constant at the contact cement line and follows a 
reasonably flat relationship towards zero porosity. 
 

 
Figure 5.11: Tubåen and Fruholmen Formations from all wells in the Vs versus porosity 
crossplot. The effect of sorting is observed. Color legend: Shale volume. 

5.1.2.1 Stø Formation 

Figure 5.12 shows the Stø Formation in all wells in the Vs versus porosity crossplot. Data plot 
from 14 % to 22 % cement volume at the contact cement line for well 7220/4-1 (Kramsnø) 
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with a very limited sorting trend, indicative of a relatively clean sand. Generally, the Stø 
Formation in well 7220/4-1 (Kramsnø) appears significantly more cemented than other wells. 
The sorting trend of Stø Formation in other wells are more pronounced. Well 7220/2-1 (Isfjell) 
is largely uncemented, with up to 2 % cement volume. Stø Formation in wells 7220/5-1 
(Skrugard Appraisal), 7220/5-2 (Nunatak) and 7220/8-1 (Skrugard) are slightly more 
cemented, with average cement volume of approximately 3 %, 5 %, and 5 %, respectively. 
 
The cement volume estimated by Marcussen et al. (2010) is estimated from the P-wave 
velocity, and due to the wide presence of hydrocarbon saturation in the Stø Formation, the 
estimated cement volume from the Marcussen et al. (2010) relation might be underestimated 
compared to the cement model by Dvorkin and Nur (1996). 
 

 
Figure 5.12: Stø Formation of all five wells in the Vs versus porosity crossplot (left). The same 
data color-coded for cement volume (Marcussen et al., 2010) (right). Only displaying data 
below 50 % shale volume. 

5.1.2.2 Nordmela Formation 

Figure 5.13 shows the Nordmela Formation of all wells. The result is similar to the Stø 
Formation, but the cement volume is generally higher, due to deeper burial. A larger quantity 
of data from well 7220/2-1 (Isfjell) is now cemented, averaging 2 %. A considerable part of 
the formation is also free from cement. The Nordmela Formation of wells 7220/5-1 (Skrugard 
Appraisal), 7220/5-2 (Nunatak) and 7220/8-1 (Skrugard) exhibit average cement volumes of 8 
%, 10 %, and 6 %, respectively. Well 7220/4-1 (Kramsnø) averages about 18 %. 
 

 
Figure 5.13: Nordmela Formation of all five wells in the Vs versus porosity crossplot (left). 
The same data color-coded for cement volume (Marcussen et al., 2010) (right). Only displaying 
data below 50 % shale volume. 
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5.1.2.3 Tubåen Formation 

Figure 5.14 shows the Tubåen Formation from four wells. No data of Tubåen Formation are 
present in well 7220/5-2 (Nunatak). Data are dragged towards higher cement values, due to 
even deeper burial. Minor data plot below the 1 % constant cement line; hence nearly all data 
are cemented. Well 7220/2-1 (Isfjell) averages about 2-3 % cement volume. Wells 7220/8-1 
(Skrugard) and 7220/5-1 (Skrugard Appraisal) plot similarly with approximately 9 % average 
cement volume. Well 7220/4-1 (Kramsnø) averages about 18-20 % cement volume. 
 

 
Figure 5.14: Tubåen Formation of all five wells in the Vs versus porosity crossplot (left). The 
same data color-coded for cement volume (Marcussen et al., 2010) (right). Only displaying 
data below 50 % shale volume. 

5.1.2.4 Fruholmen Formation 

Figure 5.15 shows the Fruholmen Formation from three wells. No data of Fruholmen 
Formation are present in wells 7220/5-2 (Nunatak) and 7220/5-1 (Skrugard Appraisal). Cement 
values are dragged towards higher constant cement lines, due to even deeper burial. Minor data 
plot below 4 % cement volume. Due to the large thickness of the formation, an average value 
may be misleading, and a range of values is presented instead. Well 7220/2-1 (Isfjell) ranges 
from about 4 % to 8 % cement volume. The cement volume of well 7220/8-1 (Skrugard) and 
well 7220/4-1 (Kramsnø) range from 8-12 % and 14-24 %, respectively. 
 

 
Figure 5.15: Fruholmen Formation of all five wells in the Vs versus porosity crossplot (left). 
The same data color-coded for cement volume (Marcussen et al., 2010) (right). Only displaying 
data below 50 % shale volume. 
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5.1.2.5 Snadd Formation 

Figure 5.16 shows the Snadd Formation from three wells. The highest cement volumes are 
expected, due to the deepest burial, however, data from well 7220/2-1 (Isfjell) indicate very 
low cement volume and follow the 3 % constant cement line. Considerable data from well 
7220/8-1 (Skrugard) plot in between the 3 % and 5 % constant cement line. Well 7220/4-1 
(Kramsnø) also has evidence of low cementation values of about 6 %. Apart from what seem 
like intervals protected from cementation; wells 7220/2-1, 7220/8-1 and 7220/4-1 exhibit 
average cement volumes of 9 %, 11 %, and 19 %, respectively.  
 

 
Figure 5.16: Snadd Formation of all five wells in the Vs versus porosity crossplot (left). The 
same data color-coded for cement volume (Marcussen et al., 2010) (right). Only displaying 
data below 50 % shale volume. 

5.1.3 Vp/Vs versus AI relationship 

The Vp/Vs versus AI crossplot is primarily used to quality control, construct trends to anticipate 
values and to summarize results. Wells connected to the Skrugard discovery are selected 
(7220/8-1 and 7220/5-1) as these wells are associated with the most significant discoveries, 
which are also scheduled for production. The Stø and Nordmela Formations are subjected to 
similar effective pressures in both wells based on the current burial depth. 15 MPa effective 
pressure is assumed. 
 
The Rock Physics Template (RPT) is generated by the Hertz-Mindlin theory and adjusted 
according to user inputs for dry bulk and shear moduli, followed by interpolation by the 
Hashin-Shtrikman lower bound for various porosities and saturations. The result is then 
calculated to velocity (Eq. 3.28 and 3.29). For the brine sand line, 100 % brine saturation is 
assumed with a critical porosity of 40 %. The bulk and shear moduli and density of the matrix 
are set to default: 40 GPa bulk modulus, 42 GPa shear modulus and 2.65 g/cm3 density. For 
the shale line, the bulk modulus is set to 20,9 GPa, the shear modulus is set to 6,9 GPa and the 
density is set to 2.56 g/cm3. The procedure is available within the Hampson Russell software. 
 
Figures 5.17 and 5.18 show the cap rocks, Stø and Nordmela Formations in the Vp/Vs versus 
AI crossplots of well 7220/8-1 (Skrugard) and well 7220/5-1 (Skrugard Appraisal), 
respectively. Figures 5.19 and 5.20 illustrates porosity variations for the two wells and Figures 
5.21 and 5.22 presents the shale volume and saturation. Figures 5.19-5.22 basically illustrates 
how the template is calibrated and Figures 5.17 and 5.18 are used for analysis. 
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Figure 5.17: Vp/Vs versus AI crossplot of cap rock, Stø and Nordmela Formations of well 
7220/8-1 (Skrugard). The numbers (1-6) represent different trends. 1: Increasing shale content. 
2: Increasing cement volume. 3: Increasing porosity. 4: Decreasing effective pressure. 5: 
Increasing hydrocarbon saturation. 6: Increased dispersed shale content. 

 

 
Figure 5.18: Vp/Vs versus AI crossplot of cap rock, Stø and Nordmela Formations of well 
7220/5-1 (Skrugard Appraisal). The numbers (1-6) represent different trends. 1: Increasing 
shale content. 2: Increasing cement volume. 3: Increasing porosity. 4: Decreasing effective 
pressure. 5: Increasing hydrocarbon saturation. 6: Increased dispersed shale content. 
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Figure 5.19: Vp/Vs versus AI crossplot of shale and sandy shale (cap rock, Stø and Nordmela 
Formations) of wells 7220/5-1 (Skrugard Appraisal) and 7220/8-1 (Skrugard). The color bar 
represents total porosity. The numbers (1-6) represent different trends. 1: Increasing shale 
content. 2: Increasing cement volume. 3: Increasing porosity. 4: Decreasing effective pressure. 
5: Increasing hydrocarbon saturation. 6: Increased dispersed shale content. 

 

 
Figure 5.20: Vp/Vs versus AI crossplot of sand and shaly sand (cap rock, Stø and Nordmela 
Formations) of wells 7220/5-1 (Skrugard Appraisal) and 7220/8-1 (Skrugard). The color bar 
represents total porosity. The numbers (1-6) represent different trends. 1: Increasing shale 
content. 2: Increasing cement volume. 3: Increasing porosity. 4: Decreasing effective pressure. 
5: Increasing hydrocarbon saturation. 6: Increased dispersed shale content. 
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Figure 5.21: Vp/Vs versus AI crossplot for the cap rock, Stø and Nordmela Formations of wells 
7220/5-1 (Skrugard Appraisal) and 7220/8-1 (Skrugard). The color bar represents shale 
volume. The numbers (1-6) represent different trends. 1: Increasing shale content. 2: Increasing 
cement volume. 3: Increasing porosity. 4: Decreasing effective pressure. 5: Increasing 
hydrocarbon saturation. 6: Increased dispersed shale content. 

 
Figure 5.22: Vp/Vs versus AI crossplot sand and shaly sand (cap rock, Stø and Nordmela 
Formations) of wells 7220/5-1 (Skrugard Appraisal) and 7220/8-1 (Skrugard). The color bar 
represents water saturation. The numbers (1-6) represent different trends. 1: Increasing shale 
content. 2: Increasing cement volume. 3: Increasing porosity. 4: Decreasing effective pressure. 
5: Increasing hydrocarbon saturation. 6: Increased dispersed shale content. 
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The cap rock interval is taken from the Kolmule Formation overlaying the Stø reservoir 
sandstone (1014 – 1276 m) in well 7220/8-1 (Skrugard) and from the Fuglen Formation (cap 
rock) of the Stø Formation (1312-1337 m) in well 7220/5-1 (Skrugard Appraisal). Both the cap 
rock units plot high above the brine sand line, due to the high shale content, lower porosity, 
lower effective pressures and brine saturation.  
 
Saturated intervals are identified in both the Nordmela and Stø Formations in well 7220/8-1 
(Skrugard). Almost the entire Stø Formation and about half of the Nordmela Formation plot 
below the brine sand trend, indicative of hydrocarbon saturation. The exact saturation is hard 
to determine because shale volume underestimates and cement volume overestimates 
hydrocarbon saturation. In addition, only a small amount of gas saturation may drag the data 
close to 100 % gas saturation and oil plots closer to brine (discussed in chapter 6). The inferred 
6 % cement volume in the Nordmela Formation has caused a greater amount of data than 
expected to plot in hydrocarbon saturation regions. Nordmela Formation also plots at higher 
Vp/Vs ratios compared to Stø Formation, due to the presence of oil, higher shale content or less 
hydrocarbon saturation in the Nordmela Formation.  
 
Almost the entire Stø Formation is situated in saturated regions of the plot for well 7220/5-1 
(Skrugard Appraisal). The small amount of data which plot in saturated regions for the 
Nordmela Formation also correspond to low porosity and is likely related to cementation (8 % 
average inferred cement volume).  
 
Generally, a good match is seen in terms of saturation, shale volume, and porosity. The trends 
appear to work as supposed and qualify for predictive applications. It should be kept in mind 
that the template is calibrated for total porosity, thus effective porosity may appear to be 
underestimated. 
 
5.1.4 LMR crossplot 	

Selected reservoir and cap rock intervals are plotted in the LMR (Lambda-Rho versus Mu-
Rho) rock physics template in relation to a threshold cutoff line suggested by Goodway et al. 
(1997) for porous gas sands. The aim is to classify lithology and fluids. The LMR crossplot 
separates shaly and sandy intervals, nicely. Porous gas sand and shaly gas sand can be 
distinguished below and above 20 GPa ´ g/cm3 Lamda-Rho. The threshold cutoff for clastics-
carbonates is not required, because no carbonate lithology are identified, and minimal data 
appear to plot above 100 GPa ´ g/cm3 Lambda-Rho. LMR can also be employed to identify 
coal and cemented zones. For more details, consult chapter 3. 

The general idea is that increasing gas saturation decreases incompressibility, and rigidity is 
not affected by fluid type. Therefore, the presence of gas drags data to the left. In the following 
LMR crossplots, both saturation and shale volume are displayed as color legend. No property 
cutoffs have been applied; hence all data are visualized. First, the effect of porosity and depth 
is illustrated in Figure 5.23, which is important to keep in mind. 
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Figure 5.23: Effect of porosity and depth in the LMR crossplot for the Stø Formation to the 
maximum depth of the Snadd Formation. Color-coded by effective porosity. 

5.1.4.1 Skrugard Discovery (well 7220/8-1) 

Figure 5.24 shows the Fuglen Formation cap rock and the Stø reservoir sands in well 7220/8-
1 (Skrugard). As expected, gas-saturated sand of the Stø Formation plot to the left of the porous 
gas sand cutoff line. Data do also plot on the right side and may indicate lower porosities, lower 
gas saturation, higher shale content or a combination; thus poorer reservoir properties. The 
Fuglen Formation plots to the lower right of the cutoff, which is indicative of water-bearing 
shale. 
 

 
 
Figure 5.24: Stø and Fuglen Formations in the LMR crossplots for well 7220/8-1 (Skrugard) 
color-coded by water saturation (left) and shale volume (right). No property cutoff is applied. 

Figure 5.25 shows the Nordmela Formation in the same well. An increasing shale volume 
towards higher Lambda-Rho values are observed, and vice versa for increasing gas saturation. 
The formation contains both more sandy and shaly units. In terms of saturation; much of the 
brine-saturated data plot to the left of the cutoff line and may be associated with high porosity 
sands. 
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Figure 5.25: Nordmela Formation in the LMR crossplots for well 7220/8-1 (Skrugard) color-
coded by water saturation (left) and shale volume (right). No property cutoff is applied. 

5.1.4.2 Skrugard Appraisal (well 7220/5-1) 

Figure 5.26 shows the Fuglen Formation (cap), Stø Formation (reservoir 1) and Nordmela  
Formation (reservoir 2) of well 7220/5-1 (Skrugard Appraisal). The Stø Formation features the 
same characteristics as observed in well 7220/8-1 (Skrugard). The Nordmela Formation plots 
mainly to the right of the cutoff line and is not expected to contain high gas saturation. The 
result is overall comparable to what is expected from the petrophysical analysis. The Fuglen 
Formation yields a lower incompressibility compared to well 7220/8-1 (Skrugard). 
 

 
Figure 5.26: Fuglen, Stø, and Nordmela Formations in the LMR crossplots for well 7220/5-1 
(Skrugard Appraisal) color-coded by water saturation (left) and shale volume (right). No 
property cutoff is applied. 

5.1.4.3 Kramsnø Discovery (well 7220/4-1) 

Figure 5.27 shows the Stø Formation in well 7220/4-1 (Kramsnø) compared to the Stø 
Formation in well 7220/8-1 (Skrugard). The Stø Formation in well 7220/4-1 (Kramsnø) is 
buried much deeper compared to the Stø Formation in well 7220/8-1 (Skrugard). Consequently, 
a much higher Mu-Rho is observed for well 7220/4-1 (Kramsnø), with a slight drag towards 
higher Lambda-Rho values. The deviation arises due to cementation which has reduced the 
porosity and strengthen the rock matrix. Data are notably more sparsely distributed for well 
7220/4-1 (Kramsnø). Similar observation is seen in the Nordmela Formation (Fig 5.28). Color 
coding for cementation by Marcussen et al. (2010) shows an increase in Mu-Rho and Lambda-
Rho as a function of increasing cement volume for both the Stø Formation and the Nordmela 
Formation (Fig. 5.29). 
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Figure 5.27: Stø Formation in well 7220/8-1 (Skrugard) and well 7220/4-1 (Kramsnø) in the 
LMR crossplots color-coded by water saturation (left) and shale volume (right). No property 
cutoff is applied. 
 

 
Figure 5.28: Nordmela Formation in well 7220/8-1 (Skrugard) and well 7220/4-1 (Kramsnø) 
in the LMR crossplots color-coded by water saturation (left) and shale volume (right). No 
property cutoff is applied. 

     
Figure 5.29: Stø Formation (left) and Nordmela Formation (right) in well 7220/8-1 (Skrugard) 
and well 7220/4-1 (Kramsnø) in the LMR crossplot, color-coded by cement volume estimated 
by Marcussen et al. (2010). No property cutoff is applied. 

The intra-Fruholmen and intra-Snadd reservoirs in well 7220/4-1 (Kramsnø) are also tested in 
LMR (Appendix C.2). Hydrocarbon saturated data in the intra-Snadd and the intra-Fruholmen 
reservoirs show a high fluid sensitivity and plot correctly in relation to the cutoff line by 
Goodway et al. (1997). Hydrocarbon saturation in the lower intra-Snadd reservoir plots to the 
right of the cutoff line and displays a lower fluid sensitivity. 
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5.1.4.4 Isfjell Discovery (well 7220/2-1) 

Figure 5.30 shows the Kolmule (cap) and Stø Formations of well 7220/2-1 (Isfjell). This time, 
the reservoir cutoff has been applied for porosity, and consequently, a tighter fit is observed. 
As anticipated, gas-saturated sands in the Stø Formation plot to the left of the porous gas sand 
cutoff. Almost no data plot to the right of the cutoff line proposed by Goodway et al. (1997). 
 

 
Figure 5.30: Kolmule (cap) and Stø (reservoir) Formations in the LMR crossplot for well 
7220/2-1 (Isfjell). Porosity cutoff is applied (data above 0.06 effective porosity are displayed). 
Color legend: Water saturation (left) and shale volume (right). 

Figure 5.31 shows the Nordmela Formation from the same well. An increasing shale volume 
towards higher Lambda-Rho values are observed, and vice versa for gas saturation. Much 
brine-saturated data plot to the left of the cutoff and may be representative of high porosity, 
low gas saturation sandy intervals. The water saturation calculated from the petrophysical 
analysis may also be overestimated. 
 

 

Figure 5.31: Nordmela Formation in the LMR crossplot for well 7220/2-1 (Isfjell). Color 
legend: Water saturation (left) and shale volume (right). 
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5.1.4 Seal Integrity 	

There are major issues regarding seal failure in the Norwegian Barents Sea due to significant 
uplift and erosion as discussed in chapter 2. The Young’s modulus (E) versus Poisson’s ratio 
(PR) crossplot can be used to predict seal quality. Poisson´s ratio may reflect the rocks ability 
to fail under stress, while Young´s modulus may indicate the ability to maintain a fracture, 
once the rock has fractured (Perez, 2014). A low PR and a high E indicate more brittle shales, 
while high PR and low E is associated with ductile shales (Grieser and Bray, 2007).  

The rock physics template of Young´s modulus versus Poisson´s ratio has been adapted from 
Mondol (2018). It is employed to image the quality of cap rock shales above the Stø Formation 
in all studied wells (Fig. 5.32). Data are plotted in a brittle, less brittle, less ductile or a ductile 
domain, which classify shaly cap rocks based on their ability to undergo brittle failure. Ductility 
is controlled by clay, calcite and the organic content (Perez and Marfurt, 2014). Quartz and 
dolomite are the most brittle minerals in the rock (Wang and Gale, 2009) and low amounts of 
these minerals are recognized as more ductile (Mondol, 2018). The mineral points are indicated 
in the crossplot. 

Average Vp, Vs and density values of typical minerals create the framework for the template, 
which is further used to compute Young’s modulus and Poisson’s ratio (Mondol, 2018). Vp, Vs 
and density data are extracted from well log data and Young´s modulus can be calculated using 
the following equation (Simm and Bacon, 2018): 

𝑌𝑜𝑢𝑛𝑔´𝑠	𝑀𝑜𝑑𝑢𝑙𝑢𝑠	(𝐸) = [T]NJTUN,�T]N®
TUN,T]N

  Eq. 5.2 

Where Vp = P-wave velocity, Vs = S-wave velocity, and r = density. 

Elastic parameters are related to brittleness assuming a linear relationship. However, the 
assumption can be invalid, because there are cases where brittle rocks show low E, and ductile 
rocks show high E (Perez and Marfurt, 2014). Consequently, brittleness can be treated as a 
behavior, instead of a rock property due to the dependency of various factors such as rock 
strength, lithology, texture, fluid type, stress regime, stress relaxation, diagenesis and TOC 
(Mondol, 2018). Appendix C.5 shows how increasing sand content moves data towards brittle 
regions. The elastic parameters need to be calibrated to the conditions in the formation of 
interest and also compared to lab experiments to be valuable for evaluating seal integrity 
(Mondol, 2018).  

All cap rocks above the Stø Formation in this study display mainly ductile behavior. Still, some 
data are observed to plot more towards the brittle region (Fig. 5.32, upper left). The brittle 
behavior is related to a more gradual transition zone between cap and reservoir rocks as seen 
in Figure 5.32 (lower left). Neglecting this data, the potential fracture prone interval appears to 
be the Fuglen Formation in well 7220/5-2 (Nunatak) and the Knurr Formation in well 7220/4-
1 (Kramsnø), where much data plot in the less ductile region.  
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Figure 5.32: Investigating brittle / ductile behavior of the cap rocks above the Stø Formation 
of all studied wells (upper crossplot). Lower crossplot shows that the brittle behavior is related 
to rocks situated in the transition between the reservoir and the cap rock units (an example of 
Fuglen Formation from well 7220/5-2). The seismic section to the right shows evidence of 
possible leakage and an active gas chimney on top of the Isfjell discovery (adapted from the 
drilling site survey report Gardline, 2012). 

The aim was essentially to check if there are any variations in the cap rock properties of Fuglen 
Formation which could explain why well 7220/5-2 (Nunatak) is dry in the Stø Formation, 
whereas well 7220/5-1 (Skrugard Appraisal) and 7220/8-1 (Skrugard) are hydrocarbon 
bearing. No good evidence for a “bad” cap rock are seen. The lack of hydrocarbon saturation 
may also be related to other geological factors, such as migration and timing of trap formation. 

Diffuse gas is reported in the Tertiary and the Cretaceous from the top of the Isfjell discovery 
in the drilling site survey report from well 7220/2-1 (Gardline, 2012). It appears that the ductile 
seal leaks gas in Figure 5.32 (right) due to a brightening of reflectors just above the crest of the 
trap. However, no good reference is found to support this statement. Hydrocarbon leakage is 
common and active in the Bjørnøyrenna Fault Complex area, but hydrocarbon infill does 
generally compensate for hydrocarbon loss (Rønnevik, 2015). This may be the reason why gas 
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is still present in the Stø Formation of well 7220/2-1 (if the trap is leaking at all). 

5.2 Discussion 
This subchapter discusses results of rock physics diagnostics and their significances for 
reservoir quality and correlation to the petrophysical analysis of chapter 4. Sorting and shale 
volume, compaction and cementation, and fluid sensitivity are reviewed. Several effects are 
discussed more in detail in chapter 6. 
 
5.2.1 Shale volume 

Shale volume is not easily estimated from Han´s clay lines, because of the dependency to 
effective pressure. Hydrocarbon saturation may overestimate the shale volume; hence Han´s 
clay lines is useless for the Stø Formation and just barely useful for the Nordmela Formation 
(Appendix C.1). Different effective pressures were tested for the deeper brine-saturated 
formations and a relatively good fit were observed at 20 MPa (Fig. 5.9). Consequently, Han´s 
clay lines can be employed for shale volume predictions in brine-saturated sand and shaly sand 
in the study area considering a good choice of effective pressure. 

Shale volume has been quality controlled for the Stø and Nordmela Formations, utilizing the 
LMR rock physics template. The LMR crossplot locates the Stø Formation data between sand 
and shaly-sand regions in all studied wells (e.g. Fig. 5.24). A clear deviation is seen from the 
cap rock shales which plot much lower, reflecting the lower rigidity of shales. Results from the 
petrophysical analysis appear to be valid, despite a poor fit with Han´s clay lines suggested 
from the velocity-porosity domain. 

There is also a separation between the cap rock shales and the Nordmela Formation (e.g. Fig. 
5.26). An interesting feature in the Nordmela Formation is that sand with increasing shale 
volume plot towards higher Mu-Rho and Lambda-Rho, while contradictory, the cap rock shale 
(with the highest shale volume) plot at the lowest Mu-Rho and Lambda-Rho. A possible 
explanation relates to the shale volume effect on velocity, which changes after critical porosity 
(from the shaly sand to sandy shale transition) as proposed by Marion et al. (1992) (see Figure 
5.9). Velocity increases up to critical porosity and decreases above critical porosity. Deeper 
burial and cementation in the Nordmela Formation increases the velocity additionally 
compared to the cap rock (Fuglen Formation). Ultimately, a lower velocity decreases the elastic 
moduli (Eq. 3.28 and 3.29).  

Moreover, the transition from a grain supported matrix (Nordmela Formation) to a clay 
supported matrix (cap rock, Fuglen Formation) initiates suspension conditions, which in turn 
lead to a drop in shear strength (lower rigidity) and may explain the large Mu-Rho reduction 
observed for the cap rock. 

5.2.2 Compaction and cementation 

The shallowest Stø Formation exhibits between 0 to 16 % average cement volume, Nordmela 
Formation between 0 to 18 %, Tubåen Formation between 2 to 19 %, Fruholmen Formation 
between 4 to 24 % and the deepest, Snadd Formation, between 9 to 19 % (average). Deeply 
buried formations present in well 7220/4-1 (Kramsnø) have the highest cement volume and the 
shallowest formations in well 7220/2-1 (Isfjell) have the lowest cement volume.  
 



Chapter 5 Rock Physics Diagnostics 

 104 

The Snadd Formation exhibit some data with relatively low cement volume (about 3-10 %) 
and high porosities at small depth intervals (Fig. 5.16). As previously mentioned in chapter 4, 
the Snadd Formation does likely contain porosity preserving mechanisms such as clay coating 
in these zones and is reported in the Snadd Formation by several authors (e.g. Line, 2015 and 
Net et al., 2015). Moreover, spectral gamma ray analysis from well 7220/4-1 (Fig. 4.11) found 
chlorite in the formation, where the abundance matches the positions of the hydrocarbon 
reservoirs (Appendix B.7). 
 
Assuming a geothermal gradient of 36 °C/km and the temperature of the sediments on the 
seafloor to be 4 °C: 70 °C and the onset of quartz cementation occurs around 1833 m (70 °C – 
4 °C divided by 36 °C/km). After uplift correction for each well (1833 m minus uplift), quartz 
cementation could theoretically affect reservoirs that occurs below: 
 

• 623 m BSF (1833 m – 1210 m) in well 7220/8-1 (Skrugard) 
• 403 m BSF (1833 m – 1430 m) in well 7220/5-1 (Skrugard Appraisal) 
• 491 m BSF (1833 m – 1342 m) in well 7220/5-2 (Nunatak) 
• 304 m BSF (1833 m – 1529 m) in well 7220/2-1 (Isfjell) 
• 719 m BSF (1833 m – 1120 m) in well 7220/4-1 (Kramsnø) 

 
Because all formations within the Jurassic-Triassic interval have been buried below this depth 
based on uplift-estimates, cementation is expected in all studied wells and for all target 
formations. Testing formation top depths of all wells with the maximum theoretical transition 
zone, one can approximate the relative time formations have been situated below the transition 
zone. An example is shown for the Stø Formation. 
 
• The top Stø Formation is situated at 879 m BSF (1276 m MDKB) in well 7220/8-1 

(Skrugard), which is 256 m below the theoretical transition zone before uplift (879 m – 623 
m). 
 

• The top Stø Formation is situated at 909 m BSF (1337 m MDKB) in well 7220/5-1 
(Skrugard Appraisal), which is 506 m below the theoretical transition zone before uplift 
(909 m – 403 m). 
 

• The top Stø Formation is situated at 1103 m BSF (1532 m MDKB) in well 7220/5-2 
(Nunatak), which is 612 m below the theoretical transition zone before uplift (1103 m – 
491 m). 
 

• The top Stø Formation is situated at 359 m BSF (828 m MDKB) in well 7220/2-1 (Isfjell), 
which is 55 m below the theoretical transition zone before uplift (359 m – 304 m). 

 
• The top Stø Formation is situated at 1833 m BSF (2267 m MDKB) in well 7220/4-1 

(Kramsnø), which is 1114 m below the theoretical transition zone before uplift (1833 m – 
719 m).  

 
The Stø Formation of well 7220/4-1 (Kramsnø) has likely been buried for a longer time below 
the transition zone than the other wells, and a higher amount of cement volume is expected. 
On the other hand, Stø Formation of well 7220/2-1 (Isfjell) has been buried for less time below 
the transition zone than other wells, and a lower amount of cement volume is expected.  
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After uplift, top Stø Formation is located above the transition zone for all wells, except in well 
7220/4-1 (Kramsnø) where it is situated below the transition zone at present burial as well, and 
continuous cementation is expected. As seen in Figure 5.33 (left), the top Stø Formation from 
well 7220/4-1 (Kramsnø) are located in the quartz cementation zone (between point A and B) 
both before and after uplift, and the porosity is being reduced. The top Stø Formation from 
other wells have been buried under the transition zone for some time, but uplift has lifted the 
top Stø Formation towards point C and the porosity is stable. Higher porosities and less 
cementation is expected. Assumptions for this approach includes a similar uplift history for all 
wells and same current- and paleo geothermal gradient and correct uplift estimation.  
 
Cementation and its stiffening effect are observable in the LMR crossplot where the shear 
strength is sharply increased, and the formations from well 7220/4-1 (Kramsnø) stands out as 
much more cemented than others (e.g. Fig. 5.29). 
 
According to Jabbar (2015) the interval between 1340 to 1450 m in well 7220/5-1 (Skrugard 
Appraisal), which include both the Stø Formation and the upper part of the Nordmela 
Formation contains between 0 – 1.6 % quartz cement volume. Moreover, illite coating has 
frequently been identified on both quartz and K-feldspar grains in SEM analysis. The presence 
of illite is also seen in spectral gamma ray analysis in this study (Appendix B.6 and Fig. 4.10). 
Yet, the effect on retarding quartz cementation is stated to be minor (Jabbar, 2015). 3 % and 8 
% cement volume is inferred from the Stø and the Nordmela Formations for well 7220/5-1 
(Skrugard Appraisal) in this study. There is clearly some deviation between the results from 
Jabbar (2015) and the obtained results in this study. This study emphasizes a larger depth 
interval down to 1578 m and as cementation increases with burial, deeper depth may contribute 
to a greater cement volume. Moreover, the thin-section study by Jabbar (2015) is only based 
on a few samples where quartz overgrowth (both micro and macro quartz) (Fig. 5.33, right) are 
quantified. 
 
Jabbar (2015) also states that the Nordmela Formation is more cemented than the Stø 
Formation, which is also clearly evident in this study. Figure 3.34 shows an example of a SEM 
image with evidence of quartz overgrowth which surrounds kaolinite (Stø Formation, a and b) 
and illite coating (Nordmela Formation, c and d) for well 7220/5-1 (Skrugard Appraisal). 
 

                
Figure 5.33: Porosity loss and quartz cementation as a function of time and temperature (left). 
Quartz cementation and porosity loss continue during uplift as long as the temperature exceeds 
70-80 °C (modified from Jabbar, 2015 and Bjørlykke and Jahren, 2015). Both macro quartz 
(MiQ) and micro quartz overgrowth (MaQ) have been observed (right) in SEM analysis by 
Jabbar (2015) (example from well 7220/5-1 at depth 1444.36 m). 
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Figure 5.34: a) SEM image of well 7220/5-1 (Skrugard Appraisal) from 1373 m depth. b) 
Zoomed SEM image from 1373 m depth, showing quartz overgrowth (Qo) which surrounds 
Kaolinite (K). c) SEM image from 1425 m depth. d) Zoomed SEM image from 1425 m depth, 
showing a K-feldspar (F) grain surrounded by illite coating (I) (modified from Jabbar, 2015). 

5.2.3 Fluid sensitivity 

Stø and Nordmela Formations show a clear hydrocarbon deviation from published brine sand 
trends in the Vp versus Vs crossplot for all discoveries, except for well 7220/4-1 (Kramsnø). In 
this well, brine and hydrocarbon data plot in similar fashion (Fig. 5.7), both deviating from 
published brine trends. The effect may be related to cementation and diagenesis. As seen from 
the Vp/Vs versus AI crossplot, increasing cement decreases the Vp/Vs ratio, similar to 
hydrocarbon saturation as Vs is increased more than Vp. Consequently, cemented and 
hydrocarbon saturated sandstones plot in a similar fashion with Vp and Vs as variables; hence 
masking the hydrocarbon effect. A reduced fluid sensitivity is also noticed from the LMR 
crossplot, due to diagenesis, where hydrocarbons are shifted to the right relative to the 
Goodway et al. (1997) porous gas sand cutoff line (Figs. 5.27-5.29).  
 
Displaying gas and oil data based on the interpreted fluid contacts from wells 7220/8-1 
(Skrugard) and 7220/5-1 (Skrugard Appraisal) in the Vp versus Vs crossplot (Figs. 5.5 and 5.6) 
it is observable that the Vp reduction due to gas is much greater than for oil. Oil has similar 
seismic properties as water, and only a small to no separation from the water sandstone trend 
is expected. Lighter oils (more similar to gas) may be easier to discriminate from brine than 
denser oils. Based on pure velocity, it is hard to discriminate between water and oil, which is 
also a serious problem regarding quantitative interpretations of seismic data. 
 
Most of the data from the Nordmela Formation of well 7220/2-1 in the Vp versus Vs crossplot 
(Fig. 5.8, right) plot at the gas trend and the water trends, but also in-between. Data in-between 
may reflect the oil leg interpreted from the petrophysical analysis. Moreover, some low 
hydrocarbon saturated data also plot towards the gas-saturated end, which may reflect small or 
residual saturation of gas, as only a small amount of gas may drag data towards lower Vp values 
(assuming homogenous saturation). It may also be the case that the petrophysical analysis has 
underestimated the hydrocarbon saturation.  
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Clay has also an effect on the on the fluid sensitivity and may lead to a lower saturation than 
expected in the Vp/Vs versus AI crossplot. Clays have a higher incompressibility than rigidity 
and also a greater Vp/Vs ratio compared to sand. Clays therefore work oppositely compared to 
hydrocarbon saturation, and the sensitivity of gas is reduced with increasing clay content.  
 
Overall, the results from the petrophysical analysis seem valid or can be argued for and no 
large amounts of bypassed hydrocarbons are indicated (water-saturated data do not frequently 
plot within hydrocarbon saturated regions). 
 
5.3 Uncertainties 
Possible sources of error in the rock physics diagnostics are summarized below: 
 

• Models for Vp/Vs versus AI depend on parameters such as the coordination number, the 
critical porosity and the bulk and shear modulus of the matrix. Default values for brine-
saturated sandstones are utilized, as suggested within the Hampson Russell software. 
Siliciclastic lithologies are assumed (sand-shale), but differences in mineralogy with 
different elastic properties may lead to uncertainty (e.g. quartz and feldspar diversity 
and clay minerals). A homogeneous saturation is assumed, but fluids can be mixed in a 
patchy fashion as well (discussed in chapter 6). 

• The effective pressure of reservoirs in the study area are questionable due to substantial 
uplift. The Vp/Vs versus AI and the velocity (both Vp and Vs) versus porosity rock 
physics templates require effective pressure information. For instance, the friable sand 
line in the Vs versus porosity crossplot is generated for approximately 10 MPa effective 
pressure, but reservoirs in this study may have been affected by much higher pressures. 
Effective pressure from the current depth has been used in the Vp/Vs versus AI 
crossplot. The assumption of overburden pressure of 10 MPa corresponding to 1 km 
depth may also add additional error.   

• Estimations of effective porosity, total porosity, shale volume and saturation from the 
petrophysical analysis may not be very accurate. 

• Residual gas may reduce Vp in the Vp versus porosity crossplot, which is an issue when 
the objective is to estimate sorting and cementation trends. Trends applies to be brine-
saturated sandstones. The Stø Formation is largely hydrocarbon saturated in most wells, 
which lead to higher risk. Furthermore, the relation by Marcussen et al. (2010) is based 
on Vp and may show serious errors when it is estimated from hydrocarbon bearing 
intervals. 

• Clay volume lines by Han et al. (1986) are derived for clay volume and not shale 
volume which is used in this study. The clay volume lines are also derived for different 
rocks. Moreover, mineralogy, pore geometry, cementation, effective pressure, and 
temperature may alter the result.  

• The presence of actual cementation and the estimated cementation should be checked 
by thin section study for all wells. 

• Results are determined by qualitative interpretation and is interpreter-biased to some 
degree. Quantitative methods may produce more precise, less biased conclusions. 
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Chapter 6 AVO Modeling  

6.1 Results 
This subchapter studies selected reservoirs, utilizing the AVO forward modelling technique. 
The aim is to examine fluid and lithology effects of reservoir interfaces in in-situ, fluid-
substituted and/or matrix-substituted conditions. The AVO signature of top reservoir interfaces 
are emphasized. Base interfaces are also studied but to a lesser extent. Clear shale to sand 
interfaces are mainly identified between a distinct cap rock (Kolmule, Fuglen or Knurr 
Formations) and the Stø Formation reservoir. The focus is therefore on top Stø Formation 
interfaces. Top Stø Formation interfaces are modelled for all wells except well 7220/5-2 
(Nunatak), where the P-wave, S-wave and density logs (the necessary inputs for AVO 
modelling) are missing. Two pay zones in the Snadd Formation and one pay zone in the 
Fruholmen Formation in well 7220/4-1 (Kramsnø) are also modelled to see the AVO signature 
of deeper formations. In addition, two coal intervals of well 7220/8-1 (Skrugard) are modelled 
to demonstrate the differences between gas sands and coal. The top (and base) interfaces which 
are modelled in this study are compiled in Table 6.1.  

Table 6.1: Detailed information on AVO modeling for some selected reservoir units. 

Well Cap Reservoir Interfaces [MDKB] Thickness 
7220/5-1 Fuglen Stø  TG (1337), OWC (1412) 27 m gas, 47 m oil 
7220/2-1 Kolmule Stø, Nord. TG (828) 84 m gas, 2 m oil 
7220/4-1 Knurr Stø, Nord. TG (2267), BS (2366) 99 m gas 
7220/4-1 Fruholmen Fruholmen TG (2876) 9 m gas 
7220/4-1 Snadd Snadd TG (3002) 45 m gas 
7220/4-1 Snadd Snadd TG (3117) 45 m gas 
7220/8-1 Fuglen Stø, Nord. TG (1276), GOC (1312), OWC (1395) 36 m gas, 83 m oil 
7220/8-1 Fruholmen Fruholmen 1760 & 2013 2 x 1 m coal 

 
6.1.1 Generating synthetic seismic 

Chapter 3 introduced the process of generating synthetic seismic. Before the synthetic seismic 
are used for interpretations, different versions and its respective sensitivity are tested to check 
which configuration produces the most valuable result. The choice of equations, parameters, 
blocking (mode and size) and wavelet (type and frequency) are briefly discussed here. The 
Fuglen to Stø Formations interface from well 7220/8-1 (Skrugard) is used as an example. 

6.1.1.1 Wavelet selection 

The wavelet applied for synthetic seismic generation is typically an extracted statistical wavelet 
from actual seismic data at the well location. Seismic data is not available in this study and 
therefore an idealized symmetrical wavelet (a linear phased Ricker wavelet) is used. 

The choice of dominant frequency for the Ricker wavelet controls resolution. Reservoirs of the 
Stø Formation yield around 3500 m/s P-wave velocity. Following typical values presented in 
Table 6.2 by SEG (2014) for real seismic data; 3500 m/s corresponds to around 35 Hz 
frequency. The table also states that there is a decrease in frequency and an increase in velocity 
as a function of depth, where the dominant frequency of the seismic signal typically varies 
between 50 and 20 Hz, while the velocity typically ranges from 2000 to 5000 m/s. 
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Consequently, the seismic wavelength ranges from 40 to 250 m (l = Vp / Frequency) with an 
increase in wavelength as a function of depth. Following the threshold for vertical resolution 
(l/4), the resolution in the shallow part is higher; hence it is possible to discriminate the top 
and base of a feature that is relatively thin (10 m in Table 6.2), while in the deeper parts one 
can only separate relatively thick features (62 m in Table 6.2). 
 
Table 6.2: Threshold for vertical resolution. Based on SEG (2014). 

Vp [m/s] f [Hz] l [m] l/4 [m] 
2000 50 40 10 
3000 40 75 18 
4000 30 133 33 
5000 20 250 62 

 
This study utilizes 45 Hz dominant frequency because it is default in the Hampson Russell 
software and within a typical range of seismic frequencies. It is better at imaging smaller 
features like thin reservoirs or coal but is slightly higher than what is expected based on 
measured P-wave velocities. It is, therefore, more complicated to correlate the synthetics to 
real seismic, but it is not the aim of the study. With a 45 Hz wavelet, it is possible to separate 
the top and base of a reservoir interval that is 19 m thick (assuming a P-wave velocity of 3500 
m/s). The sample rate is set to 1 ms, wavelet length to 150 ms and phase rotation to 0. These 
values are employed in all seismograms. The wavelet is visualized in Figure 6.1.  

 
 
Figure 6.1: Ricker wavelet used in this study. The dominant frequency is 45 Hz, the sample 
rate is 1 ms, wavelet length is 150 ms and the phase rotation is 0. 

6.1.1.2 Gassmann´s fluid substitution 

Effects of various fluid mixes are modelled using Gassmann´s fluid substitution. Saturations 
are tested for 100 % brine, 100 % oil, 10 % gas and 100 % gas utilizing the FRM (Fluid 
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Replacement Modeling) process in the Hampson Russell software. The fluid replaced data are 
plotted with in-situ saturation data from a gas reservoir of the Stø Formation of well 7220/8-1 
(Fig. 6.2). The replacement of fluids lead to changes in seismic properties. The percentage of 
change can be observed in Figure 6.3.  

What really is eye-catching is the large change in Poisson´s ratio (PR) that occurs due to fluid 
variations, and reflects how sensitive PR is to fluids. Hydrocarbon saturation decreases PR 
relative to brine, where gas saturation leads to the largest decrease. Only a small amount of gas 
is necessary to give a significant PR reduction, and only 10 % gas saturation deviates much 
more from 100 % brine saturation than 100 % oil deviates from 100 % brine saturation. 
Moreover, in-situ (88 % gas) deviates with only 0.1 % PR compared to 100 % gas. It is 
therefore hard to discriminate between higher gas saturations. Overall, hydrocarbon saturation 
reduces density, increases S-wave velocity, decreases P-wave velocity and decreases Poisson´s 
ratio. 

 

Figure 6.2: Example of property (P-wave, S-wave, density and Poisson´s ratio) changes due to 
fluid variations. 

 

Figure 6.3: Changes in seismic properties (in %) relative to in-situ fluid saturation as a function 
of fluid type and saturation.  

Gas is lighter than oil and water, and gas saturation therefore reduces the measured density. 
Although the shear modulus is unaffected by fluids, Vs increases slightly due to the low density 
of gas (or oil) compared to water, following Equation 3.29. The Vs increase follows a linear 
trend with increasing hydrocarbon saturation as shown in Figure 6.5. 
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A comparison of oil- and gas saturation effects on Vp, AI and PR in case of homogeneous 
saturation is shown in Figure 6.4 for low pressures and temperatures. Oil follows a more linear 
relationship compared to gas (Simm and Bacon, 2014). Note that an increase in Vp is expected 
with high gas saturations and this is also reflected in Figure 6.3 (10 % gas exhibits a lower Vp 
than both 100 % gas and in-situ 88 % gas). The reason is that small amounts of gas lower the 
saturated bulk modulus strongly, which again lowers velocity (following Eq. 3.28). Increasing 
the gas saturation, even more, has little effect on the bulk modulus, but the density decreases 
still. Density is in the denominator of the equation, and velocity therefore increases with 
increasing gas saturation at some point (Simm and Bacon, 2014).  

Considering acoustic impedance, we see that for the first 5-10 % added gas, most of the 
acoustic impedance reduction occurs. Compared to Vp versus saturation there is no increase 
with lower water saturation since the density term is taken into account in acoustic impedance. 
The same characteristic is seen for Poisson’s ratio; hence little gas saturation may have a strong 
influence on amplitudes and the amplitude variations with offset.  

 

Figure 6.4: Oil and gas saturation effects on Vp, AI, and Poisson´s ratio. The shape of the curve 
depends on the fashion of gas and water mixing, which again depends on pressure and 
temperature (modified from Simm and Bacon, 2014). 

Figure 6.5 shows how the velocity may vary in terms of saturation and fluid distribution. Fluids 
can be mixed in a homogeneous or a patchy manner. A homogeneous (uniform) fluid 
substitution has been modelled in this study and assumes an uniform mix of gas, oil and brine. 
A heterogeneous (patchy) saturation means that fluids are mixed in a fingering manner, which 
can be caused by spatial variations in shale content, permeability or wettability. As seen in 
Figure 6.5, the patchy saturation results in an overall higher Vp and a less strong Vp reduction 
as a function of saturation (Avseth, 2015). A homogeneous fluid distribution is assumed in this 
study. The rock modulus of a homogeneous distribution of fluids uses the Reuss (1929) (iso-
stress) average, while the patchy distribution can be calculated by the Voigt (1910) (iso-strain) 
average for the effective fluid (Avseth, 2015).  

 

Figure 6.5: Homogeneous (uniform, lower bound) versus heterogeneous (patchy, upper bound) 
saturation of gas (modified from Avseth, 2015). 
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6.1.1.3 Blocking / upscaling of well log data 

Compared to seismic data, well log measurements exhibit a much higher frequency of about 
10,000 to 20,000 Hz with a vertical resolution of about 2 cm to 2 m, and consequently much 
more data are recorded for well log measurements. Blocking is performed in order to filter out 
small events from well log data and to the emphasize big events so that a peak or a trough 
correspond to a significant feature. Figure 6.6 shows that blocking averages well log data 
(density log) into sample intervals where a coarser blocking (higher block size) averages data 
into larger sample intervals. A block size of 3 m is the recommended minimum (e.g. Ross, 
2000).  

The effect of variable block sizes (e.g. 5, 10 and 25 m) and block modes (e.g. Backus Average, 
Automatic Non-Uniform and Automatic Uniform) are tested on the density log from well 
7220/8-1 (Skrugard) (Fig. 6.6). The Backus Average and the Automatic Uniform blocking 
algorithm samples data in uniform intervals (same distance between average points). The 
Automatic Non-Uniform blocking algorithm varies the block size for different intervals (i.e. 
not constant) in order to magnify the most important events. The average selected block size 
thickness is still kept. The Backus Average approach appears to be beneficial, as reflectivity is 
often placed exactly at the top of the reservoir, unlike the Automatic Uniform approach. 
Moreover, the Backus Average exhibits less interference from the overburden and internal 
reflectivity in the reservoir compared to the Automatic Non-Uniform approach. 

 

Figure 6.6: A comparison between a raw density log and a corresponding blocked density log 
(left). Variability in terms of various block modes and block sizes are illustrated to the right. 
Examples from well 7220/8-1 (Skrugard). 

Figure 6.7 shows that the choice of block size and averaging method lead to variations in the 
appearance of the synthetic data (obtained from blocked Vp, Vs and the density logs). The 
positive standard polarity convention is utilized for symmetrical wavelets as seen in Figure 6.8. 
A trough is observed at zero offset / zero angle in all cases at the top of the reservoir, except 
for the Backus Average 25 m algorithm. The explanation may be that too much data are 
averaged into a single point, and ultimately produced an erroneous amplitude. 

All synthetics have a negative gradient (larger negative amplitudes with increasing offset). 
Backus Average (10 m block size) exhibits very small amplitudes. The cleanest result seems 
to be produced by the Backus Average (5 m block size) which has no significant interference 
with angle, unlike the Automatic Non-Uniform (5 m block size) approach. The Automatic 
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Uniform (5 m block size) approach also produces a good result for this particular case, but in 
other cases, it is usually not favorable.  

 

Figure 6.7: Differences in amplitude from 0 to 30 degree angle utilizing different block- modes 
and sizes, where BA = Backus Average, NU = Automatic Non-Uniform, and U = Automatic 
Uniform. The blue line follows the peak/trough of the wavelet for TG (Top Gas) and the red 
line follows the peak/trough of the wavelet for GOC (Gas-Oil-Contact). 

 
 

Figure 6.8: The positive standard polarity of a symmetric wavelet is the polarity convention 
used in this study. A soft response above and a hard response below generates a peak (black). 
Troughs are displayed in white (modified from Simm and Bacon, 2014). 

An amplitude versus angle plot and an I-G (Intercept versus Gradient) crossplot for the same 
block sizes and block modes as displayed in Figures 6.6 and 6.7, is illustrated in Figure 6.9. 
Backus Average (5 m block size), Automatic Uniform (5 m block size) and Automatic Non-
Uniform (5 m block size) plot similarly, while the intercept is positive and the gradient much 
higher for Backus Average (25 m block size). Moreover, the gradient is much lower for Backus 
Average (10 m block size). 

 

Figure 6.9: Amplitude versus Angle [degrees] plot and the corresponding I-G crossplot of well 
7220/8-1 (Skrugard) at the top of Stø Formation. 
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Overall, the Backus Average with a good choice of block size has proved to be the best way of 
visualizing the synthetic data (based on several attempts). Backus Average is therefore used in 
the generation of all final synthetic data, but the block size is optimized depending on the 
amount of strong reflectivity close to the boundary. The block size used for the different wells 
are compiled in Table 6.3. 

Table 6.3: Block size and block mode used for different wells. 

Well Block size Block mode 
7220/2-1 5 m Backus Average 
7220/4-1 25 m Backus Average 
7220/5-1 20 m Backus Average 
7220/8-1 5 m (8 m for OWC) Backus Average 

 

6.1.1.4 AVO equation and background trend 

Synthetic seismic is created with up to 30 degree angle of incidence by employing the Zoeppritz 
equation on blocked P-wave, S-wave and density logs. Ray path is estimated by the automated 
ray tracing method. The Aki-Richards two-term approximation was used for AVO 
classification (also for angles up to 30 degrees). 

Figure 6.10 (left) shows how the background trend varies with different Vp/Vs for brine sand 
and shale interfaces. The highest Vp/Vs background trend is shown in Figure 6.10 (left) is 3.5 
and is typical for very shallow unconsolidated sediments, which is non-hydrocarbon saturated 
(Castagna and Swan, 1997). More compacted and cemented rocks typically have a decreased 
Vp/Vs ratio and a steeper background trend (Chopra and Castagna, 2014). The background 
trend is valid for a limited depth range at a specific locality and may vary over larger depth 
intervals (Castagna and Swan, 1997). 

 
Figure 6.10: Left: AVO Intercept versus Gradient (I-G) crossplot with various (Vp/Vs) 
background trends (modified from Castagna and Swan, 1997). Right: AVO Intercept versus 
Gradient (I-G) crossplot with examples of background trend data from the Tubåen Formation 
of three wells. The background trends rotate counterclockwise due to decreasing depth, less 
compacted and cemented rocks. 
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For the AVO Intercept versus Gradient (I-G) crossplot in this study, a constant Vp/Vs ratio of 
2 is displayed as background trend (mentioned in Castagna et al., 1998). It seems to provide a 
good fit with the background data and only requires small adjustments. The background trends 
tend to be less than Vp/Vs = 2, because slightly steeper background trends are usually seen. 
Consequently, an observed background trend is also indicated, based on where the majority of 
data plot from an interval above and below the reservoir (i.e. brine sand and shale interfaces). 
 
Figure 6.10 (right) shows the variations in background trend for brine sand and shale interfaces 
in the Tubåen Formation of wells 7220/2-1, 7220/4-1 and 7220/8-1. The deepest Tubåen 
Formation in well 7220/4-1 exhibits the steepest background trend. The choice of background 
trend has a large effect on the interpretation of an anomalous event since AVO anomalies drags 
away from the background trend due to fluid variations. 

6.1.2 AVO classification 

AVO classification is performed by using the Intercept versus Gradient (I-G) crossplot, which 
is suitable for displaying this amount of data in an organized way. The work is divided into 
wells, where each well tests a particular scenario (e.g. matrix substitution or fluid substitution 
effects). The top of Stø Formation contains gas in all the four wells where Vp, Vs and density 
logs are available; thus no brine-saturated top Stø Formation is available in the in-situ case. 
However, the response of substituting in-situ gas with 100 % brine is indicated in all wells.  
 
6.1.2.1 Fluid sensitivity for well 7220/5-1 (Skrugard Appraisal) 

Figure 6.11 shows AVO-modelling results of well 7220/5-1 (Skrugard Appraisal) in the I-G 
crossplot. The aim of this particular plot is to describe responses due to fluid substitution. 100 
% gas, in-situ gas, 10 % gas, 100 % oil, 10 % oil and 100 % water have been tested for TG 
(Top Gas). The OWC (Oil-Water-Contact) located in the Nordmela Formation has also been 
modelled under in-situ conditions.  
 

 

Figure 6.11: I-G crossplot of top Stø Formation of well 7220/5-1 (Skrugard Appraisal). The 
influence of hydrocarbon saturation is observed for TG. Black arrows indicate trends and the 
red arrow indicates the OWC. 
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From the plot, it can be observed that in-situ gas plots as a Class 3 AVO response, indicative 
of unconsolidated (less compacted) sandstones. Replacing in-situ gas saturation with brine 
moves data towards the background trend. The intercept changes from [-0.06] to [0] and the 
gradient changes from [-0.05] to [-0.01], indicating a lower zero offset amplitude and less 
amplitude change with increasing incidence angle. The amplitude is still considered a trough 
at any offset, indicating that shale in the Fuglen Formation has a higher impedance and 
Poisson´s ratio compared to sand in the Stø Formation (reviewed in section 6.2). 
 
Playing with gas saturations (i.e. 10 % and 100 %), it is evident that both 10 % and 100 % gas 
plot fairly similar, which coincides with the changes in fluid properties seen in Figure 6.3, 
assuming homogeneous saturation. From 10 % to in-situ to 100 % gas only a minor change is 
observed. The intercept is getting more negative and the gradient is getting less negative, 
meaning that the negative amplitude at zero offset increases and the amplitude changes less as 
a function of incidence angle. Playing with oil saturations (i.e. 10 % and 100 %) a more linear 
velocity change with increasing oil is observed, all plotting closer to the background trend 
compared to 10 % gas saturation.  
 
A gas line, oil line, and water line are displayed, indicating where 100 % gas, 100 % oil and 
100 % water occurs. The OWC exhibits a positive intercept and a positive gradient, but plots 
close to the background trend, due to small changes in seismic properties from water to oil. 
 
6.1.2.2 Porosity and shale volume sensitivity for well 7220/2-1 (Isfjell) 

Figure 6.12 shows AVO-modelling results of well 7220/2-1 (Isfjell) in the I-G crossplot. The 
aim of this particular plot is to describe responses due to matrix substitution (i.e. for shale 
volume and porosity). 20 % porosity and 30 % porosity are tested for TG / top Stø Formation, 
as well as shale content variations (10 %, 30 %, and 50 % shale volume) for the same porosities. 
In-situ gas plots as a Class 3 AVO response, indicative of unconsolidated (less compacted) 
sandstones.  
 

 

Figure 6.12: I-G crossplot of top Stø Formation of well 7220/2-1 (Isfjell). The influence of 
shale, porosity and water substitution are tested for TG. Black arrows indicate trends. 
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Lower porosities (20 %) in the reservoir shifts data towards more positive intercepts and more 
negative gradients, compared to higher porosity (30 %). Increasing the shale volume from 10 
to 30 to 50 percent in both cases drags data towards higher intercepts and lower gradients. This 
means that an increase in either porosity or shale volume makes the reservoir softer compared 
to the cap rock. 
 
6.1.2.3 Sensitivity to burial and diagenesis for well 7220/4-1 (Kramsnø) 

Figure 6.13 shows AVO-modelling results of well 7220/4-1 (Kramsnø) in the I-G crossplot. 
The aim of this particular plot is to describe fluid sensitivity in a deeply buried scenario. 100 
% gas, in-situ gas, 10 % gas, 100 % oil, and 100 % brine have been tested for TG / top Stø 
Formation and base sand (BS) in the Nordmela Formation. In-situ gas plots as a Class 1 AVO 
response, indicative of deeply buried and well consolidated sand, and the impedance of sand is 
higher than the shales above (Chopra and Castagna, 2014).  
 
From the petrophysical analysis and rock physics diagnostics, it has been concluded that much 
higher cementation is observed for the Stø Formation in this well compared to other wells, and 
the sensitivity to fluid content is much lower. In AVO modeling the gradient increases and the 
intercept decreases with increasing hydrocarbon saturation (in terms of absolute value) for TG, 
but the relative change is small. Amplitudes are dimming both with hydrocarbon saturation and 
with offset. By increasing the porosity to 20 % and 30 %, respectively, in-situ gas plots within 
Class 3, similar to other wells. The effect of burial, diagenesis and porosity reduction have 
strongly modified the AVO signature. A mirroring behavior is seen between TG and BS for 
porosity- and fluid substitution. The base of sand in in-situ has a positive intercept and a 
positive gradient. 
 

 

Figure 6.13: I-G crossplot of top Stø Formation, two intra-Snadd reservoirs and one intra-
Fruholmen reservoir from well 7220/4-1 (Kramsnø). Influence of porosity- and fluid variations 
are indicated for the top of Stø Formation (TG). Black arrows indicate trends and red arrows 
indicate various top gas interfaces. TG (FRU.) = Top Gas in the intra-Fruholmen reservoir. TG 
(Snadd) U or L = Top Gas in the intra-Snadd upper or lower reservoir (all in in-situ conditions). 

Two intra-Snadd hydrocarbon reservoirs and one intra-Fruholmen hydrocarbon reservoir are 
tested. A Class 4 response is observed for the upper intra-Snadd and the intra-Fruholmen 
reservoirs with a positive gradient and a negative intercept. Class 4 is associated with porous 
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sands which are overlain by a cap rock with high velocity (Castagna et al., 1998). The lower 
Snadd Formation plots close to the background trend (or Class 1), and the reservoir may be 
more cemented. 
 
6.1.2.4 Various tests for well 7220/8-1 (Skrugard) 

Figure 6.14 shows AVO-modelling results of well 7220/8-1 (Skrugard) in the I-G crossplot. 
The aim of this particular plot is to test the in-situ AVO response of the top Stø Formation and 
to check if there are any differences between wells 7220/5-1 and 7220/8-1 (both having the 
same Fuglen Formation cap rock and similar burial depth). Two coal intervals and fluid 
contacts are also modelled. 
 
The in-situ TG / top Stø Formation plots as a Class 3 AVO response, indicative of 
unconsolidated (little compacted) sandstones. The amplitude is slightly negative and brightens 
with increasing angle. The in-situ saturation has been fluid substituted with 100 % brine in the 
reservoir and plots closer to the background trend. The GOC plots with a negative gradient, 
however, a strong lithology change is observed close to the contact (Appendix B.1) which is 
likely modifying the response. A positive gradient is observed at the OWC, however, oil 
saturation lowers the gradient compared to water saturation which contradicts with the 
background theory. There are likely some interference and the reflectivity may express another 
event. The same porosity trend is seen in this well as in other wells. Coal intervals plot as a 
Class 4 utilizing the observed background trend.  
 

 

Figure 6.14: I-G crossplot of top Stø Formation in well 7220/8-1 (Skrugard). The influence of 
porosity is indicated, as well as the behavior of fluid contacts. Two coal intervals in the 
Fruholmen Formation has also been modelled, showing a Class 4 response.  

6.2 Discussion 
The reason to perform AVO modelling is to explain changes in seismic signatures that occur 
in response to rock- and fluid variations. AVO can function as a direct hydrocarbon indicator 
(DHI) and are typically applied in shallow and unconsolidated to partially consolidated settings 
of sand / shale sequences. This is where the compressibility of the fluid has a significant effect 
on the compressibility of the total rock. Otherwise, when sandstones are well consolidated, or 
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within carbonate contexts, fluids make a smaller contribution to the total rock compressibility, 
and the AVO effect is less (Simm and Bacon, 2014). 

Specific styles of deposition, compaction, diagenesis, hydrocarbon generation and fluid flow 
generate specific amplitude responses (Simm and Bacon, 2014). Different amplitude responses 
have been observed from the modelled wells, both within the same formation and for different 
formations.  

Figure 6.15 summarizes the AVO responses for the four top Stø Formations modelled in this 
study and trends regarding burial, porosity and shale content. Top Stø Formation plots mainly 
as a Class 3, which is the case in the three wells where the Stø Formation is situated at shallow 
depth. Top Stø Formation of well 7220/8-1 (Skrugard) can also be argued to be a Class 2 
response, depending on the definition of “close-to-zero” intercept. Top Stø Formation from 
well 7220/4-1 (Kramsnø) on the other hand, is more deeply buried and produces a Class 1 AVO 
signature.  

Some properties are compiled in Table 6.4 and the interplay between these parameters could 
potentially explain the differences in AVO among the top Stø Formation in the four modelled 
wells. Different cap rocks introduce additional variability. A higher degree of cementation, 
diagenesis and porosity reduction seem to have the strongest effect on the observed variation 
within the wells at all boundaries between Stø Formation and cap rocks of Fuglen, Kolmule 
and Knurr Formations (Fig. 6.15). Less cementation is observed at well 7220/2-1, followed by 
wells 7220/5-1, 7220/8-1 and 7220/4-1. The top Stø Formation in well 7220/2-1 (Isfjell) yields 
much lower porosity compared to well 7220/5-1 (Skrugard Appraisal) and this may be the 
reason why the absolute gradient is higher. Shale volume is very similar and the hydrocarbon 
saturation is high in all cases and the influence of these factors should be minor. 

 

Figure 6.15: Summary of the AVO (I-G) crossplot of the top Stø Formation in four wells. 
Influences of compaction (burial depth / porosity loss), shale volume and saturation is 
illustrated. 
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Table 6.4: Properties within the Stø Formation of four studied wells. 

Well Vsh [R] 
[F] 

fe [R] 
[F] 

Sw [P] 
[F] 

Cement 
Volume 

Thickness  
(Tuning approx. 19 m) 

7220/8-1 0.066 0.214 0.117 5 % 36 m gas (continuous) 
7220/5-1 0.084 0.218 0.191 3 % 27 m gas (discontinuous) 
7220/2-1 0.126 0.135 0.271 1 % (0 %) 99 m gas (discontinuous) 
7220/4-1 0.062 0.092 0.255 16 % 84 m gas (continuous) 

 
The variable AVO signature of the top Stø Formation is also seen by Zhang (2014) in the 
Hammerfest Basin and the Ringvassøy-Loppa Fault complex south of the study area. 
Moreover, Johansen (2016) has mapped out and modelled many wells in the Norwegian 
Barents Sea, and she places well 7220/4-1 (Kramsnø) as a Class 1 and 7220/8-1 (Skrugard) as 
Class 2 or a transition between Class 2 and 3 (as she has extended the interpretation of close-
to-zero to higher intercepts). The results from Johansen (2016) is very similar to what is seen 
in this study. 

3.6.4.1 Lithology and coal determination 

The intercept is controlled by the acoustic impedance contrast between cap and reservoir rock 
sequences, while the contrast in Poisson´s ratio across an interface has a large control on the 
rate of amplitude change with offset. A decrease in Poisson´s ratio for the medium below (sand 
/ reservoir) leads to a decrease in the reflection coefficient with angle (Castagna et al., 1998). 
There is a strong positive correlation between density and velocity, meaning that increasing 
density fits with increasing velocity. Simultaneously there is a relationship between AI and 
porosity, where higher porosity leads to lower AI. Using parameters such as AI, density, and 
compressional velocity, some overlap is expected between different lithologies (e.g. sand and 
high porosity chalks). In terms of Poisson’s ratio, however, there are larger differences which 
may more easily discriminate lithologies (Simm and Bacon, 2014). 

Two potential 1 m coal intervals, interpreted from well 7220/8-1 (Skrugard) in the Fruholmen 
Formation has been tested (Fig. 6.14). Coals have an anomalously low density and therefore 
show a soft response with high amplitude. The soft response may overlap with gas sands. Yet, 
coal exhibits a high Poisson´s ratio and typically generates a Class 4 AVO, which is also 
evident in this study. Where gas sands are Class 3, the Class 4 AVO may be a good 
discriminator (Simm and Bacon, 2014). No gas sands from the Fruholmen Formation were 
modelled from well 7220/8-1. The intra-Fruholmen reservoir from well 7220/4-1 showed a 
Class 4 response, but due to much deeper burial, it is not comparable. Appendix C.3 shows 
how the coal intervals in the LMR crossplot stands out when color-coded by neutron-porosity. 
The confidence for the existence of the two coal intervals is strong. 

3.6.4.2 Compaction 

Porosity has the main control on elastic parameters as stated earlier and porosity decreases with 
depth. Furthermore, mechanical compaction increases AI and decreases PR. Shales and sands 
compact with different rates as a function of depth. Shales are harder and have a higher AI and 
a slightly higher PR compared to sands in the shallow part, but at deeper depth, shales are softer 
and have a lower AI and a much higher PR compared to sand. Hence; sand and shale impedance 
cross over at a specific depth (Fig. 6.16a) and at this depth, the contrast is very low (Class 2 / 
Class 2p). The crossover zone can occur at a very constrained depth interval or it might be up 
to hundreds of meters thick, and it may be more than one crossover (Simm and Bacon, 2014).  
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The top Stø Formation in well 7220/8-1 (Skrugard) is likely near the crossover zone as it plots 
close to Class 2 at in-situ conditions and with positive intercept when brine-saturated (Fig. 
6.14). Shales above is softer than the sand below when brine filled. It is the hydrocarbon fill 
which causes the negative intercept and the sand to be relatively softer. A brine filled reservoir 
would give a positive amplitude, while the gas-filled reservoir gives a negative amplitude. 
Figure 6.16c shows the effect of AI when hydrocarbon filled for the same porosity. 

A shallow depth reservoir has typically a shale-sand boundary characterized by a decreasing 
AI and a slightly decreasing Poisson’s ratio (Simm and Bacon, 2014). The resulting effect gives 
a negative reflection coefficient at zero offset and with offsets, the AVO response has a slightly 
negative gradient (Class 3) (Figs. 6.16 a and b, cyan line). This similar behavior is observed 
for wells 7220/5-1 (Skrugard Appraisal), 7220/2-1 (Isfjell) and 7220/8-1 (Skrugard). 

A deeper zone has a shale-sand boundary characterized by an increasing AI and an even more 
decreasing Poisson’s ratio compared to the shallow part (Simm and Bacon, 2014). Cemented 
sands have a higher AI and a lower PR. The resulting effect gives a positive reflection 
coefficient at zero offset and with offsets, the AVO response has a strong negative AVO 
gradient (Class 1) (Figs. 6.16 a and b, purple line). The well 7220/4-1 (Kramsnø) exhibits the 
similar behavior (Fig. 6.13). 

 

Figure 6.16: Compaction effects on brine sand and shale. a) Depth versus AI, where green 
curve = shale, and orange curve = brine sand. b) AVO responses at the shale-sand boundary 
above and below the acoustic impedance crossover. c) Sand porosity versus AI, where the solid 
line represents brine sand and the dashed line represents hydrocarbon sand (modified from 
Simm and Bacon, 2014). 

3.6.4.3 Fluid saturation 

Substitution of relatively incompressible brine with very compressible hydrocarbons reduces 
both the P-wave velocity and density as documented in Figure 6.3. There is also a modest 
increase in shear velocity. In total, there is a reduction in both the acoustic impedance (AI) and 
Poisson’s ratio (PR) when replacing brine with hydrocarbons. The strongest reduction is 
associated with gas, but light oils and condensates may also show a similar trend (Simm and 
Bacon, 2014). In the AVO-crossplot, a down-to-the-left situation is common for the top of 
hydrocarbon sand regardless of AVO class, relative to the top of brine sand. Class 1 cemented 
sands dim the positive amplitude by the presence of hydrocarbons, while a Class 3 brightens 
the negative amplitude. 
 
Porosity has clearly a major control on the AVO response. The relative reduction of AI and PR 
due to hydrocarbon saturation becomes less with decreasing porosity (Simm and Bacon, 2014) 
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and therefore the separation between brine and gas is much less for deeply buried, more 
compacted, low porosity sandstone than the higher porosity, shallower sands. For siliciclastic 
environments, it usually becomes more difficult to see fluid substitution effects in AVO 
analysis below around 15 % porosity. The reason is that the relative contribution from the fluid 
modulus is much less than the total rock modulus. In addition to porosity; mineralogy and the 
stiffness of the rock frame controls the fluid effect (Simm and Bacon, 2014). 

The reduced fluid sensitivity due to deeper burial is illustrated for the top Stø Formation in 
Figure 6.13. Almost no change in AVO is related to fluid substitution in this case. The same 
sensitivity-reduction is observed in various rock physics crossplots for well 7220/4-1. It is also 
evident from Figure 6.13 that porosity variations and fluid variations exhibit different AVO 
trends. Although both increasing porosity and increasing gas saturation move the intercept 
towards more negative values, the gradient moves towards more positive values with 
increasing porosity while the gradient moves towards more negative values with increasing gas 
saturation. 

3.6.4.4 Shale effect 

Stiffness has a high influence on the rock frame, which in turn is important for velocity and the 
corresponding fluid effects. Soft rocks tend to have a low AI and a high PR, while stiff rocks 
tend to have a high AI and a low PR. Stiffness variations can be related to cement type and 
amount, shale content, the number of grain contacts and pore shape distribution (Simm and 
Bacon, 2014). 
 
Shale volume variations have been tested for top Stø Formation of well 7220/2-1 (Fig. 6.12). 
An absolute decrease in gradient and an absolute increase in intercept is observed with 
increasing shale volume. As clay can be both pore filling or structural (part of the framework) 
or both, the effect of clay can vary. Structural clay has a softening effect on the rock frame by 
decreasing AI and increasing PR (Simm and Bacon, 2014). The test in Figure 6.12 assumes 
structural clay. Considering a Class 3 AVO, the contrast in AI between the sand and the cap 
rock shale therefore is stronger with increasing shale volume, but the contrast in PR is lower. 
The result is more negative intercepts and less negative gradients. 
  
The assumption of clay adding to the framework and decreasing AI and increasing PR is 
illustrated by the sandy-shale to shale trend in Figure 3.23 (right) for AI and Figure 6.17 (left) 
for PR. The corresponding effect is observed in the Intercept versus gradient domain as 
presented in Figure 6.17 (right). If clay is assumed to take up the pore space, then an increase 
in AI and a decrease in PR would be expected up until the pore space is fully occupied with 
clay. This is illustrated by the shaly-sand to sand transition in Figure 6.17. 
 

 
Figure 6.17: Shale trends in the Poisson´s ratio versus Porosity and the Intercept versus 
Gradient crossplots (modified from Simm and Bacon, 2014).  
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There are also pore geometry effects: Flat pores are highly compressible (typical for clay 
minerals) while cuspate, triangular or rectangular pores are much stiffer (typical for 
sandstones). Flat pores and micro-cracks in shales reduces shear rigidity and increases 
Poisson´s ratio in comparison to clean sandstones (Simm and Bacon, 2014). In addition, AVO 
effects due to shale vary according to the properties of the shale matrix which is highly 
uncertain.  
 
3.6.4.5 Bed thickness and layering 

There are implications related to the reservoir thickness as discussed in chapter 3. Some 
features can only be targeted as a top (e.g. coal) due to the small thickness, and fluid contacts 
are generally associated with much interference. Another phenomenon is the influence of 
transitional boundaries (Fig. 6.18). Amplitudes are different if the boundary property change 
is sharp or gradual. Increasing transition zone thickness decreases the amplitude, and an 
upwards coarsening or upwards fining sand may impose asymmetry to the composite response 
as well (Simm and Bacon, 2014). The transition is sharp between cap rock and reservoir sand 
in all wells for the Stø Formation, and a strong amplitude is expected. 
 

 
 
Figure 6.18: Effect of transitional boundaries. a-c) Amplitude decreasing with increasing 
transition zone thickness. d) Sharp boundaries. e-f) Asymmetric responses due to upwards 
coarsening or upwards fining successions (modified from Simm and Bacon, 2014). 

3.6.4.6 Pressure 

AVO responses may vary with pressure as pressure affects acoustic properties. Effective 
pressure is the difference between the overburden pressure and the pore pressure (Fig. 6.19). If 
the reservoir is in porous communication with the surface, the pore pressure is hydrostatic. 
Water expelled by rock compaction is thereby able to flow to the surface, and the pressure 
equals the weight of water from the column above the reservoir. Salinity may introduce 
variability. A typical hydrostatic pressure is about 10.2 kPa/m. If all rocks are hydrostatically 
pressured, the effective pressure and velocity increase with depth (Simm and Bacon, 2014). 
 
If pore water is trapped within the pore space when buried, the pore pressure increases. The 
rate of burial is then higher than the rate of pore water expulsion and leads to overpressure. 
Another way to deviate from hydrostatic pressure is by the generation and movement of 
hydrocarbons due to hydrocarbon maturation when buried (Simm and Bacon, 2014). 
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Overpressure may hinder compaction, which may lead to greater porosities than expected for 
the depth. The sonic log is a good pressure indicator, and relatively low values of P-wave 
velocity are observed in overpressured regions (Simm and Bacon, 2014). Dvorkin et al. (1999) 
states that the Poisson´s ratio of gas sands may show a significant drop in low effective pressure 
regions and the dramatic Poisson´s ratio drop may be a hydrocarbon indicator in overpressured 
regions as water filled rocks do not show this response. 
 
A drop of about 800 m/s P-wave velocity is observed at the top of the reservoir in the upper 
intra-Snadd reservoir unit as well as a drop in the Poisson´s ratio of about 0.15 in well 7220/4-
1 (Kramsnø). In the lower reservoir unit, no large drop in P-wave velocity or Poisson´s ratio is 
observed. Moreover, the porosity is much higher in the upper intra-Snadd reservoir unit (up to 
approx. 30 % effective porosity) compared to the lower intra-Snadd reservoir (up to approx. 
15 % effective porosity).  
 
A top of a normally pressured shale which is overlaid by an overpressured reservoir may result 
in a Class 4 response. Overpressure lowers the effective pressure and softens the rock due to a 
lower P-wave velocity (Simm and Bacon, 2014). The upper intra-Snadd reservoir shows a 
Class 4 signature in this study. A class 4 has also been observed by Saltis (2016), in addition 
to Class 3 from wells close to the Norvarg Dome (east of the study area). The Snadd Formation 
has been analyzed in several studies and it has been found that the formation exhibit significant 
chlorite coating (e.g. Line, 2015 and Net et al., 2015). Chlorite coating protects grain from 
cementation and can thereby preserve porosity. Net et al. (2015) also states that chlorite coating 
is more dominant in certain depositional environments in the Snadd Formation, and that is 
likely why two pay zones stand out in this well with different AVO signatures. 

The upper intra-Snadd reservoir may have preserved its porosity due to a combination between 
overpressure and coating, while the lower intra-Snadd reservoir has likely kept its porosity due 
to primarily coating, but the porosity is much less, and may also just express a more sand-rich 
interval. 
 

 
Figure 6.19: Effective pressure, overburden pressure and pore pressure (modified from Simm 
and Bacon, 2014). 
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6.3 Uncertainties 
Possible sources of error in the AVO forward modelling presented in chapter 6 are summarized 
below: 
 

• Uncertainty in well log measurements. 
• The wavelet is stationary, meaning that the wavelet does not vary with time (or depth). 

In real seismic data, the pulse alters as it is emitted through the subsurface. The loops 
of a wavelet are close together in the shallow part, and far apart in the deeper part. 

• A decrease in frequency is expected with depth, due to the earth acting as a filter. 
Amplitude attenuation is not taken into account in this study. Geometrical spreading, 
frequency absorption, and transmission losses occur in real seismic data, but for AVO 
modelling it can be neglected. 

• A linear Ricker wavelet was applied, however, such a wavelet is not expected in real 
seismic data. Therefore it may be beneficial to extract a wavelet from real seismic data, 
to mirror real seismic data better. 

• Noise or multiples has not been considered. 
• Internal reflectors in the reservoir and tuning effects that arise when the wavelength is 

below ¼ may disturb the AVO response (Mondol, 2015). The presence of silts, 
carbonates or volcanic tuffs may alter the impedance contrasts (Simm and Bacon, 
2014).  

• Regarding fluid substitution, actual fluid properties are unknown. Therefore, default 
values were used, which may vary from in-situ saturations. 

• Gassmann´s equation is limited to various assumptions and is valid for clean, high-
permeability reservoir rocks. Complex lithology or fluid distributions, low permeability 
and/or porosity lead to error.  
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Chapter 7 Summary and Conclusions  
This study focuses reservoir characterization of Triassic-Jurassic successions of the 
Bjørnøyrenna Fault Complex in the Norwegian Barents Sea. The Norwegian part of the Barents 
Sea comprises an area of 313 000 km2. The southern (south of 74° 30´ N) part of the Norwegian 
Barents Sea are currently open for petroleum activities and covers an area of approximately 
245 000 km2. Over 150 exploration wells have been drilled on the Norwegian part of the 
Barents Sea, mainly in the Hammerfest Basin, Loppa High, and the Polhem Subplatform. 
Hydrocarbon exploration in the Barents Sea cannot be regarded as very successful as most of 
the wells are either dry, yields hydrocarbon shows due to a breached seal or are noncommercial 
discoveries. 

Recent oil and gas discoveries such as Filicudi, Wisting, Gohta, Alta, Skrugard, and Havis have 
made exploration in the Barents Sea more attractive and also proved several working petroleum 
systems. A vast area is still unexplored and new play models are yet to be tested. The 
Norwegian Petroleum Directorate (NPD) has estimated that about 54 % of all recoverable oil 
equivalents still remain on the Norwegian Continental Shelf, where 63 % are situated in the 
Norwegian Barents Sea. There are big challenges in finding commercial volumes of 
hydrocarbons in the area mainly due to a complex tectonic history resulting in significant uplift 
and erosion. 
 
The study area is located in the Polhem Subplatform and the Bjørnøyrenna Fault Complex in 
the Norwegian Barents Sea. Well log data from five exploration wells 7220/8-1, 7220/5-1, 
7220/5-2, 7220/4-1 and 7220/2-1 have been analyzed by utilizing three geophysical techniques: 
i) Petrophysical analysis, ii) rock physics diagnostics and iii) AVO seismic forward modelling. 
The main focus is to describe the reservoir quality in the Triassic and Jurassic successions 
consisting of the Snadd, Fruholmen, Tubåen, Nordmela and Stø Formations in the study area. 
 
Petrophysical analysis is carried out to estimate reservoir properties (e.g. shale volume, 
porosity, permeability, and saturation), to identify net pay and reservoir zones and to map out 
property trends linked to the well locations and the depositional environments. Rock physics 
diagnostics is primarily used to quality control the data from the petrophysical analysis and to 
estimate cement volume. AVO modelling is performed on some selected interfaces (e.g. shale 
to top gas sand in the Stø Formation) in order to test fluid effects and define AVO classes. 
Effects of fluid- and lithology substitutions are modelled to support seismic exploration. 
Observations assessed by the different techniques are integrated and compared at different 
stages in the thesis progression, and the limitations and risks of employing the results / models 
are evaluated. Available literature and information from NPD have supported the obtained 
results. 
 
The restricted timeframe (only 5 months) is the major limiting factor in this study. Due to short 
time and/or unavailability of data, seismic interpretation and/or analysis of cores / cuttings have 
not been conducted. Additional evidence of seismic and/or core / cutting analyses could 
potentially improve reservoir characterization substantially, reduce uncertainty and increase 
understanding of geological parameters and the associated measured well log responses. Due 
to time restrictions, it was also necessary to make a choice of which formation to emphasize 
for detailed characterization. Naturally, the Stø and the Nordmela Formations are selected for 
detailed investigation as the formations contain large quantities of oil and gas.  
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Averaged properties in qualified reservoir intervals are based on cutoff values. Qualified 
reservoir zones require fe (effective porosity) >= 6 % and Vsh (shale volume) <= 50 %. 
Qualified pay zones require Sw (water saturation) <= 60 %.  
 
Fewer tests were run for well 7220/5-2 (Nunatak) due to an error in the petrophysical analysis 
which caused data to plot outside of theoretical bounds for this well. The error is now corrected, 
but time was not sufficient to perform a full-scale analysis. In addition, well 7220/5-2 lacks 
required data at top of the Stø Formation for AVO modelling. With these limitations and 
assumptions in mind, the following conclusions are made from this study:  
 

• Reservoir potential was identified in the Stø, Nordmela, Tubåen, Fruholmen and Snadd 
Formations for all five wells. Reservoirs in the Stø Formation yield the most convincing 
reservoir quality, with the lowest shale volume. Tubåen Formation is an excellent 
reservoir in some wells, having the highest porosities and N/G ratio. Looking at Tubåen 
Formation as a whole, it is very clean in some wells (7220/8-1 and 7220/4-1), but in 
other wells (7220/2-1 and 7220/5-1), the shale volume is much higher and characterized 
by either low or very high shale volumes. Unfortunately, the formation is water-bearing 
in all of the studied wells. Stø Formation, on the other hand, is very clean in all wells.  
 

• The potential reservoirs in the Nordmela, Fruholmen and Snadd Formations have 
poorer reservoir quality compared to the Stø and Tubåen Formations. The Snadd 
Formation has the lowest N/G ratio, followed by the Fruholmen and Nordmela 
Formations. Snadd and Fruholmen Formations exhibits the lowest porosities. Porosity 
in the Nordmela Formation is quite good, but the higher shale volume is the main 
drawback to qualify for an optimum reservoir. Looking at the whole section, the 
Nordmela Formation is much cleaner in the upper part than in the lower part. The 
Fruholmen Formation is more shaly than other formations, especially in the upper part 
(Krabbe Member) and the lower part (Akkar Member). Fruholmen Formation has the 
best properties (highest porosity and lowest shale volume) in the middle part (Reke 
Member). Snadd Formation appears to have good properties (high porosity and low 
shale volume) within small depth intervals (e.g. well 7220/4-1). 
 

• Stø and Nordmela Formations contain major discoveries in all wells except 7220/5-2 
(Nunatak), some of which contain oil and gas, or only gas. Hydrocarbons are capped 
by impermeable shales above the Stø and Nordmela Formations, which are filled down 
to the hydrocarbon-water contact within the Stø or Nordmela Formations. Wells 
7220/8-1 (Skrugard) and 7220/5-1 (Skrugard Appraisal) yield the major oil and gas 
discoveries of the Johan Castberg Field. The Stø Formation in wells 7220/4-1 
(Kramsnø) and 7220/2-1 (Isfjell) is gas filled, but a small oil leg occurs in well 7220/2-
1. Small accumulations of hydrocarbons are also identified in the Fruholmen and Snadd 
Formations of well 7220/4-1 (Kramsnø). No hydrocarbons were encountered in the 
Triassic-Jurassic successions of well 7220/5-2 (Nunatak), which targeted the 
Cretaceous Knurr Formation.  

 
• Stø Formation has a N/G ratio ranging from 55-95 % and net reservoirs up to about 69 

m. The Stø Formation is the thinnest formation encountered with a gross thickness of 
maximum 78 m. It seems to thin slightly towards the west and north. Pay zones are 
identified in the Stø Formation with an average water saturation of 11-25 %. Within 
reservoirs in wells 7220/2-1, 7220/5-1, 7220/5-2 and 7220/8-1 the calculated shale 
volume is 5-13 %, effective porosity is 14-22 % and cement volume is 0-5 %. The Stø 
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Formation in well 7220/4-1 (Kramsnø) exhibits a higher cement volume of 16 % and 
lower effective porosity of 9 %. The shale volume is 6 %. Overall, the reservoir 
properties in wells 7220/5-1 (Skrugard Appraisal), 7220/5-2 (Nunatak) and 7220/8-1 
(Skrugard) in the south-east are superior, and the quality deteriorates to the west (lower 
porosities) and to the north (higher shale volume). 

 
• Nordmela Formation has a N/G ratio ranging from 25-75 % and net reservoirs up to 

about 121 m. The Nordmela Formation is the third thinnest formation encountered with 
a gross thickness of maximum 163 m. It seems to thin slightly towards the west and 
north. Pay zones are identified in the Nordmela Formation with an average water 
saturation of 24-38 %. Within reservoirs in wells 7220/2-1, 7220/5-1, 7220/5-2 and 
7220/8-1 the calculated shale volume is 15-23 %, effective porosity is 14-22 % and 
cement volume is 0-10 %. The Nordmela Formation in well 7220/4-1 (Kramsnø) 
exhibits a higher cement volume of 18 % and lower effective porosity of 10 %. The 
shale volume is 13 %.  

 
• Tubåen Formation has a N/G ratio ranging from 75-96 % and net reservoirs up to about 

113 m. Data from the Tubåen Formation is not available from well 7220/5-2. The 
Tubåen Formation is the second thinnest formation encountered with a gross thickness 
of maximum 121 m. It has a uniform thickness between all wells. Pay zones are not 
identified. Within reservoirs in wells 7220/2-1, 7220/5-1 and 7220/8-1 the calculated 
shale volume is 8-19 %, effective porosity is 21-26 % and cement volume is 2-9 %. 
The Tubåen Formation in well 7220/4-1 (Kramsnø) exhibits a higher cement volume 
of 19 % and lower effective porosity of 12 %. The shale volume is 10 %. 

 
• Fruholmen Formation has a N/G ratio ranging from 9-55 % and net reservoirs up to 

about 271 m. Data from the Fruholmen Formation is not available from wells 7220/5-
1 and 7220/5-2. The Fruholmen Formation is the thickest formation encountered with 
a gross thickness of maximum 494 m. It has a largely uniform thickness between all 
wells but seems to thin slightly towards the north. A pay zone is identified with an 
average water saturation of 49 % in well 7220/4-1 (Kramsnø). Within reservoirs in 
wells 7220/2-1 (Isfjell) and 7220/8-1 (Skrugard) the calculated shale volume is 23-37 
%, effective porosity is 11-16 % and cement volume is 4-12 %. The Fruholmen 
Formation in well 7220/4-1 (Kramsnø) exhibits a higher cement volume of 18 % and 
lower effective porosity of 9 %. The shale volume is 23 %.  

 
• Snadd Formation has a N/G ratio ranging from 19-38 % and net reservoirs up to about 

48 m. Data from the Snadd Formation is not available from wells 7220/5-1 and 7220/5-
2. The Snadd Formation has encountered a gross thickness of maximum 250 m, 
however, the base of Snadd Formation is not penetrated by any wells and the thickness 
may therefore be much greater. Pay zones are identified with an average water 
saturation of 32 % in well 7220/4-1 (Kramsnø). Within reservoirs in wells 7220/2-1 
(Isfjell) and 7220/8-1 (Skrugard) the calculated shale volume is 20-23 %, effective 
porosity is 17 % and cement volume is 9-11 %. The Snadd Formation in well 7220/4-
1 (Kramsnø) exhibits a higher cement volume of 19 % and lower effective porosity of 
12 %. The shale volume is 20 %. 

 
• Spectral gamma ray log analysis is conducted on data from three wells in this study: 

7220/4-1 in the west, and 7220/8-1 and 7220/5-1 in the southeast. Generally, more 
marine environments are detected in the west for the Stø, Nordmela and Tubåen 
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Formations indicative of deeper water and a longer distance from the paleo-shoreline 
in the west, and a shallowing towards the east. 
 

• Stø Formation is related to both continental and marine environments. Supported by 
available literature, the formation is interpreted to be deposited in a shallow marine 
environment with stacked shoreface deposits and upwards coarsening sequences 
ranging from offshore transition to upper shoreface. The lower part exhibits a more 
continuous sandy succession, possibly representing sheet-like sand. Nordmela 
Formation is mainly related to continental environments in the upper part which may 
represent tidal flat to floodplain environments with estuarine and/or tidal channels. 
More marine conditions are seen in the lower part. Deltaic mouth bar, bay-fill or 
lacustrine environments are suggested in literature.  
 

• A mix of continental and marine environments are seen in the east for the Tubåen 
Formation, indicative of a periodically flooded area, while more marine environments 
are detected in the west. Tubåen Formation is suggested to be deposited in a high energy 
marginal marine environment. Fruholmen Formation was deposited in an open marine 
setting, but more continental conditions are indicated in the upper part. Snadd 
Formation is characterized by near-shore and coastal environments. Continental 
conditions occur at the position of the hydrocarbon reservoirs and may represent 
channel sandstones of estuarine or fluvial nature, interbedded with mudrocks. 

 
• Uplift is estimated to be around 1100-1500 m in the study area, which matches fairly 

good with published uplift estimates documented in literatures. The estimated uplift is 
800-1600 m in Henriksen et al. (2011a), 1000-1500 m in Baig et al. (2016), 1500-2000 
m in Ohm et al. (2008) and 1750 m for well 7220/8-1 in Ktenas et al. (2017). Major 
uplift and erosion have led to worse reservoir quality than expected based on the current 
burial depth (e.g. porosity reduction due to diagenesis / cementation). 

 
• Rock physics models (e.g. LMR and Vp/Vs versus AI) generally show a good fit with 

the petrophysical analysis in terms of shale content. Clay lines by Han et al. (1986) 
displayed in the Vp versus porosity crossplot, however, did not correlate well for the 
hydrocarbon saturated formations (reduced Vp due to gas). The deeper brine-saturated 
Fruholmen Formation with variable shale content and larger thickness obtained a nice 
fit with Han´s 20 MPa effective pressure model. 

 
• Rock physics models generally show a good fit with the petrophysical analysis in terms 

of fluid content (e.g. Vp versus Vs, LMR and Vp/Vs versus AI). A poor fluid sensitivity 
is observed for well 7220/4-1 (Kramsnø), most clearly seen in LMR and Vp versus Vs. 
In the Vp versus Vs crossplot for well 7220/4-1 (Kramsnø) all data are deflected from 
published brine sand trends, and the hydrocarbon saturated intervals cannot be easily 
discriminated from non-hydrocarbon saturated intervals. Hydrocarbon saturated 
intervals in other wells show a clear deviation from brine sand trends for hydrocarbon 
saturated formations, due to a reduction in Vp relative to Vs. 
 

• The studied reservoirs have been buried much deeper in well 7220/4-1 (Kramsnø) 
compared to other wells, both before and after uplift, and the formations have likely 
been below the transition zone to chemical compaction for a considerable time, and 
initiated relatively high quartz cementation compared to other wells. The presence of 
cement increases Vs more than Vp and the Vp/Vs ratio is consequently decreased. As 
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hydrocarbon saturation also lowers the Vp/Vs ratio, hydrocarbon saturated and 
cemented sands plot similarly in the Vp versus Vs crossplot. The LMR crossplot 
illustrates that both the rigidity and the incompressibility increase as a result of 
cementation; thus cemented hydrocarbon saturated sandy intervals do not plot 
accurately for well 7220/4-1 (Kramsnø) in relation to the cutoff line suggested by 
Goodway et al. (1997) for porous gas sands. 

 
• AVO modelling performed on the top Stø Formation of wells 7220/2-1 (Isfjell), 7220/5-

1 (Skrugard Appraisal) and 7220/8-1 (Skrugard) produced a Class 3 AVO signature. 
The AVO response from the top Stø Formation in well 7220/8-1 (Skrugard) could also 
suggest a Class 2, depending on the definition of “close-to-zero” intercept. The 
impedance of shale above the reservoir is higher than the impedance of gas sand below. 
The AVO signature of top Stø Formation of well 7220/4-1 (Kramsnø) is classified as a 
Class 1. The impedance of shale above the reservoir is lower than the impedance of gas 
sand below. Class 1 is indicative of deeper burial and more significant porosity loss. 
The fluid sensitivity was highly reduced for the Class 1 case and fluid substitutions had 
only minor effects on the relative change of AVO. Class 3 (or Class 2) showed a clear 
down-to-left trend, from brine to hydrocarbon saturation.  
 

• Porosity had a major effect on the outcome of AVO. Increasing porosity shifted the 
AVO response towards more negative intercepts and more positive gradients. The AVO 
class is observed to change from a Class 1 to a Class 3 purely by increasing the porosity. 
Shale volume has a smaller influence on the AVO response. Increasing the shale 
volume, softened the rock frame in the sandstone reservoir of well 7220/2-1 (Isfjell), 
and the AVO signature shifted towards more negative intercepts and more positive 
gradients.  
 

• Two coal intervals in well 7220/8-1 (Skrugard), the upper intra-Snadd reservoir and the 
intra-Fruholmen reservoir in well 7220/4-1 (Kramsnø) showed Class 4 AVO responses. 
The lower intra-Snadd reservoir plotted close to the background trend in the Class 1 
region. 
 

• The presence of chlorite coating and its ability to preserve high porosity in the Snadd 
Formation has been reported by several authors. Evidence from the spectral gamma ray 
analysis in this study suggests that both chlorite coating and continental environments 
are present in hydrocarbon reservoir intervals of the Snadd Formation. If more wells 
were drilled deeper into the Snadd Formation, more such features could be detected 
with the possibility of correlating channels between wells. 
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Appendix A – Uplift estimation 
 

 

Appendix A.1: Vp versus depth for well 7220/4-1 (Kramsnø), where MC = Mechanical 
Compaction and CC = Chemical Compaction. Uplift is estimated to be about 1120 m using the 
trend from Storvoll et al. (2005) for a sand-clay sequence. 
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Appendix A.2: Vp versus depth for well 7220/2-1 (Isfjell), where MC = Mechanical 
Compaction and CC = Chemical Compaction. Uplift is estimated to be about 1529 m using the 
trend from Storvoll et al. (2005) for a sand-clay sequence. 
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Appendix A.3: Vp versus depth for well 7220/5-2 (Nunatak), where MC = Mechanical 
Compaction and CC = Chemical Compaction. Uplift is estimated to be about 1342 m using the 
trend from Storvoll et al. (2005) for a sand-clay sequence. 
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Appendix A.4: Vp versus depth for well 7220/8-1 (Skrugard), where MC = Mechanical 
Compaction and CC = Chemical Compaction. Uplift is estimated to be about 1210 m using the 
trend from Storvoll et al. (2005) for a sand-clay sequence. 
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Appendix A.5: Vp versus depth crossplot for all five wells, distinguishing between formations. 
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Appendix B – Well sections 

 
 

Appendix B.1: Complete well 7220/8-1 (Skrugard) for target formations with indicated TG, 
GOC, OWC and coal. 
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Appendix B.2: Complete well 7220/5-2 (Nunatak) for target formations. 

 
 
 
 
 
 

 
 

Appendix B.3: Complete well 7220/5-1 (Skrugard Appraisal) for target formations with 
indicated TG, GOC and OWC. 
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Appendix B.4: Complete well 7220/4-1 (Kramsnø) for target formations with indicated TG, 
BS (base sand) and GWC. 



 

 145 

 
 

Appendix B.5: Complete well 7220/2-1 (Isfjell) for target formations with indicated TG, GOC 
and OWC. 
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Appendix B.6: Spectral gamma ray, Th/K [ppm/%] ratio and Th/U [ppm/ppm] ratio in well 
7220/5-1 (Skrugard Appraisal) used for mineral and sedimentary environment discrimination. 
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Appendix B.7: Spectral gamma ray, Th/K [ppm/%] ratio and Th/U [ppm/ppm] ratio in well 
7220/4-1 (Kramsnø) used for mineral and sedimentary environment discrimination. 
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Appendix C – Crossplots 

 
Appendix C.1: Stø and Nordmela Formations in wells 7220/8-1 and 7220/5-1 in the Vp versus 
porosity crossplot. Lines by Han et al. (1986) for 20 MPa effective pressure are displayed in 
the background. Vp is reduced due to gas saturation, and consequently data show a poor fit with 
Han´s clay lines. Color legend: Shale volume. 

 
Appendix C.2: Fruholmen and Snadd Formations in well 7220/4-1 (Kramsnø) in the LMR 
crossplot. Pay zones in the upper intra-Snadd (high fluid sensitivity, AVO Class 4), lower intra-
Snadd (low fluid sensitivity, AVO Class 1) and intra-Fruholmen (high fluid sensitivity, AVO 
Class 4) reservoirs are marked. Color legend: Water saturation. 
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Appendix C.3: Fruholmen Formation in well 7220/8-1 (Skrugard) in the LMR crossplot. Coal 
is determined from high neutron-porosity and low (λ ´ ρ) and (µ ´ ρ). Color legend: Neutron-
porosity. 

 

 
Appendix C.4: Tubåen to Snadd Formations in wells 7220/2-1, 7220/4-1, 7220/5-1 and 7220/8-
1 in the Vp versus Vs crossplot. Color legend: Water saturation. 
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Appendix C.5: Data from all formations in all five studied wells in the Young´s modulus versus 
Poisson´s ratio crossplot. Increasing sand shows an increasing brittle behavior. Color legend: 
Shale volume. 
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Appendix D – Other 
 

 
Appendix D.1: Well correlation across horizons of the Triassic-Cretaceous succession 
(flattened at top Kolmule Formation). 
 

 

 


