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Abstract 

This study presents reservoir characterization of Middle and Upper Jurassic sandstones by using 

petrophysical analysis, compaction study and rock physics diagnostics with data from 26 

exploration wells from the Johan Sverdrup field, Central North Sea. The primary focus is the 

Upper Jurassic sandstone of Intra Draupne Formation, with comparisons to the Middle Jurassic 

sandstones of Hugin and Sleipner Formations of Vestland Group. The studied sandstones have 

been deposited in different depositional environments. The sandstones of Intra Draupne 

Formation represent high density flows along a delta slope and the sandstones of Hugin and 

Sleipner Formations represent more fluvial and channelized deposits.  

By studying well logs potential reservoirs were identified. The analysis conducted on the Intra 

Draupne Formation shows that the thickness of sandstone decreases from the west towards the 

east from 40 meter in well 16/2-17 S before it decreases to approximately 6 meters in well 16/5-

4 in the south and 16/3-4 A in the east. The petrophysical properties of the Intra Draupne 

sandstone are found to be extremely good with porosities exceeding 25% and very low shale 

content. The Net–to–Gross values for the Intra Draupne sandstones, where the formation fulfills 

the reservoir cutoffs set in the analysis (Sw=0.55, PHI=0.1 and Vsh= 0.3), reaches almost 1 in 9 

of the wells. The wells where the Intra Draupne sandstone is occurring below the regional Oil 

Water Contact, the Net–to–Gross is understandably be zero with the cutoffs used. The Middle 

Jurassic sandstones in the Vestland Group also show variations in thickness across the field 

from 2 meters in well 16/2-13 A to above 30 meters in wells 16/2-10 and 16/2-8 respectively. 

The porosity in this interval is as in the Intra Draupne sandstone found to be ranging from 20% 

to above 30%, but with higher percentage of shale in the formation. The Net–to–Gross results 

from this interval ranges from 0 to 1 with an average of 0.5.  

By analyzing the velocity and density depth trends for all the wells in the database, and 

calculating the geothermal gradient for each individual well the mechanical compaction and 

chemical compaction regimes can be separated. The geothermal gradient in the study area is 

calculated to be 40oC/km. The main focus for the compaction study was to investigate if the 

reservoir intervals were located in the chemical compaction regime as cementation can be an 

important factor when the reservoir quality is to be estimated. The velocities in the studied 

sandstone intervals show slightly higher values than the published reference curves suggested 

for mechanical compaction of sandstones at the depth the reservoir sandstones are located. In 

some thin zones the velocity greatly exceeds the expected values. These zones where further 

investigated by utilizing rock physics diagnostics.   

By cross plotting both Vp and Vs versus the porosity and using different cement models 

(digitized and basin specific) the sorting and cement volume of the studied sandstone intervals 

have been estimated. The results of the rock physics diagnostics confirm that the sandstones are 

in transition zone to early phase of chemical compaction reflected by small amounts of cement 

(average of 4.5 %) present in the formations. Further analysis proves the effect of fluid changes 

within the sandstones and the Vp/Vs versus AI (Acoustic Impedance), LMR and Vp versus Vs 

crossplots are utilized to differentiate between water saturated intervals and hydrocarbon 

saturated intervals. The results from this analysis show that there are clear effects of fluid 

change on rock properties within the reservoir sandstones. 
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Nomenclature 

AI/IP: Acoustic Impedance/P-Impedance 

API: American Petroleum Institute 

BHT: Bottom Hole Temperature 

CC: Chemical Compaction 

Frac.: Fraction 

Hc: Hydrocarbon 

IGR: Gamma Ray Index 

IP: P-Impedance  

IS: Shear Impedance/S-Impedance 

Km: Kilometer 

LMR: Lambda-Mu-Rho 

MC: Mechanical Compaction 

MD: Measured Depth 

N/A: Not Available 

N/G: Net-to-gross ratio 

NPD: Norwegian Petroleum Directorate 

PHI: Porosity 

PHIE: Effective Porosity 

PHIT: Total Porosity 

RKB: Relative to Kelly Bushing 

RPT: Rock Physics Template 

Shc: Hydrocarbon Saturation 

Sw: Water Saturation 

TVD: Total Vertical Depth 

TVDss: Total Vertical Depth subsea 

Vp: Compressional wave velocity 

Vs: Shear wave velocity 

Vsh: Shale Volume 
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Chapter 1 Introduction 

1.1 Background and Motivation 

This study is performed to understand reservoir properties of the Johan Sverdrup field in the 

Central North Sea. The field was discovered in 2010 after 40 years of exploration in the area 

with production start estimated to begin in 2019 (NPD, 2016b). The play concept, on which the 

field was discovered, was a new mode of thinking on the Norwegian Continental Shelf (NCS) 

(Jørstad, 2012). This study analyses sandstones of the Upper Jurassic Intra Draupne Formation 

and Middle Jurassic Hugin and Sleipner Formations of Vestland Group.  

1.2 Research Objectives 

The main objective of this research is to characterize the Middle and Upper Jurassic reservoir 

sandstones in the Johan Sverdrup field. There are discovered several levels of hydrocarbons in 

the area in sandstones of Intra Draupne, Hugin and Sleipner Formations (NPD, 2016b). It has 

also been discovered some hydrocarbon accumulations in the Basement, the Zechstein Group 

and the Statfjord Group, but that will not be the focused in this study.  

The first part of the research consists of an overview of the geological evolution, structures and 

tectonics and the stratigraphy of the Johan Sverdrup field. This is done by reviewing existing 

literature. The study evaluates reservoir properties such as the shale volume, porosity, 

permeability, water saturation and net-to-gross. In addition, this study also provides an 

overview of the petroleum system in the area, with regards to potential source and cap rocks.  

Another important aspect of reservoir characterization is to understand the burial history and 

compaction of the area, so the study have analyzed compaction behavior such as velocity-depth, 

density-depth and velocity-density trends and compared them with some published trends.  

The study also utilizes rock physic diagnostics to characterize the reservoir sandstones to 

investigate possible sorting and cement trends within the reservoir intervals. The effects of 

hydrocarbon saturation on rock properties are also investigated using three rock physics 

templets of Vp versus Vs, Vp/Vs versus IP (P-Impedance) and LMR (Lamda-Rho versus Mu-

Rho). 
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1.3 Study Area 

The Johan Sverdrup field is located in the heart of the Central North Sea, more specifically on 

the southern Utsira High, also known as Haugaland High or Greater Luno Area (Jørstad, 2012). 

The field is part of the licences PL501, PL265 and PL502 on the NCS operated by Lundin 

Norway AS (PL501) and Statoil Petroleum AS (PL265 and PL502). The first discovery in this 

area was found by Lundin in 2010 and was named the Avaldnes discovery in well 16/2-6. The 

following year Statoil made a discovery which they named the Aldous discovery in well 16/2-

8 (Statoil, 2011).  The locality of these wells is presented in Figure 1.3. After the discoveries, 

it proved that the Avaldnes and Aldous were connected, and the name of two discoveries were 

changed to Johan Sverdrup field in early 2012. The location of the field is 140 km off the coast 

of Stavanger, and 40 km south of the Grane field, in quadrant 16 on the NCS (Figure 1.1). 

 

Figure 1.1: Location of the study area on the Norwegian Continental Shelf with adjacent 

hydrocarbon discoveries and the main geological structures. The map is modified from NPD's 

FactPages. 
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Figure 1.1 displays the Johan Sverdrup field with adjacent oil and gas fields in the Central North 

Sea. The water depth in the area is 110 to 120 m, and the field covers an area of 200 km2
. The 

first well was drilled in 2010, with several appraisal wells drilled between 2010 and 2013. The 

resources in the field are oil (marked by green color in Figure 1.1). The production of the field 

will begin with its first phase in the fourth quarter in 2019.  

A cross section of the main structural elements and hydrocarbon discoveries in the area are 

presented in Figure 1.2 with the Johan Sverdrup discovery in the South East. The yellow and 

light green polygons indicate rocks of Triassic and Jurassic age where the major hydrocarbon 

findings are occurring in the area. Table 1.1 is a presentation of the data from the reservoir, and 

the production estimates from the field. 

 

Figure 1.2: Cross section of the southern Utsira High with other discovery wells marked in the 

section. The Jurassic interval is marked within the yellow polygon (adapted from Rønnevik, 

2015). 
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Table 1.1: Reservoir parameters and information for the Johan Sverdrup field. Data collected 

from NPD's FactPages. 

 

 

 

 

 

 

 

 

 

1.4 Database 

The database in this study consists of well log data from 26 wells. An overview of each well is 

presented in Table 1.2. The wells are from blocks 16/2, 16/3 and 16/5 on the NCS. In three of 

the wells (16/2-17 B. 16/3-7 and 16/5-2 S) there have been found oil shows, but for the rest of 

the wells the content is oil. Well 16/2-6 is a wildcat and the rest are appraisal wells. Three of 

the wells (16/2-17 B, 16/3-7 and 16/5-2 S) resulted only shows and classified as dry. The 

remaining wells are determined to have a good potential for oil. Figure 1.3 shows map over the 

field and location of wells (marked in red) considered in this study.  

Recoverable oil reserves 279.5 mill Sm3 (≈ 1,7 billion 

barrels) 

Remaining reserves 279.5 mill Sm3 

Estimated peak production 550.000 - 650.000 barrels/day 

OWC 1922-1935 MSL 

Oil column 40-50 m 

Water depth (m) 108-117 m 

Porosity (%) 0.24-0.32 

Permeability (D) 5-30  
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Table 1.2:Well information and status for all the wells in the database.  

 

 

Name Year 
Water 

depth (m) 

Planned 

purpose 
Status Content Pay Zone (Formation) 

16/2-6 2010 115 Wildcat P&A Oil 
Intra Draupne (SST) & 

Vestland GP 

16/2-7 2011 113 Appraisal P&A Oil Intra Draupne (SST) 

16/2-7 A 2011 113 Appraisal P&A Oil Intra Draupne (SST) & Hugin 

16/2-8 2011 112 Appraisal P&A Oil Intra Draupne (SST) & Hugin 

16/2-9 S 2011 116 Appraisal P&A Oil Draupne 

16/2-10 2011 115 Appraisal P&A Oil Intra Draupne (SST) & Hugin 

16/2-11 2012 113 Appraisal P&A Oil 
Intra Draupne (SST) & 

Vestland GP 

16/2-11 A 2012 113 Appraisal P&A Oil Intra Draupne (SST) 

16/2-12 2012 115 Appraisal P&A Oil 
Intra Draupne (SST) & 

Basement 

16/2-13 A 2012 116 Appraisal P&A Oil Intra Draupne (SST) & Hugin 

16/2-13 S 2012 116 Appraisal P&A Oil Intra Draupne (SST) & Hugin 

16/2-14 2012 113 Appraisal P&A Oil Intra Draupne (SST) 

16/2-15 2012 111 Appraisal P&A Oil Intra Draupne (SST) 

16/2-16 2012 115 Appraisal P&A Oil Intra Draupne (SST) 

16/2-16 A 2012 115 Appraisal P&A Oil Draupne 

16/2-17 B 2013 111 Appraisal P&A Shows Basement 

16/2-17 S 2013 111 Appraisal P&A Oil 
Intra Draupne (SST) & 

Statfjord GP 

16/2-21 2013 112 Appraisal P&A Oil Intra Draupne (SST) 

16/3-4 2011 117 Appraisal P&A Oil Intra Draupne (SST) 

16/3-4 A 2011 117 Appraisal P&A Oil Intra Draupne (SST) 

16/3-5 2013 115 Appraisal P&A Oil 
Intra Draupne(SST) & 

Zechstein GP 

16/3-6 2013 117 Appraisal P&A Oil Intra Draupne (SST) 

16/3-7 2013 116.5 Appraisal P&A 
Oil 

Shows 
Intra Draupne (SST) 

16/5-2 S 2011 111 Appraisal P&A 
Oil 

Shows 

Not Listed 

16/5-3 2013 108 Appraisal P&A Oil Intra Draupne (SST) 

16/5-4 2013 108 Appraisal P&A Oil Intra Draupne (SST) 
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Figure 1.3: Map over the Johan Sverdrup Field with the wells included in the database marked 

with red points. The Avaldsnes discovery well is marked within the red square and the Aldous 

discovery well is marked within the blue square (modified from NPD, 2016a).  

1.5 Limitations and Further Work 

This thesis mainly utilizes well log data. There are several uncertainties associated with such 

databases and they discussed further in the methodology chapter (Chapter 3). There is no 

detailed and comprehensive stratigraphic and sedimentological analysis conducted in this study. 

In addition, the XRD analysis on the reservoir sands is not considered either and so the maturity 

and cleanness is not fully understood, nor the true volume of the different minerals found in the 

reservoir sandstones. To fully understand the depositional environment one also need to do a 

paleontological analysis, and this is not considered in this study either. It can also be attempted 

to use seismic data to analyse the reservoir intervals by linking seismic responses to lithology 

by looking for changes in seismic properties of AI (Acoustic Impedance), Vp/Vs (P- and S-

wave velocity ratio),  (Mu-Rho),  (Lambda-Rho) etc. In general, the allocated time to 

conduct the thesis, personal experience to work on new topics and resources limit the additional 

works (e.g. paleontology, thin section study, XRD, Seismic).   
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1.6 Chapter Description 

The study is organized in seven chapters. The first chapter is focused on introducing the aims 

of the study and a brief presentation of the study area and availability of data. 

The second chapter describes the geological and tectonic evolution of the area by studying 

existing literature. The chapter is also describing the petroleum system in the study area with 

regards to the seal, reservoir and source rocks. This chapter also briefly explains the reservoir 

geometry.  

The third chapter covers theoretical background and methodologies used in this study. The 

theory behind petrophysical analysis, rock physics diagnostics and compaction study is 

explained in detail with examples from the studied database to emphasize the theory.  

The fourth chapter focuses on the evaluation and interpretation of the petrophysical properties 

such as porosity, permeability, shale volume and hydrocarbon saturation of the Johan Sverdrup 

field, and provide an estimation of net-to gross values for target reservoir intervals.  

Chapter five focuses on the compaction and burial history within the study area, with a special 

emphasis to find transition between mechanical and chemical compactions. The implication of 

compaction processes and their effect on the reservoir rocks and their quality is also discussed 

in this chapter.  

Chapter six provides further understanding of the reservoir quality and characterization of the 

reservoir sandstones by using rock physics diagnostic technique to estimate cement volumes 

and sorting of the reservoir intervals. The influence of hydrocarbon saturation on rock 

properties are also presented. 

Chapters 7 provide a summary and conclude the major findings of this study.  
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Chapter 2 Geology of the Johan Sverdrup Field 

2.1 Tectonic Evolution 

The North Sea is categorized as a failed extensional basin located on continental crust 

(intracratonic basin). The extensional tectonics and the failed rifting in the Late Jurassic and 

Early Cretaceous are important to understand how oil and gas form in the North Sea (Gautier, 

2005;Faleide et al., 2015). The rift phase in the North Sea started at the transition between 

Permian and Triassic, and intensified during the Middle Jurassic to the earliest Cretaceous. The 

rift phase gradually stopped as crustal extension between Greenland and northern Europe 

concentrated during the Cretaceous on the zone of future crustal separation (Ziegler, 1992). 

Ziegler (1975) distinguished 5 stages of tectonic evolution in the North Sea: 

1. Caledonian Geosynclinal Stage (Cambrian-Silurian) 

2. Variscan Geosynclinal Stage (Devonian-Carboniferous) 

3. Permian-Triassic Intracratonic Stage 

4. Taphrogenic (regional fault block tectonics) Rifting Stage (Jurassic-Cretaceous) 

5. Post Rift Stage (Cretaceous-Recent) 

The main focus of this study includes the 3rd and 4th stage (Permian – Cretaceous) of rifting but 

the tectonic evolution in the other stages are also briefly explained.  

2.1.1 Pre-Permian 

In the North Sea, only a few tens of wells penetrate the Caledonian basement rocks. The 

basement consists of intrusive igneous rocks as well as low to high grade metamorphic rocks 

(Coward et al., 2003;Gautier, 2005). These rocks were part of the Caledonian Orogeny in the 

Devonian, and was formed in a large mountain chain along western Scandinavia and Scotland, 

East Greenland and reached as far south as into present day Poland (Faleide et al., 2015). After 

the orogeny the climate changed from dry climate in the Devonian to a more humid climate in 

the Carboniferous. The change in climate can be seen in relation to the movement of Northwest 

Europe, from the dry climatic belt in the southern hemisphere, into the more humid equatorial 

belt (Faleide et al., 2015).  
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2.1.2 Permian 

In the Permian the uplift of the Hercynian mountain range continued (started to be formed in 

the Devonian and Carboniferous), and the development of sedimentary basins in front of it 

continued in the southern North Sea (Faleide et al., 2015). Also at this time, the present 

northwest Europe were pushed further north, away from the equator. This lead to a change in 

the climate, and it moved into a more dry belt in the northern hemisphere (Faleide et al., 2015). 

The dry climate lead to the formation of evaporites, and in particular the Zechstein group, which 

is widespread in the North Sea and are characterized by anhydride and halite rich units (Jackson 

et al., 2010). The Zechstein Group is found in some of the wells in the study area (for instance 

in well 16/2-6). The sedimentation was dominated by two E-W basins, which were separated 

by two highs (Mid-North Sea and Ringkøbing-Fyn). In the south the subsidence and sediment 

rate was higher than in the north, due to being closer to the mountain range itself (Faleide et al., 

2015) 

2.1.3 Triassic 

In the Triassic, breakup of the Pangea had started. The thinning of the crust lead to reactivation 

of Palaeozoic fault zones as extensional features in conjunction with the Permian and Early 

Triassic rifting (Fisher and Mudge, 1998). The sediment input in the Triassic were high enough 

to keep up with the ongoing subsidence which resulted in a relatively flat landscape with calm 

rivers (Faleide et al., 2015). In the Triassic, the salts that were deposited in the Permian started 

to flow, and formed salt diapirs. This lead to erosion of Triassic sediments, or non-deposition 

at the top of the structures (Faleide et al., 2015). Towards the end of the Triassic the climate 

became more humid, which lead to more fluvial and marine sedimentation (Faleide et al., 2015). 

2.1.4 Jurassic 

In the Jurassic, the climate gradually became more humid than in the Permian and the Triassic. 

This is because northwest Europe was pushed further northward, out of the arid belt (Faleide et 

al., 2015). A study from the southern North Sea found that the climate in the Late Jurassic 

evolved from a relatively cool and humid phase in the Callovian to Early Oxfordian, to warmer 

and dryer conditions in the Middle Oxfordian to Early Kimmeridgian, before the climate 

became more arid during the Late Kimmeridgian (Abbink et al., 2001). In the Jurassic, the Brent 

delta, which serves as important reservoir rocks in the northern North Sea, started to prograde 

into the basin in the Viking Graben in response to regional doming during the Middle Jurassic 

(Justwan et al., 2005). In the Early Jurassic, a transgression lead to the accumulation of black 
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shales over large parts of northwest Europe, and these shales can be good source rocks (Sneider 

et al., 1995;Faleide et al., 2015). In the Late Jurassic, the rifting in the North Sea slowed down, 

and the areas around the rift started to subside as a response to lower geothermal gradients 

(Faleide et al., 2015). The extension in the Late Jurassic formed long, narrow basins, where 

most of the sediments consisted of fine grained mudstones (Gautier, 2005). At the end of the 

Jurassic, the Draupne Formation were deposited in a transgressive system, with only some 

isolated areas of the Jæren and Utsira Highs. There was some development of minor shelf 

facies, with the erosion of these structures producing coarse siliciclastic deposits (Fraser et al., 

2003;Gautier, 2005). The Draupne Formation is the prime source rock in the North Sea (Faleide 

et al., 2015), and it serves as the primary source rock for the Johan Sverdrup field. For more 

detailed description of the source rock see section 2.4.1. Figure 2.1 is an illustration of the 

palaeogeography from the Kimmeridgian period for the Central North Sea. The study area lies 

within line 2, and the Utsira High is marked on the cross section.  
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Figure 2.1: Palaeogeography from the Kimmeridgian time. Note the location of the 

Utsira High reaching over the sea level (Adapted from Rattey and Hayward, 1993). 
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2.1.5 Cretaceous - Recent 

The final rifting phase in the Late Jurassic was followed by a major transgression in the 

Cretaceous which lead to most of the earlier landmasses in the Viking Graben to be flooded, 

except for the uplifted rift structures and highs. This means that in some areas the Early 

Cretaceous sediments are not recorded in the sedimentary history, and there is a major 

unconformity between the Jurassic and the Cretaceous in the study area (Faleide et al., 2015). 

This unconformity known as the Base Cretaceous Unconformity (BCU) can be seen in the well 

logs in the study area (and it is visible across large parts of the NCS) between the Upper Jurassic 

Draupne Formation and the Lower Cretaceous Åsgard Formation. This means that there can be 

roughly 20 million years of sediments missing between the Upper Jurassic and the Cretaceous 

formations in the study area.   

In the Late Cretaceous, the location of the Norwegian Continental Shelf was further south (7o 

further south) and the climate was considerably warmer than it is today (Surlyk et al., 2003). 

This climate lead to a diverse fauna, and this fauna formed the chalk rich sediments found in 

rocks of this era on the shelf, with the North Sea and the Danish basin accumulating over 2 km 

thick deposits of calcareous coccolith ooze (Surlyk et al., 2003). These rocks form important 

reservoirs on the Norwegian Continental Shelf, especially over salt structures (Nøttvedt et al., 

2008), and most known from the Ekofisk field. In the Cenozoic there was one major event, and 

this was the rifting, break-up and onset of seafloor spreading in the northeast Atlantic Ocean, 

which in turn gave rise to differential vertical movements affecting the North Sea area. 
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2.2 Structural Elements 

The Utsira High is a large basement high, which is flanked by the Viking Graben to the west 

and the Stord basin in the east (Isaksen and Ledje, 2001). The Johan Sverdrup field is located 

on the southern part of this high. The main geological structures are presented in Figure 2.2. 

The geological evolution of this part of the North Sea is well documented and there have been 

identified several rift phases. The North Sea, where the basement high is placed, is an example 

of an intractonic (epicontinental) basin. An intractonic is a basin that lay on continental crust. 

One criteria for forming a major sedimentary basin on continental crust is that the crust, and the 

lithosphere, have to be thinned. The result of this is subsidence of the area, to maintain the 

equilibrium (Faleide et al., 2015). The Viking Graben is part of a rift basin, and the topography 

and morphology in such basins can vary, but normally the width of rift valleys are in the range 

of 50 to 100 km (Ravnas and Steel, 1998). The North Sea Basin is composed of several major 

Mesozoic Grabens and Highs, with the Central Graben and the Viking Graben dominating 

(Gregersen et al., 1997). 
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2.3 Stratigraphy 

As mentioned the database consists of 26 wells from the Johan Sverdrup area (further analysis 

of the wells have excluded well 16/2-14, 16/2-16 A and 16/2-17 B). These wells penetrate 

different stratigraphic units. This part of the thesis gives a brief description of all the groups 

and formations encountered in the wells. It is only chosen to describe the groups and formations 

that is present in the wells in this area of the North Sea. Table 2.1 displays the depth of each 

well, and the oldest penetrated unit. Seven (7) of the wells (16/2-9 S, 16/2-12, 16/2-17 B, 16/3-

4, 16/3-4 A, 16/3-6 and 16/3-7) in the area reach the pre-Devonian basement, but most the wells 

penetrate down to the Skagerrak Formation of Triassic age. In total the age range in the wells 

is from the pre-Devonian Basement up to the Nordland Group which is of Middle to Late 

Miocene in age in the North Sea, but the only sandy formation that is present in this area is the 

Utsira Formation (NPD, 2016b). The description and classification of the different groups and 

formations is taken from the NPD’s FactPages. This thesis only considers in detail the 

Figure 2.2: The structural elements in the Central North Sea. The 

Utsira High is marked in red and is bounded by the southern Viking 

Graben to the West, the Stord Basin to the East and the Sele High to 

the South (adapted from Gregersen et al., 1997). 
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formations within the groups where they are important with regards to the petroleum system, 

such as source, reservoir and cap rocks. Figure 2.3 displays the general stratigraphy in the 

Southern Viking Graben. Figure 2.4 provides a closer view of the stratigraphy through the 

Jurassic sequence in the Utsira High area. It should be noted that there are some differences 

from the stratigraphy found in the Johan Sverdrup field, for instance the presence of the Intra 

Draupne Sandstone Formation. The zone of interest is marked within the Jurassic rocks. 

Moreover, the seal/overburden, reservoir and source rocks discussed in greater detail in this 

chapter. 

Table 2.1: Stratigraphic information for each well with the deepest formation penetrated and 

the age of that formation. Data collected from NPD's FactPages 

Well Name MD TVD Oldest Formation Age 

16/2-6 2131 2131 Zechstein GP Late Permian 

16/2-7 2500 2500 Rotliegend GP Early Permian 

16/2-7 A 2100 2010 Skagerrak FM Triassic 

16/2-8 2140 2140 Skagerrak FM Late Triassic 

16/2-9 S 2082 2071 Basement Pre-Devonian 

16/2-10 2090 2090 Skagerrak FM Late Triassic 

16/2-11 2126 2125 Skagerrak FM Triassic 

16/2-11 A 2365 2072 Skagerrak FM Triassic 

16/2-12 2067 2067 Basement Pre-Devonian 

16/2-13 A 2776 2102 Not defined Pre-Permian 

16/2-13 S 2090 2086 Not defined Pre-Permian 

16/2-14 1982 1982 Skagerrak FM Triassic 

16/2-15 2006 2006 Skagerrak FM Triassic 

16/2-16 2214 2214 Rotliegend GP Permian 

16/2-16 A 2503 2085 Skagerrak FM Triassic 

16/2-17 B 2200 1937 Basement Pre-Devonian 

16/2-17 S 2052 2039 Not defined Triassic 

16/2-21 2070 2070 Skagerrak FM Late Triassic 

16/3-4 2020 2020 Basement Pre-Devonian 

16/3-4 A 2128 1958.6 Basement Pre-Devonian 

16/3-5 2050 2050 Rotliegend GP Permian 

16/3-6 2050 2050 Basement Pre-Devonian 

16/3-7 2100 2100 Basement Permian 

16/5-2 S 2042 2037.2 Skagerrak FM Late Triassic 

16/5-3 1993 1993 Zechstein GP Permian 

16/5-4 2100 2100 Skagerrak FM Triassic 
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Figure 2.3: North Sea lithostratigraphic chart. The Southern Viking Graben is located to the 

West of the study area and has the closest correlation to the lithology found in the study area. 

The chart is taken from NPD's FactPages. 
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2.3.1 Basement 

The Basement Rocks on the Norwegian Continental Shelf is classified as bedrock of pre-

Devonian age. These rocks normally include different rocks of high to low metamorphic grade, 

and include igneous rocks such as granitic gneiss, mica schist, greenschist, quartzite and marble 

(NPD, 2016b). There are not many wells on the NCS that is reaching the Basement, but 7 of 

the wells in the study area do. The Basement have recently become more interesting for 

petroleum exploration with the discovery of hydrocarbons within fractures in the Basement. 

 

Figure 2.4: Stratigraphic column from the Utsira High area. The reservoir rocks from 

the Johan Sverdrup field are marked (modified from Isaksen and Ledje, 2001). 
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2.3.2 Rotliegend Group 

The group is of Early Permian age. It consists of a sequence of clays, shales, sandstones and 

minor conglomerates. The group is interpreted to have been deposited as continental red-beds 

and locally extensive acid volcanic rocks. The thickness of the group varies, with maximum 

thickness of 380 m on the Norwegian side (NPD, 2016b).  

2.3.3 Zechstein Group 

The group is of Late Permian age. It is mainly composed of evaporates and carbonates with 

local clastic rocks. NPD have interpreted this group to have been deposited in a marine 

environment. The thickness of the group varies greatly, and the succession probably exceeds 

1500 m in thickness in the Central Parts of the Norwegian–Danish Basin (NPD, 2016b). 

Kupferschiefer Formation 

The formation is part of the Zechstein Group. The age is of Late Permian. The lithology of the 

formation is thin, radioactive, locally calcareous organic-rich shale. It is very thin, with a typical 

thickness of 1 meter. Despite this, it is widely distributed over the Southern and Central North 

Sea. The depositional environment is interpreted to have been in a marine anoxic basinal 

environment (NPD, 2016b).  

2.3.4 Hegre Group 

The group was formed during the Early Triassic. It consists of intervals of interbedded 

sandstone, claystone, mudstone and shales. The thickness of the group is greatest in the eastern 

part where major subsidence occurred. Here the thickness may exceed 2 km. In the southern 

part of the North Sea there is also found substantial thicknesses (NPD, 2016b).  

Skagerrak Formation 

The formation is part of the Hegre Group. The age is of Middle to Late Triassic. It consists of 

interbedded conglomerates, sandstones, siltstones and shales. The Skagerrak Formation was 

probably deposited in a coalescing and prograding system of alluvial fans along the flanks of a 

structurally controlled basin. The thickness varies, with a maximum of over 3 km (NPD, 2016b) 

.  

2.3.5 Statfjord Group 

The group ranges from the Rhaetian to the Sinemurian in age. In the lower transitional unit in 

the type well areas, it appears that it represents an upward passage from dominantly continental 
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deposits to lower alluvial plain and braided stream deposits. The group in general shows a 

transition from continental to shallow marine sediments. The thickness of the group is 251 m 

in the type well, but there are some variations and it is thinner at the crest of fault blocks and 

thicker on the downthrown side (NPD, 2016b). 

2.3.6 Vestland Group 

The group is of Bajocian to Volgian (Middle Jurassic) in age. In the lower part, the group 

consists of sandy deltaic sequence with silty layers and with coal horizons. In the deeper parts 

of the basin, the sequence seems to be influenced by marine conditions with more homogenous 

and thicker sands. There can be found thick sections of this group in the southern Viking 

Graben, up to 450 m, but the thickness varies greatly (NPD, 2016b). 

Sleipner Formation 

The formation is part of the Vestland Group. The age ranges usually from Bajocian to Bathonian 

(Middle Jurassic). The Sleipner Formation consists of a mixed sandstone and silty claystone 

with coal measures. The depositional environment represents a continental fluvial deltaic coaly 

sequence. The thickness of the formation is 20 m in well 16/2-7 and only 4 m in well 16/2-10 

(NPD, 2016b). 

Hugin Formation 

The formation is part of the Vestland Group, and one of the sandstone reservoirs in the Johan 

Sverdrup field. The age of the formation Middle to Early Jurassic. The formation consists of 

very fine to medium-grained sandstones. Bioturbation often occur in the sandstones. In the 

Johan Sverdrup area 7 of the wells penetrate the Hugin Formation with a thickness variation 

from 35 – 40 m to 9 m. (NPD, 2016b). 

2.3.7 Viking Group 

The group has an age that ranges from the Bathonian to Ryazanian (Middle Jurassic to Lower 

Cretaceous) in the North Sea. The group is interpreted to have been deposited in a marine 

environment, and mainly below wave base. It consists of dark, grey to black; marine sandstones, 

clay and shales, but there can be local inputs by sandstones such as the Intra Draupne Sandstone 

Formation. The thickness of this group varies greatly because the sediments were deposited 

during rifting, and the sediments are located in rotated fault blocks. So the thickness can range 

from just a couple of meters up to 1000 meters (NPD, 2016b).  
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Draupne Formation 

This formation is part of the Viking group. The age range of the formatinon is from the 

Oxfordian to the Ryazanian (Late Jurassic-Lower Cretaceous). The formation consists of non-

calcareous, carbonaceous, occasionally fissile claystone. The Draupne Formation is 

characterized by very high radioactivity, which is due to high organic carbon content. There are 

some parts of the formation with lower gamma ray response. They indicate interbedded 

sandstones and siltstones. The Draupne Formation is one of the most important source rocks in 

the North Sea (NPD, 2016b). This formation is described more in detail later in this chapter.  

Intra Draupne Sandstone Formation 

This formation is in the study area found below the more muddy/shaly Draupne Formation. It 

consist of sandstones that is generally considered to be of turbiditic origin. It is found in several 

wells in the Tampen and Oseberg areas, and along the flanks of the Utsira and Jæren Highs. It 

is in this formation the first level of hydrocarbons were encountered in the Johan Sverdrup field, 

and the main reservoir in this area (NPD, 2016b). The formation is described in more detail 

later in this chapter. 

2.3.8 Cromer Knoll Group 

The group has an age that ranges from the Ryazanian to the Albian/Early Cenomanian in the 

North Sea. The depositional environment is interpreted to be open marine with generally low 

energy condition. The group mainly consists of fine grained marine sediments with a varying 

content of calcareous material. Sandstones are more common in the upper part of the group. 

Since the sediments were deposited during an active Late Jurassic tectonic phase, the thickness 

can vary greatly. In the Viking Graben the thickness is often more than 600 m (NPD, 2016b). 

In the study area, several formations of this group have been penetrated such as the Åsgard 

Formation, Sola Formation and Rødby Formation. 

Åsgard Formation 

The formation ranges in age from the Ryazanian to the Late Hauterivian (Lower Cretaceous). 

The depositional environment is interpreted to have been an open marine, low-energy shelf 

environment with well oxygenated bottom water. The lithology is dominated by light to dark 

grey, olive-grey, greenish and brownish, often calcareous claystones, and passes into light grey, 

light greenish-grey and light olive-grey marlstones and stringers of limestone. The thickness of 

the formation in the study area varies from 2 m in well 16/5-3 in the southwest to 47 meters in 
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well 16/3-7 in the eastern part of the field (NPD, 2016b). The Åsgard Formation is studied 

further in this thesis with regards to its potential as a seal/cap rock. 

2.3.9 Shetland Group 

The group has an age range in the North Sea from the Cenomanian to the Danian. The 

siliciclastic facies are restricted in age to the Late Cretaceous. The lithology of the group 

consists of chalk facies of chalky limestones, limestones, marls and calcareous shales and 

mudstones. In the graben areas, seismic interpretation and well data indicate that the thickness 

of this group ranges between 1000 and 2000 m (NPD, 2016b). 

2.3.10 Rogaland Group 

The age of the Rogaland Group ranges from the Paleocene to the Early Eocene in the North 

Sea. The Rogaland Group is distributed over large areas in the central and northern North Sea. 

In the North Sea, the depositional environment of the Rogaland Group was a relatively deep 

marine environment, with submarine fans that built out from the west. The dominant lithology 

in the west are sandstones interbedded with shales (NPD, 2016b). 

2.3.11 Hordaland Group 

The Hordaland Group is of Eocene to Early Miocene in age. It consists mainly of marine 

claystones with minor sandstones. The sediments in the Hordaland Group were deposited in a 

marine environment, mainly in deep water. The thickness of the group is around 1100 -1200 m 

in the central and southern part of the Viking Graben, but it decreases towards the basin 

margins. In the study area the Grid and Skade Formations are recognized (NPD, 2016b). 

2.3.12 Nordland Group 

In the North Sea, the age of the Nordland Group is of Middle Miocene to Recent. The upper 

boundary of this group is the sea bed. In the North Sea the lithology of the group is dominated 

by marine claystones. In the lower part of the Group in the Viking Graben, the sandy Utsira 

Formation occurs. It was deposited in an open marine environment, with glacial deposits in the 

upper part. The upper part of the group consists of unconsolidated sands and clays with glacial 

deposits at the top. In the Viking Graben area the thickness of the group is approximately 1000 

m (NPD, 2016b). 
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2.4 Petroleum System 

Magoon and Dow (1994) defines a petroleum system as a “natural system that contains an 

active source rock and all its related oil and gas and which includes all the geological elements 

and processes that are essential if a hydrocarbon accumulation is to exist”. The elements needed 

to create a petroleum system are: 

 source rock (s)  

 reservoir rock 

 cap rock and overburden 

The processes that is essential so that the hydrocarbons will not escape is trap formation and 

the generation, migration and accumulation of petroleum (Magoon and Dow, 1994). For the 

source rock to be converted into petroleum accumulation, both the essential elements and 

processes must occur in time and space (Magoon and Dow, 1994). 

2.4.1 Source Rocks 

In general, source rocks can be defined as sediments that are capable of generating significant 

oil or gas (Cornford, 1998) The classic source rock is an organic rich, dark colored laminated 

mudstone/shale deposited in anoxic conditions. Such conditions can be found where the 

demand for oxygen in the water column exceeds the supply (Demaison and Moore, 1980). For 

it to be interesting for the petroleum industry, it also must be capable of producing commercial 

quantities of oil or gas (Cornford, 1998). The primary source rock for petroleum in the Utsira 

High area is the organic-rich, oil prone Draupne Formation (Isaksen and Ledje, 2001). There 

are also potential secondary source rocks in the area such as the Heather Formation and the 

Kupferschiefer shale. The Heather Formation has poor to fair potential for oil generation. The 

organic matter in the Kupferschiefer shale contains a dominance of oil-prone organic matter, 

but the source volume of the shale is too small to contribute with any significance to the oil 

filled reservoirs in the area. (Isaksen and Ledje, 2001). The hydrocarbon discoveries on the 

Haugaland High (Southern Utsira High) contain non-biodegraded oil originating from the 

Draupne formation.   
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2.4.2 Reservoir Rocks 

The reservoirs in the Johan Sverdrup field are located in a continuous reservoir that consists of 

sandstones of Late Triassic and Middle to Upper Jurassic ages. The main part of the resources 

is located in a sandstone that were deposited in the Late Jurassic. This sandstone formation 

name is the Intra Draupne sandstone formation. The rock have its origin from the basement 

high at southern part of the Utsira High. There are also found oil resources in the sandstones 

from the Statfjord Group and the Vestland Group, and some in the Zechstein carbonates NPD 

(2016b). Before the Upper Jurassic Intra Draupne sandstone was discovered, this section was 

largely unexplored on the NCS, largely due to difficulties regarding the prediction of both the 

reservoir distribution and the configuration of structural traps (Jackson et al., 2010). The sands 

in the Intra Draupne Sandstone Formation were deposited in submarine-apron fans, basin-floor 

fans or shallow marine shelves (Underhill, 1998). The reservoir sandstone is of Volgian age 

(Upper Jurassic). It is proven excellent reservoir properties with a porosity of 24-32% and a 

permeability of 5–40 Darcy (Jørstad, 2012;Sørlie et al., 2014) The sandstones are poorly to 

moderately sorted, and in some parts of the Johan Sverdrup field the sand have a grain size in 

the region of  medium to very coarse, with very few sedimentary structures (Sørlie et al., 2014). 

The Intra Draupne formation sandstone lies on top of a regional erosional surface where fluvial 

to shallow marine Middle Jurassic sandstones, e.g. the Hugin and the Sleipner formations 

(Vigorito et al., 2013).  

This unconformity (between the Middle and Upper Jurassic) is found in other areas in the 

Viking Graben, and one example is from the Utsira High, which during the time the Brent Delta 

was deposited was isolated and starved of sediments (Sneider et al., 1995), thus the Brent Delta 

will not be found on the Utsira High. Large portions of the Intra Draupne Formation sandstone 

are found to be mud free, confirming the high porosities and permeability in the formation. This 

may come as a result of the depositional environment, which is interpreted to have been in along 

the and at the front of coarse grained fan systems which were directly fed from the uplifted 

basement high, and then constantly reworked by coastal currents preventing the finer grained 

material to be deposited (Vigorito et al., 2013). Sørlie et al. (2014) interprets the Intra Draupne 

sandstone to represent an amalgamated marine, high density gravity flow or bedload deposits.  

The Intra Draupne Sandstone Formation is also found in other parts of the North Sea, 

particularly in the Viking Graben. In the Snorre area the formation is encountered as a fine to 

medium grained sandstone with ripples and cross lamination (Nøttvedt et al., 2000). In this part 
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of the North Sea the Intra Draupne Sandstone is interpreted to have been deposited in the lower 

to upper shoreface, with a prograding shoreline, with a mixed signal from both wave and fluvial 

dominated shoreline.   

The Figure 2.5 is an illustration of a Gilbert type delta (Falk and Dorsey, 1998), where the 

foresets and the more proximal bottomsets are dominated by subaqueous sediment flows (high 

density gravity flows). Such a setting could be the case with regards to the Intra Draupne 

Sandstone Formation, where the sediments coming from the uplifted areas to the east 

(Avaldsnes High), and then deposited in a delta setting. The gradient of the foresets may lead 

to the sediments being more unstable, and lead to sediments flowing out into the basin. If the 

currents are strong enough the clay fraction of the sediments can be transported further into the 

basin, increasing the reservoir quality.  

 

Figure 2.5: Illustration of a Gilbert-type delta. Of special importance for the Intra Draupne 

Sandstone is the foresets and the bottomsets where debris flows can move large amounts of 

sandstone out into the basin (adapted from Falk and Dorsey, 1998). 

The play concept of thin Jurassic sands was first presented in 2004, with 40-50 m leg over inlier 

basins and basement. This play was then strengthened by the discovery of the Edvard Grieg 

field in 2007, and proved by the Apollo discovery in 2010 (Jørstad, 2012). The play concept is 

presented in Figure 2.6 where the Intra Draupne Sandstone Formation is located to the east of 

the uplifted basement (Utsira High). Figure 2.6 is an illustration of how the reservoir sand is 

distributed across the Johan Sverdrup field.  
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Figure 2.6: Proposed hypothesis for the distribution of the Intra Draupne Sandstone across the 

Utsira High area. The Johan Sverdrup field is located to the East of the basement, and are 

bounded by the fault along the margin of the basement (adapted from Rønnevik, 2015). 

Figure 2.7 is a correlation of the Intra Draupne Sandstone Formation from the south west 

towards the southeast. The cross section in the figure is showing the thickness and distribution 

of the Upper Jurassic sandstones across the field. This cross section is correlated with the wells 

from the database, and it is flattened on top of the reservoir.  The log plotted is the gamma ray 

log, to show the variation in lithology. 
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Figure 2.7: Correlation of the Intra Draupne Sandstone Formation from the Southwest to the 

Northeast. The location of the wells are shown on the right hand side of the figure, while a cross 

section of the reservoir sands are shown in the bottom half of the Figure (adapted from 

Rønnevik, 2015).  

The Sleipner Formation is found in the Viking Graben, where it is a reservoir rock in the 

Sleipner Vest field (NPD, 2016b). The Sleipner Formation are deposited in the Viking Graben 

under marginal marine to non-marine setting (Sneider et al., 1995). The formation is part of the 

Vestland Group. The group is subdivided with the lower coal-bearing Sleipner Formation and 

an upper sand dominated Hugin Formation. The overall depositional environment for the 

Vestland GP is in a fluvial to shallow marine where the Hugin Formation deposited during the 

early rift stage above the delta plain deposits of the Sleipner Formation (Jackson et al., 2010). 

The Hugin Formation is deposited in a shallow marine environment, and is found to be sand 

rich  (Kieft et al., 2010). The formation has been a target for exploration in the South Viking 

Graben since the 1960's (Kieft et al., 2010).  

When the Hugin Formation was deposited (Middle to Upper Jurassic) there was a major 

transgression in the Viking Graben caused by rift related subsidence and flooding of the South 

Viking Graben (Kieft et al., 2010). The deposition of the Hugin Formation has been linked with 

the drowning of the Brent delta in the northern part of the Viking Graben (Folkestad and Satur, 

2008). Both the Lower to Middle (Sleipner) and Middle to Upper Jurassic units (Hugin and 
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Intra Draupne) thicken towards the centre of the basins (for instance the South Viking Graben) 

and thin over the Triassic covered structural highs, as the Utsira High (Jackson et al., 2010).  

2.4.3 Cap Rock and Seal 

In the Central North Sea, the diversity of hydrocarbon accumulations is matched by the great 

variety of seals and traps (Gautier, 2005). In the syn-rift submarine fan and turbidite reservoirs, 

as the Intra Draupne Formation sandstone in the Johan Sverdrup area, the seal is temporally 

equivalent to the Kimmeridge Clay (Draupne Formation) (Gautier, 2005). Where the Draupne 

Formation is missing, the Cretaceous Åsgard Formation acts as the seal in the Johan Sverdrup 

area. The discovery has been defined as a fault-bounded trap against the Southern Utsira 

Basement High and overlaid by Jurassic shales (Draupne Shale) or Cretaceous Åsgard marls 

(Sørlie et al., 2014).  

2.4.4 Migration 

The migration of petroleum in the Central North Sea is linked with the subsidence of the 

Draupne Formation after the failed rift system. The subsidence increased the thermal maturity 

of the source rocks, and it continues to this day (Gautier, 2005). The thickness of the Upper 

Jurassic sediments thickens westward from the Utsira High into the South Viking Graben. In 

the Graben, the majority of the Jurassic Sediments lies within the oil and gas window, while on 

the structural high the Jurassic Draupne Formation lies above the oil window (Isaksen and 

Ledje, 2001). In the Graben, it is likely that hydrocarbons to have been generated in large 

amounts. The hydrocarbons migrated from the Viking Graben along pathways to the margin 

(Utsira High). Isaksen and Ledjes (2001) study focused mostly on the Tertiary plays further 

North than the reservoir in the Johan Sverdrup field, but they mention the migration of 

hydrocarbons from the Draupne Formation in the Graben into the Middle Jurassic Hugin and 

Sleipner Formations (which acts partially as reservoirs in the Johan Sverdrup field).  
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Chapter 3 Methodology and Theoretical Background 

This chapter presents the methods and the theoretical background utilized in this study. This 

includes the theory behind petrophysical analysis, compaction study and rock physics 

diagnostics. The chapter will also note some uncertainties when well logs are consideration in 

reservoir characterization workflow.   

3.1 Work Flow 

This study considers the work flow presented in Figure 3.1. The interdisciplinary techniques 

are used to understand/explain the reservoir quality of the Johan Sverdrup field. 

 

Figure 3.1: Preferred workflow for this study 

3.1.1 Software 

This study will utilize several software to interpret, calculate and visualize the reservoir 

qualities of the Johan Sverdrup field. The licenses for these software is provided to the 

University of Oslo from the respective companies.  
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Software used: 

 Microsoft Office 2013 (Excel, Word, Powerpoint): For writing of the thesis, data storage 

and presentations.  

 Petrel (Schlumberger). For creating depth and thickness maps for the reservoir targets.  

 Hampson-Russel (Compagnie Générale de Géophysique, CGG). For creating Rock 

Physics Templates (RPT's). 

 Interactive Petrophysics. For the interpretation of the well logs and creation of 

crossplots. 

 RokDoc (Ikron Science). For interpretation of well logs and creating Rock Physics 

Templates (RPT's).  

3.1.2 Data Quality 

The dataset this thesis is using is well data provided by the Norwegian Petroleum Directorate 

(NPD). It is important to check the well log data before they are used in calculation and 

interpretation to analyse the quality of the measurements. Table 3.1 shows the availability of 

the well logs. Some of the logs are partially missing in some intervals in the wells, but they are 

all present in the reservoir interval. The well log data is classified as available (entire well), 

partially available (parts of the well) or not available (not measured). Data from well 16/2-14 

is missing from the reservoir intervals due to the measurements ending at 1206.45m (MD) and 

so not consider in this study. Data from well 16/2-16 A is also missing from 2271 MD down to 

the reservoir interval. This well also excluded from the database. 
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Table 3.1: Quality control of the wells in the database. The maximum inclination are included 

to show which wells that need to be depth corrected. 

 

√ = available 

• = partially available 

x= not available 

Name MD 

(m) 

RKB 

Maximum 

Inclination 

(˚) 

BHT 

(˚C) 

DT DTS Density NPHI Rd Gamma 

16/2-6 2131 0 N/A • • √ √ √ √ 

16/2-7 2500 2.1 103 √ √ √ √ √ √ 

16/2-7 A 2100 26.3 N/A √ √ √ √ √ √ 

16/2-8 2140 1 81 √ √ √ √ √ √ 

16/2-9 S 2082 17.2 85 √ √ √ √ √ √ 

16/2-10 2090 0.7 94 √ √ √ √ √ √ 

16/2-11 2126 2.7 87 √ √ √ √ √ √ 

16/2-11 A 2365 45.4 N/A √ • √ √ √ √ 

16/2-12 2067 0.6 87 √ √ • • √ √ 

16/2-13 A 2776 65.3 N/A √ √ √ √ √ √ 

16/2-13 S 2090 13.5 N/A √ • √ √ √ √ 

16/2-14 1982 4.8 85 x x x x x x 

16/2-15 2006 1.4 79 √ √ √ √ √ √ 

16/2-16 2214 3.3 N/A √ √ √ √ √ √ 

16/2-16 A 2503 50.3 X x x x x x x 

16/2-17 B 2200 36 No Jurassic Sand found in the well 

16/2-17 S 2052 15.6 81 √ √ √ √ √ √ 

16/2-21 2070 1.4 N/A √ √ √ √ √ √ 

16/3-4 2020 1.6 87 √ √ √ √ √ √ 

16/3-4 A 2128 32.9 N/A √ √ √ √ √ √ 

16/3-5 2050 0.7 86 √ √ √ √ √ √ 

16/3-6 2050 2.2 N/A √ √ √ √ √ √ 

16/3-7 2100 0.7 89 √ √ √ √ √ √ 

16/5-2 S 2042 9.8 N/A √ √ √ √ √ √ 

16/5-3 1993 1.14 N/A √ √ √ √ √ √ 

16/5-4 2100 0.8 N/A √ √ √ √ √ √ 
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3.2 Petrophysical Analysis 

The goal for a petrophysical analysis is to calculate reservoir parameters and determine the 

reservoir quality. These parameters can be porosity (ϕ), shale volume (Vsh) and water saturation 

(Sw). This part of the study concentrates on the theory behind those calculations with real 

examples from the studied well log data. An example of the well logs available in this study is 

presented in Figure 3.2. These logs are used for the calculation and interpretation of the 

petrophysical parameters.   

 

Figure 3.2: Overview of the avialable well logs in the database. This example is taken from 

well 16/2-11 through the reservoir intervals. The logs presented in the Figure are available for 

most of the wells (Wells 16/2-6, 16/2-11 A, 16/2-12 and 16/2-13 S are missing velocity 

measurements in some intervals).  

3.2.1 Porosity Estimation 

Porosity can be described as the ratio of pore volume to bulk volume, or as the volume fraction 

of fluids within a rock (Kennedy, 2015). This volume can be filled with hydrocarbons, capillary 

water or clay bound water (Hook, 2003;Cluff and Cluff, 2004;Shepherd, 2009;Rider and 
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Kennedy, 2011). This concept may seem simple, but for real rocks with water filling the pore 

space it becomes less obvious what constitutes the pore volume (Kennedy, 2015). The ratio of 

porosity will be in the range of 0 to 1, where 0 is pure rock with no fluid and 1 is pure fluid. 

The porosities for reservoir rocks usually vary from 0 to 50%, but porosity values above 35% 

are unusual in nature. As mentioned drilling mud invasion in the borehole can cause the density 

measurements  

To estimate porosity several well logs can be used. They include the Density Log, Nuclear 

Magnetic Resonance Log (NMR), Sonic Log and the Neutron Log.  The density-derived 

porosity can be calculated by using Equation 3.1:  

𝜙𝐷 =  
𝜌𝑚𝑎−𝜌𝑏

𝜌𝑚𝑎−𝜌𝑓𝑙
  …………………… (eq. 3.1) 

Where 𝜙𝐷 is the density derived porosity, 𝜌𝑚𝑎 is the matrix density, 𝜌𝑏 is the formation bulk 

density (the value is obtained from the log reading) and 𝜌𝑓𝑙 is the fluid density. The common 

values for matrix density and fluid density is presented in Table 3.2 (adapted from Rider and 

Kennedy, 2011). The bulk densities of rock can be change if there is a presence of hydrocarbon 

in the pores compared to brine. Both oil and gas have lower density than water, and will 

therefore “float” on top of the water column.  

Table 3.2: Common values for matrix density and fluid density. Values from Rider & 

Kennedy, 2011. 

 

Mineral Grain Density(g/cm3) Fluid Fluid Density(g/cm3) 

Quartz 2.65 Fresh Water 1 

Clay/Shale 1.85-2.75 Salt Water 1.15 

Dolomite 2.87 Brine 1.025 

Biotite 2.90  

Chlorite 2.80 
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To remove the lithology effects on the porosity, the combination of density and neutron logs 

can be used. Since the logs record the apparent porosities, which is only true when there is a 

match between the zone lithologies and the predicted lithologies in the calucaltions (Mondol, 

2015). To remove the lithology effect one can take the average of the two readings, or by 

applying Equation 3.2 to find the true porosity: 

𝜙 = √𝜙𝑛
2+𝜙𝑑

2

2
  …………….. (eq. 3.2) 

Where 𝜙𝑑 is the density-derived porosity and 𝜙𝑛 is the neutron porosity. 

In addition, the sonic log can be used to determine the porosity. The Wyllie model (Wyllie et 

al., 1956) can be expressed in sonic transit time so that the end result is porosity.  

1

𝑉𝑃𝑟𝑜𝑐𝑘

=  
1−𝜙

𝑉𝑃𝑚𝑎𝑡𝑟𝑖𝑥

+
𝜙

𝑉𝑃𝑓𝑙𝑢𝑖𝑑

→  𝜙𝑠 =
Δ𝑡𝑙𝑜𝑔−Δ𝑡𝑚𝑎𝑡𝑟𝑖𝑥

Δ𝑡𝑓−Δ𝑡𝑚𝑎𝑡𝑟𝑖𝑥
  …………….. (eq. 3.3), 

Where the 𝜙𝑠 is the sonic porosity, Δ𝑡𝑙𝑜𝑔 is the transit time in the formation, Δ𝑡𝑚𝑎𝑡𝑟𝑖𝑥 is the 

transit time through 100 % of rock matrix and Δ𝑡𝑓 is the transit time through 100 % of fluid. 

The unit for transit time is µsec/ft. Some common values for the estimation of porosity from 

the sonic log are presented in Table 3.3. This model does not however work for unconsolidated 

and poorly cemented rocks, and (Raymer et al., 1980) proposed a transformation that would 

work on all porosity intervals. 

Table 3.3: Common values for etimating porosity from sonic transit time. 

Material Δt (μs/ft) Velocity (m/s) 

Compact Sandstone 55.6-51.3 5,490-5950 

Limestone 47.6-43-5 6,400-7010 

Shale 170-60 1,790-5,805 

 

To further understand the reservoir quality it is useful to calculate the effective porosity (Eq. 

3.5). The shale content of a rock can determine how producible a rock is, because shale/clay is 

negative for the permeability in the rock. Clay minerals can hinder the communication between 
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pores, and also create barriers that fluids can’t flow trough. Another use of the effective porosity 

calculation is to discriminate the reservoir interval from the gross interval. When the shale 

content in a possible reservoir zone is high, the porosity in the sandstone will be filled with clay 

bound water or clay minerals. To remove the uncertainty from shale content in the reservoir 

effective porosity can be calculated. Cluff and Cluff (2004) defined Eq. 3.4, where the shale 

content is taken under consideration when the porosity is calculated: 

𝜙𝐸 = 𝜙𝐷 ∗ (1 − 𝑉𝑠ℎ) (eq. 3.4) 

Where PHIE is the effective porosity, PHID is the porosity calculated from the density log and 

Vsh is the shale volume. Levorsen and Berry (1967), gave some values to estimate the quality 

of a reservoir rock in terms of porosity. These estimations are presented in Table 3.4: 

Table 3.4 Porosity estimation and how these values can be used to estimate the reservoir 

potential of a rock. Values taken from Levorsen & Berry, 1967. 

 

 

 

 

 

 

 

 

 

Figure 3.2 illustrates the different methods of calculating the porosity, and how they differ from 

each other. Example taken from well 16/2-8, where DPHI is the porosity from density log, PHIS 

is the porosity from the sonic log, PHIE is the effective porosity and PHIT is the total porosity. 

In addition, the gamma ray, caliper and bit size log is plotted to illustrate the borehole quality. 

 

Porosity quality Percent 

Negligible  0-5 % 

Poor 5-10 % 

Fair 10-15 % 

Good 15-20 % 

Very good 20-25 % 

Exceptional 25-50 % 
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Figure 3.3: Example of difference in calculated porosities using different options. The 

example is shown using data from well 16/2-8 from the reservoir intervals. 
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3.2.2 Lithology Discrimination  

To discriminate different lithologies in well data the gamma ray and density logs can be useful. 

In the gamma ray log, different values can be associated with different lithologies, and 

differentiate between carbonates, sandstones and shales. The radiation that the gamma ray tool 

detects originates from Potassium, Uranium-radium and Thorium isotope series (Mondol, 

2015). For better lithology identification, one can use the combination of neutron-density logs 

with litho-density logs. The reservoir intervals in the Johan Sverdrup field consist of alternating 

shale and sandstone, and to distinguish the different lithologies from each other the Neutron-

Density log (cross over) plotted together with the gamma ray log to discriminate sandstones 

from shales. Figure 3.4 with well logs from well 16/3-4 illustrates how the different well logs 

can be used to discriminate lithology. 

Figure 3.4 Example of how the combination of the Gamma ray log and the Neutron-Density 

logs can provide information about lithology. Example from well 16/3-4 from the Intra 

Draupne Sandstone as the reservoir, with the Draupne shale as the cap rock with potential to 

also be a source rock.   
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The combination of the Neutron-Density porosity can be further analysed with the Neutron-

Density cross plot. Figure 3.5 displays the reservoir interval from well 16/2-7 with the Intra 

Draupne and Sleipner Formations data plotted. The highlighted area turns out to be within the 

hydrocarbon saturated section of the Intra Draupne Sandstone Formation, and there is a good 

separation between the hydrocarbon saturated data and the water saturated data (from the 

Sleipner Formation). 

 

Figure 3.5: Neutron-Density crossplot for the Intra Draupne and Sleipner Formations. The 

highlighted area correlates with the hydrocarbon saturated data from the Intra Draupne 

sandstone, and there is good separation between the two datasets. The data is color coded by 

Vsh, and it is observed that the higher Vsh data plot towards the bottom right with higher 

Neutron porosity along with higher density. 

Shale Volume Calculation 

Kennedy (2015) stated that the shale volume is the volume fraction of the shale and that the 

value lies between zero and unity, where the latter will correspond to a shale bed (100% shale). 

In general, shale is more radioactive than sand or carbonate, and this difference can be applied 

to calculate the shale volume in porous reservoirs, and the calculated volume expressed in 

fraction or percentage is called Vshale (Asquith and Krygowski, 2004). To determine the shale 

volume information from the gamma ray log is used, and the result of this is the gamma ray 

index (IGR). Equation 3.6 shows the calculation of the IGR,  

𝐼𝐺𝑅 =  
𝐺𝑅𝑙𝑜𝑔−𝐺𝑅𝑚𝑖𝑛

𝐺𝑅𝑚𝑎𝑥−𝐺𝑅𝑚𝑖𝑛
 …………….. (eq. 3.5) 

Where IGR is the gamma ray index, GRlog is the measured gamma ray reading of a formation, 

GRmin is the minimum gamma ray reading (clean sandstone or carbonate) and GRmax is the 

maximum reading (shale) (Asquith and Krygowski, 2004). The maximum and minimum values 
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from the Gamma ray log is found by reading the  gamma log from each well, and choosing a 

sand line and a shale line for each well. In shales the relationship is not entirely linear, and have 

several nonlinear empirical responses (Asquith and Krygowski, 2004). There have been many 

relations proposed, and some of the proposed calculations are presented below: 

Larinov (1969) for Tertiary rocks: 

𝑉𝑠ℎ = 0.083 ∗ (23.7∗𝐼𝐺𝑅 − 1) …………….. (eq. 3.6 

Larinov (1969) for older rocks 

𝑉𝑠ℎ = 0.33 ∗ (22∗𝐼𝐺𝑅 − 1) ……………… (eq. 3.7) 

Stieber (1970) 

𝑉𝑠ℎ =  
𝐼𝐺𝑅

3−2∗𝐼𝐺𝑅
  ………………………….. (eq. 3.8) 

Clavier et al. (1971): 

𝑉𝑠ℎ = 1.7 − [3.38 − (𝐼𝐺𝑅 − 0.7)2]1/2 ….. (eq. 3.9) 

The relation between the Vsh and IGR is displayed in Figure 3.6. It is worth noting that all 

of the proposed shale volume calculations estimate lower shale volume than the linear 

relation. In Figure 3.7 some examples of calculated shale volume from the studied well log 

data are shown.  
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Figure 3.6: The different Vsh calculations plotted with the relationship between Vsh and IGR. 

The linear trend overestimates the shale volume compared to the calculations done by Larinov, 

Steiber and Clavier equations. 
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Figure 3.7: Histograms displaying calculated Vsh values from well 16/2-11. Two of the 

reservoir sandstones are plotted with the two left histograms containing Vsh calculated from 

Larinovs equation for older rocks and the two on the right are control measurements taken from 

the Neutron-Density derived Vsh. 

3.2.3 Permeability Calculation 

The permeability is the measure of how easy fluids can flow through a rock. The common 

scale for permeability is given in mD (milli Darcy), and permeability above 1000 mD (10 D) 

is considered to be exceptional. To calculate the permeability from well logs alone is difficult, 

since it will only give an approximation of the permeability. To achieve a more reliable result 

the interval under investigation should be tested with different flow test, or be calibrated by 

core measurements  (Grude et al., 2015). In this study, these data are not available and the 

permeability is modelled using the equations below (Eqs. 3.10 and 3.11). The equation used 

in this study to calculate the permeability of the formation is available in IP and expressed by 

by eq.3.10. 

Morris and Biggs (1967) 

𝐾 = 𝑎 ∗
𝑃ℎ𝑖𝑏

𝑆𝑤𝑖𝑐
    (eq. 3.10) 
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where K is absolute permeability, a, b and c are constants, Phi is the effective porosity and Swi 

is the irreducible saturation. The constants in the equation can vary depending on the fluid 

content in the pore space, and first the Morris Biggs oil constants are used. These constants are 

a = 62.500, b = 6 and c = 2. The absolute permeability is calculated, since other methods for 

calculating the permeability assumes that the rock is completely saturated by one fluid, while 

the real case scenario is that rocks can be saturated by more than one fluid, as in an oil filled 

reservoir (oil and water). This equation can be modified with other values as constant 

parameters (using the same equation 3.11) where Timur constants are a = 6500, b = 4.5 and c 

= 2. Other methods for estimating the permeability on the basis of porosity is the Coates method 

(equation 3.11)(Crain, 2016)  

𝐾 = 5000 ∗ (𝑃𝐻𝐼𝐸4) ∗ ((1 − 𝑆𝑤)/𝑆𝑤)
2
(eq. 3.11) 
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3.2.4 Saturation Calculation 

Water saturation is calculated by using the 

Archie’s equation (eq.3.12). The most 

useful tool for separating different 

saturated zones are the resistivity logs. The 

reason as to why the resistivity tools can be 

used to find hydrocarbon saturated zones is 

that hydrocarbons are highly resistive, 

while the formation water (brine) is 

conductive. The resistivity of the 

formation water is dependent on the 

salinity of the water. So if the hydrocarbon 

content of a formation increases, the 

resistivity of the formation will increase 

and will be observable in the deep 

resistivity log. The parameters that is 

needed to calculate the water saturation is 

the tortuosity factor (a), the cementation 

exponent (m), the saturation exponent (n) 

parallel with, 𝑅𝑤  (the resistivity in the 

formation water), 𝑅𝑡 (the true formation resistivity from the deep resistivity log) and Φ.  

Archie (1942) 

𝑆𝑤 = (
𝑎∗𝑅𝑤

𝑅𝑡∗𝜙𝑚)1/𝑛  ………………………….. (eq. 3.12) 

In the calculation the cementation exponent is usually in the range of 1.8-2.0 and the saturation 

exponent have a value close to 2 (Mondol, 2015). The value of water saturation is expected to 

be 1 (or 100%) in zones that are free of hydrocarbon. Figure 3.5 illustrates how the saturation 

changes when the fluid changes from water to hydrocarbon. The hydrocarbon saturation is 

calculated by Equation 3.13. 

𝑆𝐻𝐶 = 1 − 𝑆𝑤 ………………………… (eq. 3.13) 

Figure 3.8: Example of how the water 

saturation will change when the reistivity 

increases. 
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3.2.5 Net–to-Gross and Pay Zone Estimation 

Net and gross thickness describes the thickness of the net reservoir and the total thickness of 

the rock in the interval of interest respectively (Shepherd, 2009). The gross thickness includes 

the productive zone, non-productive zone, tight zone and zones with more shaly or silty 

contents. The net thickness includes the part of the reservoir with good reservoir 

properties/qualities (Shepherd, 2009), so the net reservoir is the part of the reservoir where the 

porosity and Vsh cutoffs (Table 3.5) have sorted out the non-desirable parts of the reservoir.   

The calculation of net to gross and pay thickness is conducted with cutoff values defined by 

Worthington and Cosentino (2005). The proposed cutoff values are presented in Table 3.5 and 

an average value of the ranges is used in the calculation in chapter 4 

 

Table 3.5: Cutoff values as proposed by Worthington & Consentino, 2005. 

Lithology Cutoff parameter Range of values 

Sandstone Vsh 0.3 - 0.5 

 

ɸ 0.06 - 0.08 

Sw 0.5 -0.6 

 

3.2.6 Uncertainties 

Porosity 

If the rocks (e.g. shale or sandstone) have a high clay content, and thus higher hydrogen values, 

they will record higher porosity values than the actual values (Asquith and Krygowski, 

2004;Mondol, 2015). The increase in porosity is called the 'shale effect', and the effect is greater 

within shales with a high content of smectite and kaolinite, compared to shales with mostly 

illite and chorite (Mondol, 2015). Another effect that can affect the porosity calculation is the 

presence of gas in the pores, called the 'gas effect'. This will result in lower measured porosity, 

because of the presence of low hydrogen content per volume in gas compared to water and oil 
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(Mondol, 2015). Other uncertainties in porosity estimation is associated with the borehole 

condition (e.g. roughed/enlarged borehole). If the density correction exceeds 0.5 g/cc, it may 

indicate bad borehole conditions. In such case the porosity calculation from the density log can 

be uncertain (Rider and Kennedy, 2011). The equation used in porosity calculation is presented 

in section 3.2.1. It is worth to note that the porosity calculation relies on the matrix density, 

which in reality can be different than the presented values in table 3.2. In nature the sediments 

(for instance sandstone) may not consist of 100% quartz, meaning that other minerals can 

influence the density.  

Shale Volume 

The calculation of shale volume can possibly be inconsistent, because the shale line and sand 

line is set by the person interpreting the data. The shale volume or clay content can be found 

using several different logs, such as the Self Potential log (SP) or the Gamma Ray log. The SP 

log will not be taken under consideration in this study. The basic concept of the gamma ray log 

is that it measures a formations natural radioactivity. Several factors can influence the quality 

of the measurements, and lead to an over- or underestimation of the shale volume. For instance, 

the feldspathic sandstone can give higher measurements of gamma due to presence of K-

feldspar in the sandstone. 

Water Saturation 

Some uncertainties and limitations are always associated to calculate water saturation using 

well log data. There are several parameters considered in the equation and each parameter may 

contain some errors. To calculate the water saturation several equations is proposed, and in this 

study the Archie equation published in 1942 is used (Eq. 3.12). Parameters associated with the 

Archie's equation are saturation exponent (n), tortuosity constant (a), formation water resistivity 

(Rw), porosity (𝜙), cementation exponent (m) and the true resistivity (Rt).  

One large uncertainty which applies for many of the measured logs (Vp, Vs, Density, Neutron 

and Resistivity) is potential mud filtrate invasion in the formation. Ideally the resistivity logs 

measure different parts of the formation, where the micro resistivity log measuring close to the 

borehole. The medium and deep resistivity are measuring deeper into a formation, and if there 

is no invasion these two logs should measure the same values. If the drilling mud is invading 

the investigation depth of the medium resistivity log, the measured values will decrease and 

cause an overestimation of hydrocarbon saturation within the target zone. This effect is not 

corrected in this thesis, but the effects of possible mud filtrate invasion is kept in mind. 
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3.3 Compaction Study 

Compaction of sediments may be defined as the process which leads to the sediment volume 

being reduced and the sediment density increased (Bjørlykke, 2003). To understand how 

sediments compact are important factor to consider when the petrophysical parameters 

(porosity, velocity and permeability) (Chuhan et al., 2002). The main diagenetic processes as 

described by Bjørlykke and Jahren (2015) are: 

 Near surface diagenetic processes which include reactions with fresh groundwater 

(meteoric water flow).  

 Mechanical compaction  

 Chemical compaction which is a process including dissolution of (unstable) minerals.  

 Precipitation of cement 

The sediments change their properties with burial due to the stress of the overburden 

(Mechanical Compaction) and as a result of chemical reactions which involves dissolution and 

precipitation of minerals (Chemical Compaction) (Bjørlykke, 2003). The compression of 

sediments in a sedimentary basin is largely irreversible, with an increase in density and thus 

resulting in a decrease in porosity with depth (Chuhan et al., 2003). How the transition from 

mechanical to chemical compaction occurs is illustrated in Figure 3.9 (Bjørlykke, 2013). The 

main factors that control these processes are presented in the two following sections.  

3.3.1 Mechanical Compaction 

Mechanical compaction is the first step in the compaction of a rock. This process starts when 

the sediments is deposited with grain-to-grain adjustment and rotation until a critical stress level 

is reached, causing crushing of the particles (Fawad et al., 2011). If the effective stress from the 

overburden or from tectonic stress increases, it will cause mechanical compaction (Bjørlykke 

and Jahren, 2015), and the porosity are proven to decrease with increasing depth (increasing 

pressure) (Bjørlykke et al., 1989). The mechanical compaction is effective in sedimentary 

basins with normal geothermal gradients (30-40 oC/km), which means that the temperatures 

needed for the generation of quartz cement will be reached at depths around 2-2.5 km with 

temperatures from 60/70-100oC (Lander and Walderhaug, 1999;Chuhan et al., 2003). The 

mechanical compaction is a function of the effective stress (Equation 3.15, the Terzagi 

equation) and the compressibility of the grain framework (Chuhan et al., 2003), where the 
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parameters are the total stress (weight of overburden) and the fluid pressure (Bjørlykke, 2006). 

The total stress is a function of the thickness of the overburden (Z), the density (ρ) and gravity 

(g). The fluid pressure can be calculated by taking the entire water column into the equation, 

with   

𝜎𝐸 = 𝜎𝑇 − 𝑃𝑓 ………………….. (eq. 3.14) 

The most important factors influence the mechanical compaction are: 

 Mineralogy 

 Sorting of the grains 

 Grain size 

 Grain shape 

 Fluid composition 

Different lithologies react different to compaction. Shales and mudrocks, with a high initial 

porosity (high water saturation), lose their initial porosity quickly after burial. They may start 

with an initial porosity of 70-80%, but this can be reduced to half of that in the first hundred 

meters of burial (Mondol et al., 2007). For sandstone porosity loss from 40–50% at the time of 

deposition to 30–35 % at burial depths around 2–2.5 km is commonly observed in reservoirs 

(Chuhan et al., 2003). Sandstones will not lose the porosity as easily as shales (grain to grain 

contact, lower initial porosity, stronger, etc). Lab experiments (Storvoll et al., 2005;Mondol et 

al., 2007;Mondol, 2009;Marcussen et al., 2010) have proved compaction variation due to 

differences in lithology, and the results of some of these studies is presented in Figure 3.10. 

These studies used as references in compaction study and evolution of reservoir rock properties. 

The velocity or density data from the wells compare with those reference curves to explain 

compaction behaviour of zones of interest in this study.  

3.3.2 Chemical Compaction 

Chemical Compaction is controlled by thermodynamics and kinetics and therefore it can be 

generalized as stress independent. When the temperature reaches roughly 70-800C most 

quartoze sandstones will have mechanically compacted to porosities around 25-30% (Lander 

and Walderhaug, 1999;Bjørkum et al., 2001). At burial depths greater than 2 km quartz 
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precipitation on clastic quartz grains will over time create a framework of quartz overgrowth 

(cement) that will prevent further mechanical compaction (Bjørlykke, 2013). The result of the 

chemical compaction is when the diagenetic reactions in sandstone and shale have caused the 

end rocks to have effectively lost all porosity. This will typically occur at temperatures ranging 

from 1800C to 2200C (Bjørkum et al., 2001). The main factors controlling compaction of 

sandstones and shales is the initial mineralogy, temperature and time (Bjørlykke, 1998) This 

process is governed by 

 The dissolution at grain contacts or along stylolites with corresponding precipitation on 

minerals (cement) in the pore space 

 The dissolution of thermodynamically unstable grains that are load bearing (Bjørlykke 

2003) 

Several examples of sandstones buried to depths of 2-2.5 km with little or no cement (Intra 

Draupne/Brent Sandstone). 

 

Figure 3.9: The figure illustrates how sediment compaction will change with depth, and where 

the transition zone between MC and CC can be expected to be located. The transition zone 

will typically be at around 2 km burial depth (> 70oC) with normal temperature gradients, but 

uplift or low geothermal gradients can cause the transition zone to be deeper or shallower 

respectively (adapted from Bjørlykke, 2013). 
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3.3.3 Geothermal Gradient Calculation 

The geothermal gradient in the study area is important to know to conduct a proper compaction 

study. The chemical compaction is dependent on the temperature so it is important to know 

how the temperature changes with depth. The calculation of the geothermal gradient is fairly 

simple, as it is the change in temperature divided by the change in burial depth (eq.3.15). The 

change in temperature is found by calculating the difference of the BHT and the temperature at 

the sea bed (∆T˚C). According to the data collected by the Institute of Marine Research (2016) 

the temperature near the seafloor in the North Sea ranges from 6.11 – 7.16 ˚C (IMR, 2016). The 

depth and BHT data is collected from the data from NPD.  

𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 =  
∆𝑇℃

∆𝐷𝑒𝑝𝑡ℎ (𝑚)
  ………………….. (eq. 3.15) 

3.3.4 Published Compaction Curves  

To perform a compaction study the well data have to be compared to the experimental 

compaction curves for the different sediments. There have been several studies that have 

presented compaction curves for different clay compositions, sandstones or mixing of silt, clay 

and sand (Storvoll et al., 2005;Mondol et al., 2007;Mondol, 2009;Marcussen et al., 2010). In 

this study, 5 experimental curves are used to perform compaction study to be presented in 

Figure 3.10. The reference curves are compared with the well log data. It is important to note 

that the curves are only valid for mechanical compaction, since chemical compaction is difficult 

to model in the laboratory because it is affected not only by pressure but also by temperature. 

The sonic log data are given in µs/ft (slowness), and have to be converted to velocity. This is 

done by the following formula given by Kennedy, 2015:  

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚
𝑠⁄ ) =

304 800

𝑠𝑙𝑜𝑤𝑛𝑒𝑠𝑠 (∆𝑡)𝜇𝑠/𝑓𝑡
  ………………. (eq.3.16) 
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Figure 3.10: Different published compaction trends for variable lithologies. These curves are 

used as reference curves for the compaction study. 

Another approach for determining the transition zone from mechanical compaction to chemical 

compaction can be the shear modulus versus density or porosity. Storvoll and Brevik (2008) 

used the cross plot to distinguish the two regimes by analysing and identifying the transition 

between the two compaction regimes where there is a bend or a knee-point in the data trend  

(Storvoll and Brevik, 2008). Figure 3.11 is a cross-plot of shear modulus versus density from 4 

studied wells from the Johan Sverdrup field. The same trends can also be observed by cross 

plotting Vp versus density.   
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Figure 3.11: Mu versus Rho cross-plot from 4 wells in the database. The data is color coded by 

temperature.   

3.3.5 Uplift/Exhumation 

One of the factors that may influence the reservoir quality is possible uplift of the reservoir 

rocks. As explained in sections 3.4.1 and 3.4.2 the properties of rocks changes with depth/burial 

and will lead to internal structural changes. By making an estimation of the potential uplift in 

the area, the burial history and thermal maturity of the rocks can be determined. During 

exhumation there is very little compaction, due to the removal of the overburden, and if 

extension and fracturing occurs the pore volume will increase (Bjørlykke, 2006). This is 

estimated by finding the maximum burial depth of the rock. 
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3.4 Theories Related to Rock Physics Diagnostics 

Rock physics aims to connect the elastic properties of a rock (e.g. Vp, Vs, Vp/Vs ratio, 

impedance) with the reservoir properties (e.g. porosity, shale volume, water saturation and 

lithology) (Dræge, 2008;Avseth et al., 2009;Avseth et al., 2010;Avseth et al., 2014;Liu et al., 

2015). Rock physics is also important for correctly characterizing prospective reservoirs 

(Avseth, 1999). Rock physics is an integral part of quantitative seismic data analysis, and 

addition fundamental for fluid and lithology substitution, AVO modelling and for interpretation 

of elastic inversion results (Ødegaard and Avseth, 2004). When rock physics diagnostics is 

conducted on present day properties, it is important to take into consideration how the sediments 

have been altered by mechanical compaction, diagenetic alterations and tectonic events (Avseth 

and Lehocki, 2016). 

3.4.1 Vs Prediction 

In this study, the Vs is measured in all of the wells, but some of the wells are missing 

measurements in some parts so the Vs have to be predicted for those intervals. In addition, the 

Vs predictions will be used in comparison to the measured Vs to see how the lab measured Vs 

estimations fits with the real data. There have been several suggestions for estimating the Vs, 

and a few of the calculations is presented in this thesis (Eqs. 3.17-3.22). By plotting all of the 

measured Vp and Vs velocities, a regression line can be calculated to give the Vs estimation 

from the real data. Figure 3.8 is the Vp versus Vs relation for all the wells in the study area and 

Equation 3.23 is the regression line (in red) with the Vs estimation. The Vp-Vs crossplot is 

useful for determining the lithology and pore-fluid properties, as Vs is insensitive to fluid 

changes.  

Castagna et al. (1993) 

𝑉𝑠 = 0.804 ∗ 𝑉𝑝 − 0.856 ………………………… (eq. 3.17) 

Castagna et al. (1985)– The mudrock equation 

𝑉𝑠 = 0.862 ∗ 𝑉𝑝 − 1.172 …………………………(eq. 3.18) 

Han et al. (1986) 

Sand: 𝑉𝑠 = 0.794 ∗ 𝑉𝑝 − 0.787                                   (eq. 3.19) 
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Shale: 𝑉𝑠 = 0.842 ∗ 𝑉𝑝 − 1.099 … … … … … … … ….(eq. 3.20) 

Williams (1990) 

Sand (Water-bearing): 𝑉𝑠 = 0.846 ∗ 𝑉𝑝 − 1.088 …(eq. 3.21) 

Shale: 𝑉𝑠 = 0.784 ∗ 𝑉𝑝 − 0.893 …………………..(eq. 3.22) 

 

Figure 3.12: Best fit line to estimate Vs from Vp using all studies wells. 

𝑉𝑠 = 0.652 ∗ 𝑉𝑝 − 0.536 (eq. 3.23) 

3.4.2 Calculation of Elastic Parameters 

To calculate the Vp and Vs Equations 3.24 and 3.25 can be used, where K and µ are either the 

dry or the saturated bulk and shear moduli, and ρ is the corresponding dry or saturated bulk 

density (Avseth, 2005). These equations can further be rewritten to calculate the bulk modulus 

and shear modulus (Eqs. 3.26 and 3.27), which in turn can be used to calculate the Poissons 

ratio (Eqs. 3.28 and 3.29). The bulk modulus (K) describes how easy a material compresses, 

and it is defined as the ratio of pressure to volume strain (Kennedy, 2015). The shear modulus 

(µ) describes how easy a rock will deform when it is subjected to shear stress. For fluids the 

shear modulus will be zero, while higher values will imply that the rock resists deformation 

(Kennedy, 2015).  

𝑉𝑝 =  √
𝐾+4𝜇/3

𝜌
  ……………….(eq. 3.24) 
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𝑉𝑠 =  √
𝜇

𝜌
  ………………………… (eq. 3.25) 

𝜇 =  𝜌𝑉𝑆
2 ………………...………..(eq. 3.26) 

𝐾 =  𝜌 (𝑉𝑃
2 −

4

3
𝑉𝑆

2) ……………….(eq.3.27) 

Poisson's ratio is an important parameter regarding fluid prediction. A change in the Poisson's 

ratio can indicate a change in the pore fluid. The ratio can be found by looking at the difference 

in bulk and shear modulus or in relation to the Vp/Vs ratio). The Poisson's ratio is 

restricted/constrained to lie in the range of 0-0.5, where most of the rocks lie between the 

interval of 0.1 and 0.4 (Kennedy, 2015)  

𝜈 =
3𝐾−2𝜇

2(3𝐾+𝜇)
 ……………………………(eq. 3.28)   

𝜈 =
𝑉𝑝

2−2𝑉𝑠
2

2(𝑉𝑝
2−𝑉𝑠

2)
 …………………………...(eq. 3.29) 

In situations where the rock is not 100% water saturated (as in a hydrocarbon reservoir), the 

effect of this has to be "corrected" so that potential hydrocarbon influences on the data can be 

removed. This can be done by using the principles of the Gassman Equation (Eq. 3.30), where 

Kdf, Kf and Kma refer to the bulk modulus of the dry frame, matrix and fluid. Some bulk modulus 

values for commonly occurring minerals are presented in Table 3.6. The Gassman equation 

assumes that the mineral modules is homogeneous and statistical isotropy of the pore space but 

is free of assumptions about the pore geometry (Mavko et al., 2009). In addition, it assumes a 

constant saturation and not patchy saturation. The bulk modulus of the fluid is normally a 

mixture of water and hydrocarbons and can be derived by using Equation 3.31. The difference 

in bulk modulus between water and gas (2.2 GPa and ~0.05 GPa respectively) will cause the Kf 

to be small even at high water saturations, and this reason is why the sonic slowness is such a 

good indicator of the presence of gas (Kennedy, 2015).  

𝐾 = 𝐾𝑑𝑓 +
(1−𝐾𝑑𝑓 𝐾𝑚𝑎⁄  )2

(
∅

𝐾𝑓
+

1−∅

𝐾𝑚𝑎
−

𝐾𝑑𝑓

𝐾𝑚𝑎
2 )

  ……………...……..(eq 3.30)   

 
1

𝐾𝑓
=

𝑆𝑤

𝐾𝑤
+

(1−𝑆𝑤)

𝐾ℎ𝑐
… … … … … … … … ….(eq 3.31) 

 



Chapter 3:  Methodology and Theoretical Background 

54 

 

Table 3.6: Bulk modulus and density for common minerals and lithologies. 

Mineral K(GPa) ρ (g/cm3) 

Quartz 38 2.65 

Calcite 77 2.71 

Dolomite 95 2.87 

Siderite 124 3.96 

Sandstone 37.5 

 

Limestone 83 

 

 

3.4.3 Construction of Rock Physics Templates 

Rock Physics Templates (RPTs) are important to know and understand as they can be used to 

predict reservoir quality and discriminate between fluids. RPTs are very useful tools to interpret 

well logs and seismic data (Liu et al., 2015). These templates are constructed by combining the 

depositional and diagenetic trend models with Gassmann fluid substitution for predicting 

lithology and hydrocarbons (Avseth et al., 2010). Rock physics templates are basin specific, 

meaning they must be calibrated/constructed for each basin. Geologic constraints from the basin 

must be included such as the lithology, mineralogy, burial depth, diagenesis, pressure, and 

temperature (Avseth et al., 2010).  
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Porosity and Density versus Vp, AI and K 

Figure 3.13 shows Vp plotted against porosity. The lines (Han-lines) is from 5 to 35% clay 

volume. Han’s study found empirical regressions relating velocities measured in the laboratory 

to porosity and clay content for well-consolidated sandstones from the Gulf Coast (Mavko et 

al, 2009). One of the main findings in the study was that clean sandstones can be related to 

porosity with high accuracy, but when there is increasing clay content the correlation to porosity 

becomes relatively poor. This can be corrected by including the clay volume in the regression, 

resulting in a very accurate correlation (Han et al., 1986;Mavko et al., 2009). Han's study 

calculated these correlations for different pressure regimes, and it is important to know which 

pressure regime the formations in question are located. In this study the calculation is done 

representing a pressure of 20 MPa where 𝜙 is the porosity and C is the clay volume fraction. 

𝑉𝑝 = 5.49 − 6.94 ∗ 𝜙 − 2.17 ∗ 𝐶 …………………….. (eq. 3.32)

Figure 3.13: The results of Han et. al study from 1986. The lines are representing 

variying shale content from 5 to 35% and can be calculated for different confining 

pressures. In this thesis the lines calulated for 20 MPa are used. 
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Vp/Vs versus AI 

Vp and Vs can be used to calculate the Acoustic Impedance (IP) and the Shear Impedance (IS). 

The impedance of an elastic medium can be defined as the ratio of the stress to the particle 

velocity (Mavko et al., 2009).  Equations 3.33 and 3.34 show the calculation, and how they 

depend on the density of the rock. The density from the rock is taken from the measured well 

log data (density log). 

Acoustic Impedance (IP) = 𝑉𝑝 ∗ 𝜌𝑟𝑜𝑐𝑘 ……………….. (eq. 3.33) 

Shear Impedance (IS) = 𝑉𝑠 ∗ 𝜌𝑟𝑜𝑐𝑘 …………………… (eq. 3.34) 

The crossplot between the Vp/Vs ratio and the acoustic impedance (IP) can be used to 

discriminate the fluid and lithology (Fig. 3.14). The separation between lithology and saturation 

is greatest in unconsolidated, homogeneous sands. Increasing cement volume may lower the 

Vp/Vs ratio of brine sand, and make the ratio similar to oil saturated unconsolidated sands. In 

zones with lower density (hydrocarbon zones), the acoustic impedance will decrease and will 

discriminate the hydrocarbons from the brine saturated parts of the formation, this is especially 

true for gas saturated reservoirs (Chi and Han, 2009). The contact cement model will help to 

discriminate between cemented (poor reservoir intervals) and uncemented intervals in a 

formation (Avseth, 2005). 
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Figure 3.14: Vp/Vs versus AI crossplot adapted from Ødegaard and Avseth, 2004. The arrows 

in the model are indicating: 1) Increasing shaliness, 2) Increasing cement volume, 3) Increasing 

porosity, 4) Decreasing effective pressure and 5) Increasing gas saturation. This plot is created 

for well sorted Arenite with an effective pressure of 20 MPa.  

Lambda-Mu-Rho (LMR) 

The LMR crossplot (Fig. 3.15) can provide further information about the hydrocarbon saturated 

parts of a formation and the rest of the formation. It is stated in literature that the crossplot can 

be especially useful for separating gas saturated zones, but it should also be considered to be 

useful for the detection of oil saturated zones since it also helps by differentiating the 

hydrocarbon saturated zones from the gross formation. The Lambda-Rho parameter is shown 

to be sensitive to the incompressibility of a rock, porosity and fluid content, while the Mu-Rho 

parameter is sensitive to the rigidity of a rock (Goodway, 2001;Perez and Tonn, 2003).  
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Figure 3.15: LMR crossplot with marked areas where different lithologies are expected to plot 

(Digitized from Goodway et al., 1997). 

Figure 3.16 is an example of a LMR crossplot from 5 wells in the study area colour coded by 

water saturation. Some areas stand out, and the highest values in this crossplot are found to be 

data from the basement. In the lower left corner the Draupne Formation is located. It's worth 

noting that the points with lower water saturation plot on both sides of the threshold line for 

porous gas sand (marked at λρ =20 GPa g/cm3) 

 

Figure 3.16: Example of the LMR cross plot from 5 wells in the study area. The threshold line 

for porous gas sand is marked at Lambda-Rho = 20 GPa g/cm3. The data is colour coded by 

water saturation. 
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3.4.4 Cement Models 

The cement models can be used to estimate how the sediments are packed, and especially how 

large fraction of the sediments that is cemented. The basic principle of this kind of a plot is to 

compare the sonic properties of a rock with petrophysical properties (porosity). It is well 

documented that rocks with cement in the porespace are "stronger" than uncemented rocks, 

meaning that the framework of the rock resist mechanical compaction. In addition, cement will 

destroy porosity, due to that the cement as mentioned will precipitate in the porespace. Figure 

3.17 is showing a cross plot of velocity and effective porosity with different cement trends 

plotted on top. The arrows are indicating increasing cement volume (black arrow) and 

increasing sorting (red arrow).  

 

Figure 3.17: Velocity versus porosity cement model. The red line indicates increasing level of 

sorting and the black arrow is indicating increasing cement volume. The model is digitized from 

Avseth et al., 2010. 
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Contact cement model 

In the paper by Dvorkin and Nur (1996), they assume that the porosity decreases from the initial 

critical porosity due to the uniform deposition of cement layers on grain surfaces, leading to a 

reinforcing of the stiffness of the sand due to the stronger grain contacts (Dvorkin and Nur, 

1996;Avseth et al., 2000). The cement can be of different origin such as quartz cement, calcite 

or reactive clay. The cement gives the sand a dramatic increase in stiffness and strength by 

reinforcing the grain contacts (Avseth et al., 2000). The effect of this will be a large velocity 

increase with only a small reduction of porosity (Avseth et al., 2010). The uncertainty of this 

model is that does not take into the account the pressure sensitivity, since the models assumes 

uniform cementation, thus not allowing patchy cementation (which will be a more realistic 

scenario in sediments). 

Friable sand model 

The assumption for this model is that the porosity decreases from the initial porosity value due 

to the deposition of the solid matter away from the grain contacts (Dvorkin and Nur, 

1996;Avseth et al., 2000).This model describes how the velocity-porosity relation changes as 

the degree of sorting deteriorates (Avseth et al., 2010). The two end members in this model are 

the well sorted packing of similar grains with a critical porosity (for sandstones typically 40%), 

and the other end member is at zero porosity where the moduli will be the same as for the 

mineral. 

Constant cement model 

This model assumes that sands of varied sorting all have the same amount of contact cement 

(Avseth et al., 2000). It takes into the account both the friable sand model and the contact 

cement volume, and assumes that a decrease in porosity is a result of deteriorating sorting, but 

that sands with various degree of sorting all have equal amounts of contact cement.  
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Figure 3.18: The figure illustrate the different cement models and how the grain contact 

differs between the models (adapted from Avseth et al., 2000). 

To give an estimation of the cement volume in the well log data Marcussen et al. (2010) 

calculated a linear relation between Vp and cement volume. They study found that there is a 

correlation coefficient of 0.89 between velocity and quartz cement for Etive sandstones, where 

the sandstone is pure. The relationship is given by the following equation: 

 𝐶𝑒𝑚𝑒𝑛𝑡 𝑉𝑜𝑙𝑢𝑚𝑒 =  
𝑉𝑝−2775

84.825
 ……………….. (eq. 3.35) 

To verify the calculated cement volume in Eq.3.35 the Vp is estimated using the Hertz-Mindlin 

theory. This theory gives two equations (eqs. 3.37 and 3.38) for estimating the effective bulk 

(K) and shear (µ) modulus for a dry dense random pack of identical spherical grains, subjected 

to hydrostatic pressure (Mindlin, 1949;Dvorkin and Nur, 1996). 

𝐾𝐻𝑀 =  [
𝐶2(1−𝜙)2𝜇2

18𝜋2(1−𝜈)2 𝑃]
1/3

………..…………….. (eq. 3.36) 

𝜇𝐻𝑀 =
5−4𝜈

5(2−𝜈)
[

3𝐶2(1−𝜙)2𝜇2

2𝜋2(1−𝜈)2 𝑃]
1/3

…………….….. (eq. 3.37) 

Where P is hydrostatic pressure, 𝜈 is the Poisson's ratio, C is the coordination number, ϕ is the 

critical porosity and µ is the grain shear modulus.  

It is shown that Vp can be estimated from bulk and shear modulus (eq. 3.24), and by using 

forward modelling on the velocity in the reservoir interval (predicting the velocity on basis of 

bulk and shear modulus). 
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Chapter 4 Petrophysical Analysis 

This part of the thesis presents the result and discussion for the petrophysical analysis. 

Petrophysics is the study of the physical properties of rocks (Kennedy, 2015). The wells have 

all been quality controlled. The 23 wells contain necessary data used in petrophysical analysis. 

The goal of this analysis is to investigate the reservoir quality of the Middle to Late Jurassic 

sandstones units in the Johan Sverdrup field, and try to correlate the reservoir quality to 

depositional environment. To understand this porosity, shale volume, permeability and 

saturation are calculated or estimated for 23 of the wells in the study. The Intra Draupne 

Sandstone Formation is found in all the wells considered here, while the Middle Jurassic 

formations are present as hydrocarbon bearing rocks in 6 of the studied wells. The Middle 

Jurassic hydrocarbon intervals include the Hugin and Sleipner Formations. There is also found 

hydrocarbons in the Statfjord Group and fractured basement rocks, but they are not considered 

in this study. The results from all individual well is presented in Appendix A.  
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4.1 Results 

4.1.1 Petroleum System Analysis 

Potential Source Rocks 

Source rocks can be identified on several well logs such as the gamma ray log, sonic log, bulk 

density and the resistivity log. When these logs are combined, the identification of source rocks 

is easier. Typically, a source rock has a high content of organic matter and a high gamma ray 

response. In this part of the North Sea the source rock in question is mainly the Draupne 

Formation. Figure 4.1 from well 16/3-7 displays the signature from the organic rich Draupne 

Formation. Note that the gamma ray readings are above 200 API, which is high, and that the 

velocity and density is low. 

 

When there is a high gamma ray measurement one would expect the rock to be an organic rich 

shale. This is analysed further with the aid from the logs mentioned above. In a shale, the 

Density log will decrease rapidly, while the Neutron log will increase. This is caused by the 

Figure 4.1: Identification of potential source rocks by utlilizing a combination of different well 

logs. Well log responses which can identify potential source rocks are stated in the figure. 
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Neutron log overestimates the porosity in the shale because of the fact that shales contain clay 

minerals with hydrogen and water within the rock. When the density decreases it will also be 

seen as a decrease in the velocity.  

Figure 4.2 shows the Draupne Formation in well 16/3-4 as a potential source rock. Here the 

gamma ray log is plotted along the spectral gamma log to identify potential organic rich source 

rock. The increase in Uranium is a good indicator for increasing organic content, and the 

increase in Uranium is seen in the transition from Åsgard Formation to the Draupne Formation. 

The Draupne Formation is the source rock for the Johan Sverdrup field, but the kitchen is 

located further west in the South Viking Graben where the temperature is sufficient to create 

hydrocarbons. 

 

 

In a source rock, one would expect there to be a high shale volume. The gamma ray readings 

are high, which in turn can indicate high shale content. To calculate the shale volume in the 

source rock, the equations and methods presented in chapter 3 are used. Figure 4.3 is a 

histogram of the calculated shale volume in four of the wells that have penetrated the Draupne 

Figure 4.2: Identification of potential source rock, with the spectral gamma ray log showing 

increase in Uranium and Thorium within the Draupne Formation. 
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Formation. The Draupne Formation is not present in all of the wells in the study area. The mean 

and mode values clearly indicate that the Draupne Formation is a pure shale, with a mean value 

of 0.74 and mode value of 0.99. There are some outliers which could be part of the overlying 

Åsgard Formation or the very top of the Draupne Sand.  

 

Figure 4.3: Shale volume calculation of the Draupne Formation. The mean value marked at 

74% Vsh clearly indicates that the Draupne Formation mostly consist of clay minerals. 

Reservoir Rocks 

The reservoirs are of Jurassic age and they are described in Chapter 2 (Intra Draupne Sandstone 

Formation from the Viking Group and Hugin and Sleipner Formations from the Vestland 

Group). The goal of this analysis is to understand how the reservoir is distributed, the thickness 

variation, the petrophysical properties and possible miscalculations/uncertainties. The first step 

is identifying the reservoir is to understand the lateral extension and the thickness of the 

sandstones. The main emphasis is given on the Upper Jurassic Intra Draupne Sandstone 

Formation, since this formation is present in all of the wells in the database. To identify 

sandstones one can utilize a cross plot with the density log and neutron log. Figure 4.4 is the 

measured density and neutron values from 23 wells in the study area. The vast majority of the 

points plot within the sandstone values, but there are some bad readings that may come as a 

result of calcite stringers, bad borehole conditions or sands with higher shale content. The data 

is colour coded by Vsh, and clearly indicates that the Intra Draupne Formation is a sandy unit 

with low clay content. 
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Figure 4.4: Neutron-Density crossplot of the data points in the Intra Draupne Formation. The 

cutoff for shale volume is set at Vsh0.5 to only include sand rich data. The Intra Draupne 

Sandstone is plotting mainly along the sandstone curve.  

The next reservoir intervals are part of the Vestland Group and the data from the Hugin and 

Sleipner Formations are investigated in Figure 4.5. The plot shows some important trends. 

There is some clean sandstone present in the Vestland GP, but the overall trend is that it is more 

unclean than the Draupne sands. The plot (Fig. 4.5) is colour coded by shale volume with a 

cutoff at Vsh0.5, to the shale points are excluded from the plot. 
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Figure 4.5  Neutron Density cross plot containing sandstone points from the Vestland GP. The 

cutoff for shale volume is set at 0.5 to only include sand rich data.  

The gamma ray measurements from the Draupne Sandstone with all the wells in the study area 

are presented in Figure 4.6. The minimum and maximum values are fairly high, considering 

that the formation is interpreted to be mostly clean sandstone. There could be several reasons 

for the high readings, and they are discussed further in section 4.2. The values above 80/90 API 

are considered to be stringers or thin layers of the Draupne Formation, with its high clay content 

(as shown in Figure 4.3).  
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Figure 4.6: Gamma ray readings from the Intra Draupne Sandstone. The values exceed what's 

expected for clean sandstone and this must be taken into consideration when the shale volume 

is to be calculated. 

The same plot is made for the Vestland GP with the Hugin and Sleipner FMs chosen as 

examples from 9 of the wells in the database (Fig.4.7). It's worth noting that there is far more 

measurements exceeding 90 API in the Vestland GP than in the Intra Draupne Formation 

sandstone. 

 

Figure 4.7: Gamma ray reading from the Vestland Group. The values here are considerably 

higher than in the Intra Draupne Sandstone, indicating that the formations in the Vestland Group 

consist of more clay. 
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By using the Petrel software and utilizing the formation tops a depth map of the Intra Draupne 

Formation sandstone is created (Figure 4.8). The depth map indicates that there is little variation 

in burial depth for the Intra Draupne Formation sandstone, with top reservoir between 1820 and 

1950 m (MD). In the map the deviated wells is excluded, because the well tops are given in MD 

and not in TVD, and will show much deeper burial depths than the reality. To create the 

thickness map, a new well top had to be created for Petrel to calculate the thickness correctly. 

The base of reservoir is not the same over the area, so that the correlation would be incorrect. 

This was corrected by inserting a base reservoir horizon, and then the thickness map could be 

created (Fig. 4.9). It should be noted that the increase in thickness in the western part of the 

map is outside of the reservoir interval, and that the main thickness of the Intra Draupne 

Formation sandstone is between 6 and 40 m within the reservoir.  

 

Figure 4.8: 3D map view of the Intra Draupne Sandstone formation with the well traces plotted. 

The map is color coded by burial depth ranging from 1820 MD to 1950 MD. The arrow is 

indicating north.  
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Figure 4.9: Map view of the thickness between top and base of the Intra Draupne Sandstone 

formation. Maximum thickness is roughly 40 meters and minimum thickness is 6 meters. 

As the Vestland GP has a variable occurrence across the field the depth and thickness maps of 

this group is found not to be satisfactory, but an attempt is made to create this map from the 

wells where the Vestland GP are found to contain hydrocarbons (Fig.4.10). The thickness map 

is created in the same fashion as in Figure 4.9 and the thickness map of the Vestland GP shows 

an increase in thickness towards northwest (Fig.4.11).  
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Figure 4.10: 3D map view of the Vestland GP with well traces included in the plot. The map is 

color coded by burial depth ranging from 1870 to 1930 m (MD).  
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Figure 4.11: Thickness map of the Vestland GP. Note that this is only from a small area of the 

field, and caution must be taken as it is only data from a few numbers of wells. The thickness 

variation in this area is from 2 meters to above 40 meters. 
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Shale Content 

In this study it is chosen to use the Larinov equation for older rocks to calculate the shale volume 

in the reservoirs (eq. 3.6). The maximum and minimum gamma ray values for the IGR 

calculation are chosen from the Gamma log from each well. One way of getting the minimum 

and maximum values in the zone of interest is by plotting all the Gamma ray readings in one 

histogram (Kennedy, 2015). By doing this a statistical approach can be utilized to establish the 

values for the equation. Kennedy (2015) suggests that gamma ray values that plot over the 90th 

percentile in the histogram should represent pure shale. The clean reservoir zone may not 

contain the lowest gamma ray readings, so the minimum value should be picked where it is sure 

that the lithology is pure sandstone. In addition, the different reservoir units are given their own 

zones to calculate the shale volume. These values indicate that the gamma max should be 

around 85 API and the gamma min at around 42 API (there is obviously a need to do this 

individually for each well). Figure 4.12 contains the calculated Vsh from the wells with the 

Intra Draupne sandstone. The shale content is low, with some thin layers of Draupne shale in a 

couple of the wells. The shale volume for each individual well is presented in Table 4.1.  

 

Figure 4.12: Calculated Vsh from all the wells in the database. Mean and mode values are 

marked to illustrate the main trends in the formation. Most of the data fall into the category of 

sandstone, and the boundary to shaly sand is marked at Vsh = 0.25. 
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Table 4.1: Calculated Vsh for each individual well 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The same approach are conducted for the reservoir sands found in the Vestland GP (Fig. 4.13). 

The analysis is based on the six wells which are stated to contain hydrocarbons. The wells in 

question are presented in Table 1.2, and the results from this reservoir interval is presented in 

Table 4.2.  

Well Namee Formation Avg Vsh Area 

16/2-6 Draupne SST 0.22 Avaldsnes 

16/2-7 Draupne SST 0.13 Avaldsnes 

16/2-7 A Draupne SST 0.05 Avaldsnes 

16/2-8 Draupne SST 0.09 Kvalen 

16/2-9 S Draupne SST 0.29 Geitungen 

16/2-10 Draupne SST 0.14 Espevær 

16/2-11 Draupne SST 0.10 Kvalen 

16/2-11 A Draupne SST 0.17 Kvalen 

16/2-12 Draupne SST 0.2 Geitungen 

16/2-13 S Draupne SST 0.05 Avaldsnes 

16/2-13 A Draupne SST 0.03 Avaldsnes 

16/2-15 Draupne SST 0.03 Kvalen 

16/2-16 Draupne SST 0.14 Espevær 

16/2-17 S Draupne SST 0.18 Kvalen 

16/2-21 Draupne SST 0.07 Kvalen 

16/3-4 Draupne SST 0.05 Avaldsnes 

16/3-4 A Draupne  SST 0.09 Avaldsnes 

16/3-5 Draupne SST 0.15 Avaldsnes 

16/3-6 Draupne SST 0.12 Avaldsnes 

16/3-7 Draupne SST 0.16 Avaldsnes 

16/5-2 S Draupne SST 0.11 Kvitsøy 

16/5-3 Draupne SST 0.09 Kvitsøy 

16/5-4 Draupne SST 0.11 Kvitsøy 
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Figure 4.13: Calculated Vsh from the wells containing reservoir intervals in the Vestland GP. 

Mean and Mode values are marked in the Figure at 0.31 and 0.01 respectively. 

Of course there are fewer wells to base this analysis on, but there is still possible to find results 

that can be used to interpret the reservoir potential in the Vestland GP. The Vsh calculation 

performed on this interval is presented in Figure 4.13 and the mean and mode values are shown. 

The mean value of 0.31 is considerably higher than in the Intra Draupne Sandstone, and could 

have implications of the reservoir potential in the Vestland GP, compared to the Intra Draupne 

Sandstone.  

Table 4.2: Calculated Vsh for each individual well containing reservoir intervals from the 

Vestland GP 

Well Name Formation Avg. Vsh Area 

16/2-6 Hugin 0.35 Avaldsnes 

16/2-7 A Hugin 0.18 Avaldsnes 

16/2-8 Hugin 0.16 Kvalen 

16/2-10 Hugin 0.06 Espevær 

16/2-10 Sleipner 0.28 Espevær 

16/2-11 Hugin 0.04 Kvalen 

16/2-13 A Hugin 0.2 Avaldsnes 

16/2-13 S Hugin 0.4 Avaldsnes 

 

 



Chapter 4:  Petrophysical Analysis 

76 

 

Porosity 

To calculate and analyse the porosity from the well data is fundamental parameter to understand 

with regards to the reservoir quality. The methods that are used to calculate the porosity is 

conducted by using Equations 3.1, 3.2, 3.3 and 3.4. Figure 4.14 displays the results for the 

different methods for calculating porosity. The Figure displays two reservoir intervals from two 

different wells. The reservoir in well 16/3-5 is the Intra Draupne Sandstone, and in well 16/2-8 

the reservoir is the Hugin Formation. The Neutron-Density log is included to illustrate the 

lithology variations within the formations. Both reservoirs show high calculated porosity in the 

intervals where the Neutron-Density crossover is indicating more sandy intervals. In the Hugin 

Formation there are some shaly intervals where the porosity shows a significant decrease (as 

indicated by the Neutron-Density logs and Gamma Ray log).  

Figure 4.14: Calculated porosity from well 16/3-5 (Intra Draupne Sandstone) and16/2-8 

representing the reservoir intervals (Vestland Group). The neutron density logs are indicating 

that both the Intra Draupne Sandstone and the Hugin Formation are mainly consisting of sand, 

and the calculated porosities are high.  
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Figure 4.15: The effective porosity from 23 of the wells in the study area plotted with mean, 

mode and maximum values 0.23, 0.27 and 0.36 respectively. The areas where the effective 

porosity are close to zero may be part of the Draupne Formation, and the low effective porosity 

intervals are mainly found towards the top of the Intra Draupne Sandstone. 

The effective porosity of the wells in the study area are presented in Figure 4.15, and by using 

the classification given by Levorsen and Berry (1967) in Table 3.3 the porosity estimation in 

the Intra Draupne Sands will classify the reservoir porosity mainly as very good to exceptional. 

It's important to bear in mind that these are effective porosities, and the effective porosity takes 

the Vsh into the equation.  

The Hugin formation and Sleipner formation are presented in Figure 4.16, and the formations 

are found to have a large span of porosities, and it is worth noting that the porosity in the 

formations are very high, and the porosity in these formations classifies as fair to exceptional.  
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Figure 4.16: The calculated effective porosity of Vestland GP. The Figure contains the mean, 

mode and maximum values 0.20, 0.27 and 0.37 respectively. The range of porosities are 

noticeable (greater than in the Intra Draupne Sandstone). 

Saturation  

An important aspect of the petrophysical analysis is the saturation in the potential reservoir 

sands. To achieve a satisfactory result the resistivity logs can be used to identify potential 

hydrocarbon bearing intervals within a formation. The water saturation is calculated through all 

of the wells after the shale volume and porosity have been estimated. In Figure 4.17 an example 

of how the hydrocarbon filled reservoir have been identified and how the saturation changes 

from the cap rock into the reservoir is given. The example is taken from well 16/3-4 on the 

Avaldsnes High (Fig. 4.17) and is a "best-case" scenario with the Draupne Formation as a cap 

rock and the Basement at the base of the reservoir sand. In addition, the sand is extremely pure, 

with almost no shale present in the formation. It is observable from the Vsh calculation that 

there are higher volume of shale at the top and the base of the Intra Draupne Formation 

sandstone. Possible reasons for this discuss later in section 4.2. The deep resistivity 

measurement is also recording high values, which can be seen as an indication of a change in 

pore fluid. The large separation between the medium and deep resistivity may indicate mud 

filtrate invasion, and the calculated water saturation may be overestimated. The saturation 

calculation for this well is indicating a water saturation with a mean value of 14%, which again 

means that the hydrocarbon saturation in some parts of the reservoir can exceed 86%.  
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Figure 4.17: Calculated water saturation on the basis of the resistivity log from well 16/3-4 with 

the Intra Draupne Sandstone as the reservoir. 

For the Vestland GP the saturation is variable, with only a few wells containing hydrocarbons 

according to the NPD's FactPages. This study has found that the saturation is not sufficient in 

most of the wells to be profitable, but there are found to be quite good reservoir. Figure 4.18 is 

an example from well 16/2-10 with the Hugin and Sleipner Formations as hydrocarbon 

reservoirs.  
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Figure 4.18: Calculated water saturation on the basis of the resistivity log from well 16/2-10 

with the Hugin and Sleipner Formations as the reservoirs.  

Permeability 

The permeability is calculated using the equations presented in chapter 3. The calculation is 

dependent on the effective porosity and irreducible water saturation. The results of this 

calculation are quite variable, and small decrease in porosity will severely decrease the 

permeability by using this calculation. The result of this calculation shows that the permeability 

in the Intra Draupne Sandstone is very high, exceeding 10 Darcy. Figure 4.19 shows the result 

of different permeability calculations for the Intra Draupne Sandstone Formation. The three 

methods presented here are all showing similar estimated permeability, with the data plotting 

from below 1 mD to above 10 D. This calculation may underestimate the permeability, as the 

published values are in the range of 5-40 D. The same calculation is done for the second 

reservoir interval from well 16/2-10. The porosity in this interval is high (similar as the porosity 

in the Intra Draupne sandstone found in well 16/3-4) but the permeability is considerably lower.  
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Figure 4.19: Crossplot of estimated permeability versus porosity from well 16/3-4 with data 

from the Intra Draupne Sandstone Formation and from well 16/2-10 from the Vestland Group. 

Note the different scale on the Y axis.  

Net to gross and pay thickness 

The calculation of net to gross and pay thickness is conducted with cutoff values defined by 

Worthington and Cosentino (2005). In this thesis it is chosen to use the average in water 

saturation (0.55) and in shale volume (0.4) as the cutoff values for the reservoir units. The data 

from the studied wells is presented in Tables 4.3 and 4.4, from the Intra Draupne Sandstone and 

Vestland GP respectively.  
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Table 4.3: Calculated Net-to-gross values for all the wells in the database. The average porosity, 

saturation and shale volume in the pay zone are also included. 

 

 

Well 

Name 

Reservoir 

depth 

(MD) 

Gross 

reservoir 

Net pay 

sand 

(m) 

Net/gross 

(pay) 

Avg. 

PHIE(%)  

Avg Sw Avg 

Vsh 

16/2-6 1931-1938 6.55 4.57 0.698 21.7 0.311 0.22 

16/2-7 1940-1965 25.15 6.78 0.27 27.1 0.452 0.13 

16/2-7 A 2014-2024 8.85 8.23 0.931 27 0.217 0.05 

16/2-8 1877-1911 33.83 32.46 0.959 27 0.062 0.09 

16/2-9 S 1935-1941 5.94 0.46 0.077 14.1 0.519 0.29 

16/2-10 1892-1924 32 19.81 0.619 23 0.116 0.14 

16/2-11 1890-1910 20.12 19.81 0.985 26.6 0.089 0.10 

16/2-11 

A 

2185-2206 22.10 21.56 0.976 25.8 0.149 0.17 

16/2-12 1894-1930 36.12 34.14 0.945 20 0.193 0.2 

16/2-13 S 1925-1940 14.63 12.80 0.875 26.9 0.162 0.05 

16/2-13 

A 

2597-2613 15.85 11.35 0.716 22 0.241 0.03 

16/2-15 1913-1945 21.03 20.57 0.978 27.2 0.102 0.03 

16/2-16 1952-1957 5.03 0 0 22.8 0.861 0.14 

16/2-17 S 1873-1913 39.93 33.07 0.828 24.8 0.142 0.18 

16/2-21 1935-1948 12.95 10.21 0.788 27.6 0.202 0.07 

16/3-4 1926-1940 13.87 12.80 0.923 31.4 0.083 0.05 

16/3-4 A 2077-2082 4.88 4.27 0.875 24.9 0.229 0.09 

16/3-5 1918-1931 12.95 12.57 0.971 22.2 0.192 0.15 

16/3-6 1940-1965 22.71 10.59 0.466 25.4 0.208 0.12 

16/3-7 1950-1963 12.95 0.0 0 20 1 0.18 

16/5-2 S 1958-1967 8.84 0.0 0 26.2 0.994 0.11 

16/5-3 1898-1912 11.73 8.53 0.727 17.6 0.429 0.09 

16/5-4 1931-1936 5.03 4.8 0.955 26 0.184 0.11 
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Table 4.4: Net-to-Gross results from the Vestland GP. The Gross sandstone thickness is varying 

from 2 meters to 37 meters. 

Well 
Name 

Reservoir 
Depth (MD) 

Gross 
Reservoir 

Net Pay Net/Gross 
(pay) 

Avg 
PHIE 
(%) 

Avg Sw Avg Vsh 

16/2-6 1944-1948.5 4.42 1.22 0.276 29 0.65 0.21 

16/2-7 A 2024-2039 14.78 0.91 0.062 27 0.802 0.17 

16/2-8 1911-1945 33.99 22.86 0.673 27 0.322 0.122 

16/2-10 1923.5-1931 6.86 5.94 0.867 31 0.181 0.074 

16/2-10 1931-1962 31.09 9.45 0.304 25.7 0.59 0.24 

16/2-11 1910-1919 9.6 9.52 0.992 22.4 0.169 0.169 

16/2-13 
A 

2624-2626 2 0 0 20 0.767 0.136 

16/2-13 
S 

1941-1949 6.71 0 0 19.6 0.787 0.201 

 

Cap Rocks 

In the Utsira High area and in the Central part of the North Sea the Draupne Formation shale 

acts as a seal/cap rock. The Draupne Formations distribution varies across the field, and in the 

wells where the Draupne Formation is absent, the Åsgard Formation acts as the cap rock. The 

Draupne Formation is known as an organic rich shale in the North Sea, while the Åsgard 

Formation is often dominated by calcareous claystones, but can pass into marlstones and 

stringers of limestone (NPD, 2016b). The petrophyiscal properties of a cap rock are important 

to understand to determine the cap rocks capability to seal the reservoir. The favorable scenario 

will be an impermeable cap rock with high capillary forces, where fluids have difficulties 

moving through. If the porosity in the cap rock is high, the pores should not be in 

communication with each other to make it difficult for fluids to escape through the rock. The 

calculations done on the cap rocks in this area shows that the porosity estimations done with 

the different approaches mentioned in chapter 3 will give some different results, especially for 

the clay rich Draupne Formation. The different results of these calculations are presented in 

figure 4.20 and it is especially interesting to see how the porosity changes by changing the 

approach. The most important thing for the Draupne Formation is that the effective porosity is 

very low (effectively zero), due to the fact that this method is taking in the shale volume in the 

calculation (which is shown to be high in the Draupne Formation). 
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Figure 4.20: Calculated porosity in the cap rocks. Note the high calculated Vsh in the Draupne 

Formation with correspondingly low effective porosity. Example from well 16/3-7. 

As for the Åsgard Formation the lithology is factor to be considered as the leading property for 

controlling the formations ability to hinder the flow of hydrocarbons. In the wells where the 

Åsgard Formation caps the reservoir there is found porosity values ranging from 0 upwards to 

around 20% (effective porosity). The main reason then for the Åsgard Formations ability to act 

as a cap rock has to do with how the rock is cemented. Knowing that the Åsgard Formation is 

mainly composed of carbonate, calcite cement should be expected to be found within the rock. 

This may severely alter the permeability of the formation, making it a good cap rock. One other 

scenario could be that the North-South trending fault which cuts across the field (separating the 

Geitungen are from the rest of the field) acts as a sealing fault for the reservoir interval found 

in well 16/2-12. Figure 4.21 is a well correlation of the Åsgard and the Draupne Formations 

from West towards East. The Figure is flattened on top of the Åsgard Formation. 
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Figure 4.21: Correlation of the cap rocks from West to East across the field. Note the absence 

of the Draupne Formation in the westernmost wells, and the general thickness increase 

towards the East.   
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4.2 Discussion 

This section discusses the findings from the result section of this chapter, and try to give an 

insight into variations within the reservoir rocks. In the results section, the Draupne Formation 

is presented as a source rock, and this is true, but the location of the source is as mentioned 

further to the west in the South Viking Graben.  

4.2.1 Reservoir Rocks 

The shale volume calculation has it’s limitations and pitfalls. They are mentioned in chapter 3 

and are not elaborated further in this chapter. The result of the calculation is presented in Figure 

4.12 and the shale volume is in the most cases very low (0.01-0.2%). This is within the 

classification of pure sandstone, and such low shale volumes indicate potential high reservoir 

quality for the sandstone. It is not that easy to spot the cleanness of the sandstone in the well 

logs with higher gamma ray readings than expected for clean sandstones, this is true especially 

for the Upper Jurassic Intra Draupne Formation sandstone. The combination of other logs to 

understand the lithology is necessary, and also if different minerals are contributing to the high 

measured values. One example of a mineral that can lead to higher gamma ray measurements 

is Glauconite. Glauconite forms in shallow marine environments with little or no sedimentation. 

The conditions when the Glauconite forms are mildly reducing (Mindat, 2016). The other 

mineral capable of increasing the gamma ray measurement for sediments are K-feldspar. K-

feldspar can be found in sediments that are deposited close to the source where the K-feldspar 

have yet been dissolved. The K-feldspar content is something that to further analyze with thin 

sections or XRD, and before that is done the reasons for the high response can't be fully 

explained. The Neutron-Density cross-plot gives a clear indication that the reservoir is 

sandstone, and further aids the claim that the Intra Draupne Sandstone Formation is clean. The 

cross over is a typical identification for sandstones. In addition the literature that is published 

on the Intra Draupne Formation sandstone describe a rock with high permeability and virtually 

mud free (Vigorito et al., 2013). The calculation done in this thesis shows that the shale volume 

in the Intra Draupne Formation sandstone is very low, and there seem to be good correlation 

with the results in this study to the published values presented by Vigorito et al. (2013).  

The porosity in the reservoir is described to be in the range of 0.24-0.32 (Vigorito et al., 2013). 

Table 4.3 displays all of the average effective porosities in the Intra Draupne Sandstone 

Formation along with other petrophysical data. The porosity values presented here is the 

effective porosity, which takes into account the shale volume. Where the shale volume is 
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virtually zero, the effective porosity will be the same as the Neutron-Density porosity (total 

porosity). To investigate the credibility of the calculations the porosity estimations should be 

plotted with the actual porosities found in the core measurements from the wells. This is not 

available for this thesis work, and this increase the uncertainty of the calculation. 

The net to gross estimation is conducted with the cutoffs presented in Table 3.5., and the results 

from the Intra Draupne Sandstone Formation are presented in Table 4.3. The net pay sand in 

the Intra Draupne Formation sandstone is high, with pay zones ranging from 0.6 to 0.985, 

meaning that in most of the wells the Intra Draupne Formation sandstone is completely 

hydrocarbon saturated (oil). This may be an overestimation, given the fact that possible mud 

filtrate may give errors in the measured resistivity logs, so the real saturation should be lower 

in wells where this kind of invasion is occurring. There are some exceptions in well 16/3-7 and 

16/5-2 S. In these two wells the reservoir sandstones is located below the regional OWC, and 

are therefore water filled. Well 16/2-9 S, according to the well completion report on NPD’s 

pages, contains spiculites, which may have destroyed some of the reservoir properties in this 

area. The reservoir sand is also thinner than expected.  

The reservoir intervals from the Vestland Group are also found to have high porosities, reaching 

above 30% in some areas. Table 4.4 presents the results of the analysis and calculations 

conducted on this reservoir interval. The Net-to-Gross estimation for the reservoirs in the 

Vestland Group is quite variable, and with only 6 wells as the basis for the analysis the results 

can be uncertain. In well 16/2-10 both the Hugin and Sleipner Formations contain hydrocarbons 

so it is chosen to split the results from this well. The Hugin formation clearly shows greater 

reservoir potential in this well, with average porosity of 31%, relatively low Vsh (18%) and 

high oil saturation compared to the Sleipner interval.  

By investigating some of the parameters calculated in this chapter a correlation from North to 

South are shown in Figure 4.22, with Vsh, cement volume and effective porosity. The cement 

volume is calculated by using equation 3.35. The field is divided in sections and variations 

between these are important to understand to predict the reservoir quality across the field.  In 

the two most northern wells (16/2-12 and 16/2-10) there is marked an interval where both wells 

have higher calculated cement volume. These zones are also found in other areas in the field, 

and discussed further by using rock physics diagnostics in chapter 6. The wells from the 

Avaldsnes area show more or less the same trends compared to each other. Well 16/2-7 contains 
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the best properties in this correlation view, with low Vsh, low cement volume and high porosity. 

The three wells from the Avaldsnes area do not contain the high cement volume intervals.  

 

Figure 4.22: Correlation of reservoir parameters in the Intra Draupne Sandstone from North to 

South. Zones within well 16/2-12 and 16/2-10 have been marked where the calculated cement 

volume is considerably higher than the rest of the reservoir. 

4.2.2 Cap Rocks (Draupne and Åsgard formations) 

The source rock for the Johan Sverdrup field is the Draupne Formation, but the "kitchen" for 

petroleum generation are located towards the Southern Viking Graben and not beneath the 

reservoir sandstones which is the "school book" example for how a petroleum system are 

constructed. But the Draupne Formation in this area are shown to be clearly high in gamma ray 

readings (Fig. 4.1), and the spectral gamma ray logs indicates higher uranium and thorium in 

the shale (Fig. 4.2). The high organic content in such shales typically indicates to a calm 

depositional environment with little oxygen available at the sea floor. The well logs also show 

that the velocity decreases within the Draupne formation (velocity decrease as shown in the Vp 

log) and this could also indicate the presence of organic content in the shale, given that the 

density of kerogen (organic content) is considerably lower than the rock matrix itself. In 
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addition the Neutron log will in intervals with high TOC or where there is hydrocarbons present 

show high values due to the fact that the Neutron log reacts to hydrogen in the formation (and 

organic rich shales and hydrocarbon have higher Hydrogen Index than for instance sandstones). 

The deposition of the Draupne Formation can further be linked with tectonic and climate events 

described in chapter 2.  

When the cap rocks are compared from the eastern part of the field towards the west there is a 

clear trend within the cap rocks. In the west, close to the boundary fault (well 16/2-17 S) towards 

the Utsira High the Draupne formation is absent while the Åsgard formation is very thin (as 

shown in Figure 4.21). The thickness of both the cap rocks generally increases towards the east 

of the field and reaches maximum thickness in well 16/3-7. This wedge shape of the cap rocks 

may point towards a system where the most distal part of the depositional environment is 

located towards the west, or that the sediments have been deposited during active rifting.  

4.2.3 Well Log Interpretation 

The overall thickness of the Intra Draupne Formation sandstone is not that great, with a 

maximum thickness of around 40 meters. It can be as thin as 6 meters and in such short intervals 

it is difficult to detect any trends. From the stratigraphy in the area it is known that the Intra 

Draupne Formation sandstones have been deposited before the Draupne Shale (or around the 

same time), given that it is located below the Draupne Shale in the area. At the time of 

deposition the area surrounding the Utsira High was subjected to a transgression, with only the 

uplifted basement was not submerged and may have served as a fairly constant sediment supply 

(Avaldsnes High towards the east). The source to sink distance may have been quite short, and 

as a result the sands deposited may be quite immature with higher k-feldspar contents (giving 

the sands a higher gamma ray response in the well logs). The Intra Draupne Formation 

sandstone is stated to have been deposited as turbidity currents (NPD, 2016b), and to understand 

how such sandstones can be deposited it is important to know how the sediments are entering 

the basin. If the sediments flow down a very low angle-slope, as in a pro-delta slope or the basin 

floor (abyssal plain), the entrainment of water is low, and the grain to grain interaction can lead 

to frictional freezing and deposition (Mulder and Alexander, 2001). Talling et al. (2012) 

describes two ways to deposit massive clean sandstones. Either in a layer by layer fashion by 

high-density turbidity currents, or as a rapid en masse debris flow. The major differences 

between these two depositional settings is that the high-density turbidity currents occurs from 

a thin near bed layer driven by the overlying flow. As seen in the petrophysical analysis the 
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shale content in the Intra Draupne Sandstone is low, and this can be an effect of the deposition 

of the sediments. Clean massive sandstones, as the Intra Draupne Sandstone, could have been 

deposited by rapid fallout of sediments (along the pro-delta/foresets), the time needed for 

reworking of the sediment may not have been sufficient. In the wells which have Intra Draupne 

Sandstones directly on top of the basement often show an increase in the gamma ray log at the 

boundary, and this can be the base of the flow where intense near-bed transport of particles can 

occur (transporting lithic fragments or gravel sized grains). From the well logs there are two 

characteristics from the Intra Draupne Sandstone Formation. The first is the gamma ray log 

fairly consistent within the formation with few indications of massive changes in lithology or 

depositional environment. There are some noticeable features in some of the wells near the top 

and base of the formation where the gamma ray log in some cases may increase significantly. 

As the example from well 16/3-4 shows (in figure 4.17) the Intra Draupne Sandstone Formation 

consists of pure sandstone, but with a observable change towards the base. This trend is also 

found in other wells in the field, and well 16/2-13 S shows the same trends as well 16/3-4. This 

interval with higher calculated Vsh are located directly on top of the basement, and if the 

depositional environment is considered to be high density grain flows, the base of such flows 

may contain coarser grains and larger lithic fractions, giving this interval a higher gamma ray 

response, and also a poorer reservoir quality. From the well logs it is clear that this interval have 

a considerably different response than the rest of the formation, with lower porosities, 

decreasing oil saturation and also a decrease in the permeability.  

As for the sediments belonging to the Vestland Group (Sleipner and Hugin Formations) they 

have been analyzed to try to differentiate zones within the formation with higher potential for 

reservoir bearing sands. In the example well (16/2-13 S) the Hugin Formation is divided into 

three zones based on the neutron-density cross over and the gamma ray measurements. At the 

base of the Hugin Formation there is a decrease in gamma from the Skagerrak Formation. This 

is also correlated with the neutron density logs where the positive separation indicates 

sandstone. The gamma ray increases from 1949 to 1947 m (TVD) suggesting this interval have 

a fining upwards trend.  The sedimentology of the Hugin Formation is well documented from 

the South Viking Graben, and especially in the study done by Kieft et al (2010). The well logs 

from well 16/2-8 from the Hugin Formation shows a formation with three layers where the 

gamma ray values are increasing drastically. These layers are restricted in thickness (1-2 meters 

on the gamma ray log) and they are most likely representing shale layers within the sandstone. 

The main facies associations from the Hugin Formation in the South Viking Graben are: Bay 
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Fill, Shoreface, Mouthbars, Fluvio – Tidal channels and coastal plain. Figure 4.23 contains 

cross plots from data from the South Viking Graben with comparison to well log data from well 

16/2-8. The well log data have the closest resemblance to facies D1 and D2 (as stated by Kieft 

et al. (2010)) and they are interpreted to be fining upward sandstones with grain sizes ranging 

from very coarse-to fine-grained (D1) and from-coarse to medium-grained channel sandstones 

with facies D1 tidally influenced, while facies D2 are fluvially influenced. In the well log from 

16/2-8 there are some clear shale layers between the sandstone, and by looking at the data the 

facies changes after the shale layers. The shale may indicate a moment where there is fewer 

sediments entering the basin, before the sedimentation rate increases once more. 

 

Figure 4.23: Facies association from the South Viking Graben compared to the data from the 

Hugin Formation in well 16/2-8 (adapted from Kieft et al., 2010). 
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Chapter 5 Compaction Study of the Johan Sverdrup Field 

This chapter focuses on the burial history and compaction of the reservoir sandstones in the 

Johan Sverdrup field. This part of the study utilizes well log data, and uses the values in 

crossplots to estimate the transition zone between mechanical (MC) and chemical compaction 

(CC). The geothermal gradient is also calculated as a tool to understand the burial history of the 

reservoir sandstones. This chapter presents some of the interesting results of the study, but all 

the velocity data from each individual well is presented in Appendix B.  

5.1 Results 

5.1.1 Geothermal Gradient 

One critical parameter regarding compaction is the geothermal gradient. The geothermal 

gradient in the area is determined using well log data and the surface temperature presented in 

subchapter 3.3.3. The geothermal gradient is important for determining if the reservoir 

sandstones are located within the mechanical compaction or the chemical compaction regime, 

because this may have severe implications for the reservoir quality since the temperature is a 

critical factor for the precipitation of quartz cement. Figure 5.1is the present day geothermal 

gradient map of the Johan Sverdrup field.  
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Figure 5.1: The present day geothermal gradient across the Johan Sverdrup field. The map is 

constructed by the BHT (Bottom Hole Temperature) data reported in NPD's FactPages.  

5.1.2 Compaction Trends 

The depth trends for density and Vp are presented in Figures 5.2 and 5.3. The velocity-depth 

trend in Figure 5.2 includes data from all the wells in the study area. A depth conversion is 

conducted on the wells with inclination. Some features are marked in Figures 5.2 and 5.3, and 

the possible implications of these zones are discussed further in this chapter. It is notable from 

Figure 5.2 that the velocity, from approximately 140 m (TVD) down to around 1950 m (TVD), 

the compaction is following a linear relation. The transition zone where the velocity is 

increasing rapidly is marked with the green line. Above this zone there can be observed an 

interval with higher velocity. This interval belongs to the Shetland Group, which consists 

mainly of carbonate. This high velocity and density interval may hinder the identification of the 

transition zone between mechanical compaction (MC) and chemical compaction (CC). By 

plotting the Vp data versus depth (TVD) for all of the wells in the Johan Sverdrup field some 
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trends can be distinguished (Fig. 5.2). As expected, the overall trend of the velocity-depth data 

is an increase in velocity with increasing depth. In addition, there can be observed two different 

velocity trends, and the black and the green lines respectively mark these trends. These lines 

illustrate the difference in compaction regimes in the field. The abrupt change in velocity at 

approximately 1950 m (TVD) indicate a shift in the stiffness of the sediments, which could 

mean that the sediments are starting to accumulate cement in the pore space. The area marked 

with the grey ellipse are data points from well 16/2-7 (the only well drilled to this depth) and 

this area are part of the Zechstein and Rotliegend Groups which mostly consist of carbonates 

and evaporites. The other marked intervals are discussed further in the discussion section in this 

chapter. Figure 5.3 is the crossplot of density versus depth (TVD), and the same trends as in 

Figure 5.2 are marked in the figure.  

 

Figure 5.2: Velocity-depth crossplot color coded with temperature. The velocity trend from 

the mechanical compaction and chemical compaction regimes are marked with the black and 

green line respectively. Different areas that deviates from the main trend, or zones of interest 

are highlighted with the ellipses.  



Chapter 5:  Compaction Study of the Johan Sverdrup Field 

95 

 

 

The crossplot of velocity and density (Fig. 5.4) clearly show a distinction between the two 

regimes (marked with the arrow). These two clusters are marked with a black and green ellipse 

in the Figure, illustrating the two different compaction regimes. The transition zone is marked 

with the black arrow on the basis that in this interval the velocity and density increases rapidly, 

indicating that the properties within the sediments are starting to change. Carbonates are known 

for higher densities, and will therefore plot near the values from the chemical compaction 

regime. 

 

Figure 5.3: Density-depth crossplot color coded by temperature. The same trends as in figure 

5.2 can be observed and are marked in the plot. The mechanical compaction and chemical 

compaction are marked with the black and green line respectively.  
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To further investigate the transition zone a crossplot of the same logs are made (Fig. 5.5), but 

only with shale points since the carbonate data plot in the same range as the data expected to be 

in the chemical compaction regime. It is plotted with a discriminator that discriminates every 

point with a Vsh below 0.75 to remove the input of carbonates and sandstones. This plot shows 

the same trend as the other plots, with a distinct change between the two data clusters. The 

velocity change also show a good match with the temperature change from below 70oC to above 

70oC, which consists with the temperature range where the onset of quartz cementation starts. 

The velocity of the reservoir intervals will be further elaborated in this chapter, but from this 

plot they will be located within the transition zone.  

  

Figure 5.4: Vp-density crossplot with the two compaction regimes marked with black 

(mechanical compaction) and green (chemical compaction) ellipses. The figure is colorcoded 

by temperature. 
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Figure 5.5: Vp-density crossplot only containing datapoints with Vsh > 0.75 to exclude possible 

effects of other lithologies. The two compaction regimes are marked with black (mechanical 

compaction) and green (chemical compaction) ellipses. The arrow is indicating where the 

velocity and density increases rapidly.  

One important aspect to consider regarding compaction of sediments is the fact that different 

lihtologies compact differently with depth. The next sections investigate how shale and 

sandstones compact with depth and how the data from the Johan Sverdrup field correlates to 

published reference curves (see chapter 3.3.4).  

It is observable from the data that they correlate with the published trends down to right above 

1400 m (BSF), where the carbonates from the Shetland Group are located (Fig.5.6). Below the 

carbonate interval the correlation with the published trends is not as good as above the carbonate 

interval. It is just below this interval the temperature starts to exceed 70oC. This zone is marked 

with a black arrow, indicating the transition zone between mechanical and chemical 

compaction.  
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Figure 5.6: Vp-depth crossplot from all of the wells in the study area. The data is plotted against 

published clay and sand compaction curves. The overall trends in mechanical and chemical 

compactions are marked by black and light green line respectively. The black arrow is 

indicating where the change from MC to CC occurs in the data.  

5.1.3 Shale Compaction 

To further see how the sediments have compacted in the Johan Sverdrup area the velocity depth 

trends have been sorted by lithology. To achieve this, the Vp data have been sorted with regards 

to the shale volume and plotted against depth. This sorting is done due to the fact that sediments 

with different lithologies compact differently in nature. Figure 5.7 contains only the shale points 

from the study area with a Vsh cutoff at ≥75 %. In this part of the study 16 of the wells in the 

database have been used. The data initially correlates well with the published clay compaction 

trends down to 1500 m (BSF) where most of the data are excluded due to the fact it is where 

the Shetland GP are located. Below this interval the correlation is harder to establish and most 

of the data lies to the right of the published trends close to the sand trend. At around 1700 m 

(BSF) the data show no correlation with the published trend, and this will indicate the onset of 

chemical compaction (marked with black arrow). After this zone, there is an interval that 

correlates with the kaolinite-silt line and this interval represent the organic rich Draupne shale 
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with its high organic content and low permeability. This rock acts as the seal for the reservoir 

in the Avaldsnes area, and the velocity drawback may indicate overpressure in the shale. 

 

Figure 5.7: Vp-depth trends containing only shale points (Vsh ≥ 0.75). The data is compared 

to published reference curves for different clay mixtures. The black arrow are marking where 

the data no longer match with the published curves. After this zone the velocity is increasing 

rapidly from 2000 m/s to 3500 m/s.  
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Figure 5.8: Vp versus depth plot represents a distinct trend in the mechanical compaction 

regime. The Figure contains only shale points. The regression line created for the data falls in 

between the 100% Kaolinite trend and the 50:50 Kaolinite Silt trend.  

In Figure 5.8 the shale data that matches the published compaction trends are plotted. In 

addition a regression line showing the best fit line through the observed data is plotted (orange 

color). The line shows good correlation with the published compaction trend for clay minerals, 

but as expected little correlation with the published trend for sand. As in the previous plot it is 

difficult to observe what happens with the velocity data from approximately 1450 m (BSF) to 

1700 m (BSF) as the Shetland Group mainly consists of carbonates. 

5.1.4 Sand Compaction 

To further discriminate the lithologies the sand points are plotted with the published compaction 

trends from sand compaction experiments (Storvoll 2005 and Marcussen et al, 2010). The data 

from the Johan Sverdrup field correlates well with the Storvoll sand and clay sequence to 1500 

m (BSF) where the carbonates are excluded from the plot. Overall the velocity shows good 

correlation with the experimental trends down to around 1850 m (BSF) (marked with a black 

arrow) where the velocity data starts to increase more abruptly than the published trends. It is 

worth nothing that at this depth the temperature starts to exceed 70oC and marks the change 

from mechanical to chemical compaction. This is roughly at the same depth as the velocity data 

from the clay rich lithology in Figure 5.7, and suggests that the local change in compaction 
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regime is located at around 1800 m–1850 m (BSF). Where the exact boundary is located in 

every well, are further discussed later in this chapter. From 2000 m (BSF) there is some data 

that deviates from the other data in the chemical compaction regime. These data are part of the 

Zechstein GP and Rotliegend GP, and it is only well 16/2-7 that penetrates these formations at 

this depth. 

 

 

Figure 5.9: Vp versus Depth with only the sand data plotted against published reference curves 

for sandstones The velocity trends in the mechanical and chemical compaction are marked with 

a black and green line respectively. 

To further illustrate how the velocity change with depth, a closer observation is carried out at 

the sandstone points from 1700 m (BSF) (Fig.5.10). Again, the data are plotted against the 

published compaction curves for sand. By doing a simple regression on the data, the velocity 

gradient from this interval can be found, and the velocity increases significantly in this interval. 

This will further distinguish between the two compaction regimes as the regression line from 

the velocity data differs greatly from the published trends. The temperature range is from 65oC 

to 85oC, and the reservoir sandstones are marked by the black circle.  
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Figure 5.10: Vp versus Depth for sandstone points within the chemical compaction regime. The 

reservoirs are located within the black circle. Note that the velocity trend increases drastically 

within this region, and the velocity gradient are clearly not following the published trend.   

5.1.5 Reservoir Rock Analysis 

The following figure (Fig. 5.11) represents velocity data (Vp) from the Intra Draupne Sandstone 

Formation from all the wells in the study area. The data is plotted against the experimental 

sandstone curve from Marcussen et.al (2010). It is observed that the data show similar trends 

as the published trends, but with slightly higher velocities than the published trends, further 

indicating that the formation is located at the very start of chemical compaction or within the 

transition zone. The velocity shows a small increase in the deepest buried parts of the formation 

(below 1800 BSF), and this can be an indication that these intervals are moving further towards 

the chemical compaction regime. This interval is marked with the black arrow where the 

velocity is increasing 500 m/s from 1800 m (BSF) to 1825 m (BSF). There are also some 

intervals where the velocity exceeds 4000 m/s and this may represent more cemented intervals. 

It is also observable that the zones with the greatest velocity are also the zones where the 
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temperature exceeds 80oC. It is also worth noting that the variations in depth across the field 

(see also figure 4.8) are quite small, and the Intra Draupne formation sandstone is located in 

roughly a 100 meter interval (1720 m -1840 m BSF). This means that across a large field as 

Johan Sverdrup the velocity variations regarding the depth should be similar in all of the wells 

if the sediments are mostly within the same compaction regime.   

 

Figure 5.11: Vp versus Depth from the Intra Draupne Sandstone plotted against the published 

compaction curve for sandstones. The velocity data are mainly plotting at 3000 m/s. 

The underlying reservoir interval is of Middle Jurassic age, namely the Sleipner and Hugin 

Formations and they are also plotted against depth and the published sand compaction trends 

(Fig. 5.12). The velocity data mainly plot between at 3000 m/s, but with some parts of the 

formations exceeding 3500 m/s. The velocity exceeding 3500 m/s are also the zones with the 

highest temperature (75-85 oC), which suggest that these intervals may have a more stiff 

framework indicating increasing cement within the formations. The depth variation in the wells 

encountering the Middle Jurassic interval are the same as in the Intra Draupne formation, with 

all of the formation preserved at a current burial depth between 1770 BSF and 1830 BSF. The 

same velocity increase as in the Intra Draupne Sandstone Formation is observed from 1810 m 

(BSF) to 1830 m (BSF) indication intervals with higher amounts of cement.  
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Figure 5.12: Vp versus Depth from the Vestland GP. The velocity follows the same trend as the 

Upper Jurassic reservoirs, with an increase in velocity below 1820 m (BSF).  

5.1.6 Cap Rock Analysis  

The cap rocks in the Johan Sverdrup area are the Draupne Formation (Shale) and the Åsgard 

Formation (Limestone, mudstone, stringers of marl). First the Draupne Formation is plotted 

against depth and color coded by temperature (Fig. 5.13). Compared with the published 

reference curves the data from the Draupne Formation shows the closest match with the 

Kaolinite-Silt mixture trend. One important thing to keep in mind regarding the Draupne 

Formation is the fact that it is an organic rich shale, and such shales will always show lower 

velocity. The velocity analysis conducted on the reservoir intervals suggest that the reservoir 

sandstones are on the boundary between mechanical and chemical compaction. The Draupne 

Formation is located at shallower depth (or at the same depths) and this suggests that this 

formation also is in the transition zone or towards chemical compaction. As in the Intra Draupne 

formation sandstone there is a part of the Draupne Formation where the velocity differs 

considerably from the published trends.  
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Figure 5.13:Vp versus Depth for the Draupne Formation plotted against published compaction 

curves for 100% Smectite, 100% Kaolinite and Kaolinite-Silt mixture.   

Further on the Åsgard formation's velocity data is plotted against depth. The data does not match 

any of the published trends. The lithology of the Åsgard Formation is dominated by calcareous 

claytones, marlstones and stringers of limestone (NPD, 2016b). The chemical processes in 

carbonates happen at very shallow depths, and they will not give an accurate estimation of how 

the siliciclastic sediments on top and on the base of the Åsgard Formation have compacted. The 

velocity in the formation varies between 2200 m/s and 4600 m/s, with the majority of the data 

situated between 3000 m/s to 3500 m/s (chemical compaction velocity expected over 2800 m/s 

in clastic sediments). The temperature is also quite varying, not showing any noticeable 

transition from mechanical compaction to chemical compaction.  
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Figure 5.14: Vp versus depth plot for the Åsgard Formation. The lithology of the formation is 

mostly carbonate. As expected, the Vp-depth trend in the Åsgard Formation did not match 

with the silicilastic trends.  

5.1.7 Transition Zone Estimation 

To establish exactly where the transition zone from mechanical compaction to chemical 

compaction are can be difficult. The temperature gradient can be used as an indicator as to 

where the temperature exceeds the temperatures necessary for quartz cement to develop. By 

further investigating the Vp versus density crossplot and marking the interval where the velocity 

and density increases, and cross referencing this with well logs, the depth and formation where 

the transition occurs can be identified. The experimental curves have the limitation that they 

are only valid in the mechanical compaction, given the fact that to create the conditions 

necessary for creating cement you would need time, which in nature is millions of years. By 

cross plotting shear modulus () and density from the reservoir intervals it can give some 

indication into which compaction regime the reservoirs are located. As the lithology above the 

reservoirs is variable and mainly consist of carbonate, or the organic rich Draupne Shale the 

transition zone is set at the top of the Intra Draupne Sandstone Formation. The estimation of 

the transition zone is presented in Table 5.1.  
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5.1.8 Uplift Estimation 

As the lithology above the reservoir intervals are mainly carbonate, the uplift estimation 

estimated is based on the depth of the reservoir intervals. The velocity data from the reservoirs 

(Fig. 5.11 and 5.12) are indicating that the transition zone is located between 1725 to 1810 m 

(BSF). By using the top of the reservoir interval as the marker for the start of the transition zone 

the uplift in the area can be estimated. Figures 5.7, 5.8 and 5.9 contain shale sand data from all 

the wells, and the transition from mechanical to chemical compaction is occurring at shallower 

depths than normal settings (2 km burial depth). By using this assumption, the uplift for 22 of 

the wells is calculated and presented in Table 5.1. The depth of the transition zone is also 

included.  

Table 5.1: Depth of the transition zone for each well with estimated uplift.  

Well 

Name 

Depth of 

transition zone 

(mBSF) 

Estimated Uplift 

(m) 

16/2-6 1790 210 

16/2-7 A 1792 208 

16/2-7 1801 199 

16/2-8 1741 259 

16/2-9 S 1784 216 

16/2-10 1754 246 

16/2-11 1751 249 

16/2-11 A 1777 223 

16/2-12 1756 244 

16/2-13 S 1780 220 

16/2-13 A 1797 203 

16/2-15 1790 210 

16/2-16 1810 190 

16/2-17 S 1726 274 

16/2-21 1797 203 

16/3-4 1783 217 

16/3-5 1777 223 

16/3-6 1798 202 

16/3-7 1808 192 

16/5-2 S 1817 183 

16/5-3 1767 233 

16/5-4 1797 203 
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The estimated uplift is  added to the burial depth, and crossplotted with the published reference 

curves to observe how the data now fits with the published trends. Figure 5.15 presents shale 

point data from well 16/5-4 with the present burial depth (top figure) and with the estimated 

uplift added in the bottom figure. The velocity data now shows a better fit with the published 

reference curves, and the velocity increase is now located around 2000 meters, which is in 

accordance with the published data. 

 

Figure 5.15: The velocity data from well 16/5-4 is plotted against the corrected depth and 

compared to the reference curves. 
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5.2 Discussion 

5.2.1 Geothermal Gradient in the Johan Sverdrup Field 

The geothermal gradient calculated in chapter 5.1.1. It is found to be approximately 4.2 oC/100 

m in the Johan Sverdrup area. This gradient is considerably higher than comparable sandstones 

found in the deeply buried South Viking Graben (where the gradient can be as low as 2.7 o 

C/100 m). These differences are explained by to be related to conductivity variations as a 

function of depth to high-conductivity basement rocks (Utsira High) compared to the thickness 

of the low-conductivity post-rift sediments (Maast et al., 2011). This gradient seems to be fairly 

consistent across the field (with some small variations). To understand how the temperature 

increases with depth, and where the temperature is high enough to start the chemical 

compaction (or where the temperature is too low to initiate the chemical processes) is an 

important parameter to consider when the reservoir quality are to be determined. In reservoirs 

where the temperature is high enough for quartz cement to precipitate, the reservoir quality may 

be severely decreased.  

5.2.2 Anomalies/Outliers 

The velocity and density data which is plotted in Figures 5.2 and 5.3 have some points that don't 

match with any of the published curves. There may be several reasons to why the data deviates 

from the published curves and some of them are discussed in this section.  

First of all the stratigraphy in this part of the North Sea consists of some carbonate intervals 

mainly in the Shetland Group, but there is also carbonate in the Cromer Knoll Group. One of 

the characteristics for carbonates is that the velocity in carbonates will increase at shallower 

depth (compared to siliciclastic sediments), and the interval marked in Figure 5.2 from 

approximately 1500 m (BSF) to approximately 1750 m (BSF) are mainly consisting of 

carbonate with higher velocities than expected at such burial depths. By checking the NPD 

factpages the different carbonate intervals could be identified (along with the velocity and 

density trends) to be able to exclude the carbonate from the dataset, since the primary focus of 

this study are siliciclastic sediments (shale & sandstone). 

In Figure 5.6 the velocity data are plotted with published velocity compaction trends. The 

overall compaction trend is similar in all the wells, and a velocity depth trend for each well in 

the database can be found in Appendix B. Figure 5.2 contains Vp data from all the wells in the 

study area, with the True Vertical Depth at the y-axis. The TVD are chosen because many of 
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the wells in the area are deviated and the following measured depths would show too deep 

measurements for the velocity. The trends in the velocity data are marked with a black line for 

the mechanical compaction regime and a green line for the chemical compaction regime. In the 

mechanical compaction regime the velocity increases with increasing stress from the 

overburden. Figure 5.8 contains only the data points which lie within the mechanical 

compaction regime. The transition from mechanical to chemical compaction is as mentioned in 

the result section difficult to distinguish because the cap rocks are the Draupne Shale (Organic 

rich shale) and the Åsgard Formation (Carbonate). Below these sediments the reservoir sands 

of Upper Jurassic to Middle Jurassic age are located (Intra Draupne Formation Sandstone, 

Vestland GP) and they will be influenced by the presence of hydrocarbons present within the 

porespace. These factors lead to the determination of the transition zone very difficult. But there 

can be found two distinct velocity trends within the data, illustrated in Figures 5.2, 5.6, 5.7 and 

5.9. The sharp shift in velocity is seen in relation to the change in compaction regime, and the 

onset of quartz cementation.  

5.2.3 Shale & Sandstone Compaction 

Given that shale and sandstone are the most abundant sediments found in sedimentary basins, 

it is important to understand how they compact with respect to the difference in lithology. Shale 

and sandstone lithologies have different mineralogical composition, along with different grain 

size and shape of the grains. As this chapter has already presented the first stage of compaction 

occur immediately after deposition, and here shale and sandstone have different starting points. 

The initial porosity for shale can be approximately 80%, while sandstones may have porosities 

in the region of 40-50 % (Chuhan et al., 2002;Marcussen et al., 2010). 

The sorted velocity data with regards to shale volume is investigated first before the same is 

done to include sandstone data. This approach will cause some uncertainties with the results as 

it is very difficult to identify and study pure shale, or pure sandstone only on the basis of well 

logs. But the approach may serve good enough for the purposes in this thesis and the assumption 

that Vsh > 0.75 is shale and VSh < 0.25 are pure sandstone. Figures 5.7 and 5.8 contain only 

shale data, plotted against different published reference curves. At the start of the mechanical 

compaction, the velocity data from shale are plotting higher than the published curves, before 

the velocity stabilizes around 2000 m/s, and this correlates with the published reference curves. 

The general trend in the first 1000 meters is that the velocity increases from 1500 m/s to 2100 

m/s. Above the discriminated Shetland GP, the Rogland GP with the Balder, Sele, Lista and 
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Våle Formation is located. These formations show an increase in velocity from 1700 m/s to 

2200 m/s with some points plotting above 2500 m/s. The decrease in velocity observed at the 

transition from the overlying formations into the Balder Formation is consistent with other 

descriptions of this formation. This decrease can be seen in relation to the lithology of the 

formation, with several volcanic layers (tuffs) in between the shale (Isaksen and Tonstad, 1989). 

5.2.4 Implications for Reservoir Quality 

One of the main controlling factors for reservoir quality is the depositional environment 

(Bjørlykke, 2013). Several studies have shown that the degree of mechanical compaction is 

related to both the sorting and size of the grains, and this has implications for the reservoir 

quality (porosity and permeability). Other studies, for instance by Morad et al. (2010), have 

found that sandstones being deposited in periods of transgression are more likely to contain 

carbonate cement. As previously described in sub-chapter 2.1.4, there was a major flooding of 

the Viking Graben in the Jurassic, and this may have implications for the cement found within 

the reservoir sands. There are some indications of carbonate layers within the Intra Draupne 

sandstone, and it can be seen in the velocity log data for instance well 16/3-4. Here the velocity 

increases from 2900 m/s to 3800 m/s over an interval of 1 meter, and if the velocity log is 

compared to the density log at this interval it also increases drastically giving further indication 

of carbonate being present in this interval. The high velocity intervals are found in a couple of 

the wells containing the Intra Draupne Sandstone Formation, for instance in wells 16/2-12 and 

16/2-10. But these carbonate layers don't seem to be found across the other wells, and it may 

be that these carbonate layers are local features rather than being distributed within the Intra 

Draupne sandstone. The carbonate layer is not observed in the sidetrack well 16/3-4 A giving 

further indications of this being a local event. This could only be determined accurately by 

analyzing thin sections or core data, which is not available in this thesis. These high velocity 

intervals are further described in Chapter 6.   

As for the reservoir sands of Middle Jurassic age (Vestland GP) the velocity is the same as in 

the Intra Draupne Sandstone, even though it is located at slightly deeper burial depths. The 

velocity variation within the Vestland Group is from 2320 m/s to 4529 m/s but the vast majority 

of the data does not have velocity greater than 3200 m/s. This indicates that both reservoir 

intervals are in the same compaction regime. The reasons for this can either be uplift of the area 

of roughly 300 meters, or it can be a combination with the high geothermal gradient. The top 

of the shallowest Intra Draupne Sandstone Formation is found at 1725 m (BSF), and by going 
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through well by well assuming that the top of the formation is within the transition zone, the 

estimated uplift can be derived. As Figure 5.15 is illustrating the estimated uplift from well 

16/5-4 increases the correlation with the published reference curves, and this points toward that 

estimated uplift is acceptable, and that the high geothermal gradient is not influencing the depth 

of the transition zone between mechanical and chemical compaction.  

5.2.5 Cap Rock  

The Åsgard formation mainly consists of carbonate. There are done studies (for instance by 

Chuhan et al., 2002) on how carbonate sand compacts, and this study found that carbonate sand 

can be quite stable with increasing burial depth. In addition carbonate sediments can compact 

chemically at low temperatures and low stresses, and the main difference from carbonate to 

silicate sediments are that the mineral reactions in carbonate are more effective and faster at 

shallow depth than silicilastics, which in turn may cause the sediments to have carbonate 

minerals dissolve in the matrix, and create cementation at shallower depth (Bjørlykke, 2013). 

The Draupne Formation (shale) is plotted in Figure 5.13. Compared to the velocity in both 

reservoir intervals, the velocity in the Draupne Formation is 500 m/s-600 m/s lower than in the 

reservoirs. This formation also stands out when all of the other data is plotted against depth, 

and the formation is marked in Figures 5.2 and 5.3. This velocity drawback (compared to the 

other data) could be an indication of overpressure, but in this case the most likely explanation 

is lithology variations. The Draupne Formation is known as a source rock in other areas of the 

Norwegian Continental Shelf, as in the Southern Viking Graben, and such shales will have 

lower velocities compared to other lithologies at the same depth. One important thing to take 

under consideration is that the reference curves in Figure 5.13 are not estimated for organic rich 

clays, and the difference in lithology compared to the formation can cause some uncertainties 

in the interpretation.  

5.2.6 Transition Zone 

Figure 5.16 contains data from all wells representing the Intra Draupne Sandstone Formation. 

The plots are color coded by cement volume, water saturation and porosity respectively. By 

looking at the data there are two zones of interest that marked by black and green arrow. There 

is a slight increase in density and shear modulus in the lower part of the plot, but when the 

cement volume is exceeding 6% there is an abrupt change in the trend where the shear modules 

in increasing from 7 GPa to above 16 GPa without change in the density. When the data is color 

coded by porosity it is clear that the porosity decreases significantly where the cement volume 
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is increasing. This seems to indicate that the Intra Draupne Sandstone Formation is in the 

transition zone between mechanical and chemical compaction, with some intervals being 

influenced by chemical processes.  

 

Figure 5.16: Mu versus Density from the Intra Draupne Sandstone Formation. The figure is 

color coded by cement volume (left), water Saturation (centre) and porosity (right).   

5.3 Uncertainties 

The exact depth level where the velocity abruptly changes is not easy to determine from the 

well log data in this area. This is due to the different lithology which is located on top of the 

reservoir intervals (carbonates and organic rich shale). This can lead to a misinterpretation of 

the actual depth of the transition zone as there is so much data excluded in the interval above 

the abrupt velocity change. This can also lead to a misinterpretation of any potential uplift in 

the area, as the depth of the transition zone is used in comparison with published reference 

curves. In addition, the calculated temperature gradient is conducted on the basis of BHT data, 

and any errors in this measurement will increase the uncertainty in the calculation. The seafloor 

temperature is also estimated by average values, and this may not be entirely correct. It must 

also be taken into consideration that the calculated geothermal gradient is based on  
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Chapter 6 Rock Physics Diagnostics 

The focus of this chapter is to utilize rock physics diagnostic technique to characterize the target 

reservoirs to with the use well log data from the Johan Sverdrup field. Many parameters that 

are important to conduct rock physics diagnostics are calculated in the previous chapters. To 

analyze the reservoir sandstones, different Rock Physics Templets (RPT's) are used to 

investigate the reservoir properties. The theories to construct the RPT's used in this study 

presented in detail in chapter 3. The RPT's in this study are all created for this specific field, the 

only exceptions are the LMR and Vs versus porosity which are digitized from Goodway et al. 

(1997) and Avseth et al. (2010) respectively. 

6.1 Results 

This study has identified different reservoir rocks of Middle to Upper Jurassic age. The Intra 

Draupne Sandstone Formation is hydrocarbon saturated in all of the wells, with wells 16/3-7 

and 16/5-2 S containing oil shows. The other formations (Hugin and Sleipner) are not present 

in all the wells, and at the Avaldsnes High the Middle Jurassic interval are eroded/not deposited. 

The formations are found to be hydrocarbon saturated in 6 of the wells in the database.  

From chapter 5 this study found that the reservoir intervals are located right at the boundary 

between mechanical and chemical compactions. The degree of cementation is predicted to be 

relatively low, at least in the Intra Draupne Sandstone Formation. The cementation volume is 

one of the parameters that further established in this chapter with the aid of rock physics 

diagnostic technique. Rock physics is as mentioned the link to understand how the relationship 

between fluids, lithology and sonic parameters influences the respective parameters. To reach 

the objectives the published RPT's implemented in the well log data to characterize the different 

reservoir intervals. Additional RPT plots can be found in Appendix D.  

6.1.1 Intra Draupne Sandstone Formation 

The Intra Draupne Formation Sandstone are found in all of the wells in the database excluding 

well 16/2-17 B and they are all utilized to conduct the rock physics diagnostics of the formation. 

First, this study investigates the velocity-porosity relationship with relation to clay volume 

where the data plotted against Han's empirical relations suggested for velocity and clay volume 

in siliciclastic rocks. 
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Velocity–Porosity–Clay Content 

Figure 6.1 contains data from the Intra Draupne formation. The data are superimposed over the 

Han empirical lines, with a pressure of 20 MPa (correlating to a burial depth of approximately 

2 km). The data are color coded by shale volume and depth. In the Figure, only the brine 

saturated data points are included (Sw > 0.75). The Han lines are calculated with varying clay 

content, from 5 to 35%. The estimations conducted in this thesis are for volume of shale, and 

this may give the result an added uncertainty. The trend in Figure 6.1 is indicating an increase 

in shale volume towards the left in the plot, along with a decrease in porosity. This seems to 

match with the published curves from Han, where the lowest fraction (0%-10%) Vsh is mainly 

plotting below the 15 % curve in the plot. There are some anomalies with low Vsh and also 

with low effective porosity. These intervals may be indicators of cemented parts of the Intra 

Draupne formation.   

To look for possible depth variations, the same data can be plotted with a depth color code. By 

looking at the data with this color coding there is no distinct trend with depth, as the clear 

majority of the points are plotting in the same cluster regardless of the burial depth. There are 

some variations within the shallower data points, which may indicate a slight hydrocarbon 

effect. The only noticeable trend with depth is that below 1940 m (TVD) the largest amount of 

brine saturated points is located, giving an indication as to where the regional OWC is located.   

Figure 6.1: Vp versus PHIE for brine saturated data points from all the wells in the 

database. The Figures are color coded by Vsh (left) and depth (right) respectively. The 

cutoff for the calculated saturation is Sw  0.75.  
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The same approach is conducted on the hydrocarbon bearing intervals of the reservoir. 

According to Avseth et al., 2005, there is a relation between lower observed P-wave velocity 

and hydrocarbon saturation, thus the need for fluid substitution by using Gassmann's equation 

(eqs. 3.31 and 3.32). In this thesis, there are some assumptions made when conducting fluid 

substitution calculation. It is assumed that there is a constant oil saturation of 0.8, secondly 

there is uniform mineralogy (Quartz). This is of course not the case as there is varying mineral 

fractions within the formation and the saturation may be patchy, but it will still give usable 

results.  

Figure 6.2 contains all data with water saturation lower than 0.75. The velocity is first 

substituted to dry before it is substituted to 100% water saturation. The porosity and shale 

volume is retrieved from the calculations performed in chapter 4. It is also chosen to use depth 

as a color code in the plot to investigate if there are any depth related trends present. The lines 

in the plot are plotted with varying clay content (5 to 35%). As the plot show the lower fraction 

of the calculated shale volume does not match with the published trend. The calculated shale 

volume is plotting from below 5% to above 35%, and this can also be seen in the higher volume 

fractions. The closest match is found where the calculated shale volume is between 30% and 

40%, the points are mainly plotting along the 35% clay fraction line. In the plot color coded by 

depth, the deepest part of the formation is plotting in the same region. The other data is plotting 

with great variation, and both the shallow and medium intervals are plotting in the same areas.  

 

Figure 6.2: Velocity-porosity crossplot overlain by clay line from Han's study with 

varying clay content from 5 to 35%. The figures is color coded by Vsh (left) and depth 

(TVD, right) respectively. 
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Vp versus Porosity 

In the previous chapters, the studied reservoirs have been diagnosed as high porosity sandstones 

with small amount of cement in the formations. This can be investigated further by utilizing 

rock physics cement models. These models consist of constant cement model, contact cement 

model and friable sand model, as previously described in section 3.4.4.  

The cement model used in Figures 6.3, 6.4 and 6.5 is calibrated for brine saturated sandstone 

from the Avaldsnes area, and to avoid hydrocarbon effects Gassmann's dry rock modelling is 

used so that the data contain the lithology effects, free of possible hydrocarbon effects (eqs. 

3.31 and 3.32). Figures 6.3 and 6.4 contain data from 6 wells from the Avaldsnes area of the 

Johan Sverdrup field (in the eastern part of the field). Figure 6.3 is color coded by the wells to 

investigate if there are differences from well to well. It is observed from the data that with 

increasing shale volume the data moves towards the left and below the friable sand line, where 

shale points are expected to plot. The majority of the sand points are plotting above the friable 

sand trend and below the contact cement trend, and thus displaying varying degrees of constant 

cement. The constant cement trends in this model are varying from 1.5 to 3% and the majority 

of the data from the 6 wells in Figure 6.3 are located between 1.5 to 3% cement. This may be a 

good fit with the data as they seem to be weakly compacted with no significant cement in the 

pore space. 

It is observable from the cross plot that there are some sections in well 16/3-4, 16/3-6 and 16/2-

13 S where the velocity data drags the points towards the contact cement model. These intervals 

can further be identified with comparing these intervals with the velocity depth trends from 

chapter 5. Figure 6.5 is color coded by calculated cement volume using equation 3.36. This 

equation is derived from sandstones containing quartz cement, but the fractions within the Intra 

Draupne sandstone with calculated cement volume over 10% is more likely to be calcite cement 

or carbonate stringers. 
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Figure 6.3: Vp versus porosity color coded by wells. Constant cement trends represent 1-3% 

cement volume. 

 

Figure 6.4: Vp versus Porosity color coded by Vsh with data from the same wells as in figure 

6.3.  
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Figure 6.5: Vp versus Porosity color coded by cement volume. The cement volume is 

calculated using the derived equation from Marcussen et al, 2010 (eq. 3.36).  

To further investigate the intervals within the Intra Draupne Sandstone Formation with higher 

cement volume well 16/3-4 is chosen. The Figure 6.6 (lower part) contains the well log data 

where two zones of interest are marked. The data from these intervals can be found in the upper 

left of the figure towards the contact cement model. They correspond to the previously 

described cement layer within the Intra Draupne Sandstone Formation, and also show an 

increase towards the base. These intervals are clearly separated from the rest of the formation 

which plots along the 2.5 to 3% constant cement trend. The cement calculation performed on 

the Intra Draupne Sandstone seems to match fairly well for the lower fractions, where the 

calculated cement volume is around 2% for the bulk formation. 
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To further verify the calculated cement volume within the Intra Draupne Sandstone an attempt 

is made to do a forward modelling of the velocity using Hertz-Mindlin theory (see equations 

3.36 and 3.37). By calculating the bulk and shear modulus Vp can be predicted in the interval 

in question, and give an indication if the calculated cement volume is valid. For the Intra 

Draupne Sandstone some assumptions are made, and they will lead to some uncertainties in the 

model. It is assumed a constant cement of 2.5% in the model, along with a constant coordination 

number (C=9). In addition the shear modulus for the grains are calculated on the basis of the 

shale volume calculation done in chapter 4, and this will give an increasing uncertainty, and 

would only be estimated correctly by using XRD data.  Figure 6.7 presents the results of the 

calculation, with the modelled Vp velocity compared with calculated 100% brine saturated Vp.  

Figure 6.6: Example from well 16-3-4 where there are clear 

indicators of two distinct zones that differs from the rest of the 

data.  
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Figure 6.7: Forward modelling using the RPM with constant cement of 2.5 %. Example taken 

from well 16/3-4.  

The predicted Vp from the forward modelling have a good correlation with the calculated 100 

% water saturated velocity derived from the well log data. This gives an indication that the 

cement volume calculated by equation 3.36 gives a satisfactory measure of the cement volume 

where the velocities are within the good correlation with the predicted velocity. Within the 

zones where the velocity shows an abrupt increase the correlation with the predicted velocity 

decreases, which may give an indication that the high measured velocity not necessarily 

correlates with the cement volume being above 12% in these intervals, and may also point 

towards the cement not being quartz in these intervals. In the high velocity interval towards the 

base of the formation there is a good correlation by the estimated velocity and the 100% brine 

saturated velocity. 

Vp/Vs versus Acoustic Impedance (AI) 

The Vp/Vs versus AI crossplot are utilized to further aid the separation between the reservoir 

sands from other lithologies in the study area. The crossplot also helps to distinguish between 

hydrocarbon saturated reservoir sands and brine saturated reservoir sands. In addition to this 

the cross-plot can identify poorly cemented reservoir intervals, thus identifying the parts of a 

formation with the greatest reservoir potential. Figure 6.8 are containing data from the same 

wells as Figure 6.3. The model is calibrated for 100% brine saturated sandstone (red line), and 

100% oil saturated sandstone (blue line). The markers on the lines are indicating porosity, and 
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ranges from 10% to 30%, increasing by 5% on each marker. In the plot color coded by saturation 

(upper left) there is some separation between hydrocarbon saturated and water saturated points. 

The points that are plotting beneath the 100% oil saturation line can be explained by mud filtrate 

invasion, which can influence the velocity and density data. This will also overestimate the 

saturation calculation and this may explain the points below the 100% oil line. The upper right 

and lower left plots are color coded by cement volume and porosity respectively. When the 

estimated cement volume exceeds 5% the porosity decreases from 20-25% to 15%, along with 

a decrease in oil saturated points. In the plot color coded by depth it is clear that the majority of 

the hydrocarbon saturated points are located between 1920m (TVD) and 1950m (TVD).  

 

Figure 6.8: Vp/Vs versus AI from the Intra Draupne sandstone. The lines in the model are 

representing 100% brine saturated sandstone (blue line) and 100% oil saturated sandstone (red 

line). The markers on the lines are indicating porosity levels, and they are increasing towards 

the left of the plots. The Figures are color coded by Sw (upper left), cement volume (upper 

right), porosity (lower left) and depth m TVD (lover right).   

To further investigate the effect of increasing hydrocarbon saturation it is chosen to use two 

wells saturated with hydrocarbon (16/3-4) and with brine (16/3-7). Figure 6.9 contains the 

data from these two wells, and the separation between the fluids is clear. The brine saturated 

points plots close to the 100% brine sand line, while the hydrocarbon influenced data is 

plotting towards the 100% oil line, with some points crossing this line.  
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Figure 6.9: Vp/Vs versus AI from two wells containing hydrocarbon saturated sandstone 

(16/3-4) and brine saturated sandstone (16/3-7). The Figure is color coded by water saturation 

and shows the separation between the two fluids. 
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LMR 

As described in chapter 3 the Lambda-Mu-Rho crossplot can be used to identify possible 

hydrocarbon zones within a formation. The cross plots from the Intra Draupne Sandstone 

formation is presented in figure 6.10. The figure is color coded by shale volume (top) and water 

saturation (bottom). Most of the formation is proven to consist of pure sandstone, and there is 

not clear separation between higher and lower volumes of shale in the plot. This is the reason 

for color coding the data with regards to water saturation to see if there is any fluid effect within 

the formation when the hydrocarbon saturation increases. There seem to be a slight separation 

in the data where the hydrocarbon saturated points are moving towards the lower left of the 

plot, with the brine saturated points mainly plotting above the threshold line for gas sands. 

 

Figure 6.10: LMR cross-plot of MuRho and LamddaRho from 

data points in the Intra Draupne Sandstone formation. The top 

figure is colour coded by Vsh while the bottom figure is 

colour coded by water saturation. The threshold line for gas 

sand is marked at LambdaRho =20 GPa g/cm3. 
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Vs versus Porosity 

To further analyze the lithology in the Intra Draupne Formation Sandstone a published cement 

model from sandstones in the North Sea is utilized. The cement model is digitized from Avseth 

et al, 2010. The model is created for sandstones located at 2 km burial depth, which is relatable 

to the burial depth where the Intra Draupne Sandstone is located. Figure 6.11 contain the same 

wells as in Figure 6.3 and the trend is the same. The data points which are plotting above the 

contact cement line are the same as in the Vp domain.  

 

Figure 6.11: Vs versus porosity from 6 wells from the Avaldsnes Area. The plot is color 

coded by shale volume. The cement model is digitized from Avseth et al, 2010. 

The same cross plot is made, but now it is color coded by cement volume to see if the 

calculated cement volume correlates to the cement model (Fig.6.12). The cement volume is 

calculated based on the compressional velocity (Vp).  
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Figure 6.12: Vs versus porosity from 6 wells in the Avaldsnes area. The plot is color coded by 

cement volume. The cement model is digitized from Avseth et al, 2010. 

Vp versus Vs  

The next step is to investigate if there is any trend in the velocity relationship between the 

compressional velocity and the shear velocity. The shear velocity should be insensitive to fluid 

changes and thus only recording the lithology effect in the formation. In this plot the actual Vp 

measurements are used to investigate how the fluid influences the compressional velocity, in 

contrast to the previous plots where the velocity have been substituted to only contain brine. 

The green line in the plot (figure 6.13) is the predicted relationship between Vp and Vs from 

all the data from all the formations in the well, and it is noticeable that the data from the reservoir 

interval does not match with the rest of the data, indicating there is a fluid effect in the 

compressional velocity. In addition the empirical trend from sandstones (from Han, 1986) is 

plotted on top of the data. It is observable that there is little or no variation within the shear 

velocity, while the compressional velocity is dragged towards lower velocities with increasing 

hydrocarbon saturation. It can also be found a correlation between hydrocarbon saturation and 

cement volume. The intervals with higher hydrocarbon saturation do also contain the lowest 

amounts of cement.  
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6.1.2 Vestland Group 

Velocity–Porosity–Clay Content 

The data from the Vestland Group are plotted with the empirical lines from Han's study plotted 

on top of the data. First the brine saturated points are plotted. Figure 6.14 is color coded by 

shale volume (left) and TVD (right). The calculated shale volume from the brine saturated parts 

of the Vestland Group is high, but it shows little correlation with the published lines. It can be 

observed in the Figure color coded by depth, that the deeper buried sections of the reservoirs 

are plotting in the same cluster, while the data from 1920m (TVD) to 1950m (TVD) are showing 

greater variation.  

Figure 6.13: Vp Vs crossplot from 4 wells in the database containing water 

saturated and hydrocarbon saturated intervals from the Intra Draupne Sandstone 

formation. The plots are color coded by Sw (left) and Cement Volume (right). 

The localities of the wells are shown in the overview map.  
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Figure 6.14: Vp versus porosity from the Middle Jurassic reservoir intervals from the Vestland 

GP. Superimposed on the data are the empirical lines from Han's study (1986) where the lines 

are ranging from 5% clay fraction to 35% clay fraction. Only brine saturated points are included 

in the plots. The data is color coded by Vsh (left) and Depth (right). 

Figure 6.15 contains only the hydrocarbon saturated points, and the velocity have been 

substituted to 100% water saturation. The figure is color coded by shale volume (left) and depth 

(right). The data is mainly plotting over the 0.15 clay fraction line (green line), but there are 

also data points with calculated Vsh lower than 0.1 that are plotting above the 0.35 clay fraction 

line (red line). The data from these intervals does not have any good correlation with Han's 

lines, and may indicate that the intervals is containing different pressure than the model 

suggests. The data which is color coded by depth shows that there is no hydrocarbon saturated 

data from the Vestland GP below 1965 meters (TVD), and most the data is from 1920 m (TVD) 

to 1950 m (TVD). The depth variation within the interval is not great (45 meters) and there is 

no clear separation between different burial depths within the interval.  
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Figure 6.15: Vp versus porosity from the Middle Jurassic reservoir intervals from the Vestland 

GP. Superimposed on the data are the empirical lines from Han's study (1986) where the lines 

are ranging from 5 % clay fraction to 35 % clay fraction. Only hydrocarbon saturated points are 

included in the plots. The data is color coded by Vsh (left) and depth (right).  

Vs versus Porosity 

Figure 6.16 is a plot of the reservoir interval from the Middle Jurassic reservoir intervals from 

the Vestland GP with the cement model digitized from Avseth et al (2010). This model is made 

for sandstones from the North Sea at a pressure of 20 MPa (2 km burial depth) which is the 

approximate depth the reservoir interval is located. The model uses the Vs velocity to exclude 

possible fluid effects, and it seems to have good correlation with the measured Vs velocities 

from the Vestland Group. In the plot its chosen to only include sandstone data, and the shale 

fractions of the Vestland Group are excluded from this Figure. The data is mainly plotting 

between the lower constant cement trend lines (3% and 5% cement), which may give an 

indication that this interval, as the Intra Draupne Sandstone contain low amounts of cement. To 

further analyze this the data is color coded by the calculated cement volume to see how the 

calculated cement volume fits with the model (Fig.6.17). 
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Figure 6.17: Vs versus total porosity from reservoirs in the Vestland Group. The data is color 

coded by calculated cement volume. The model is digitized from Avseth et al., 2010. 
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Figure 6.16: Vs versus total porosity from reservoirs in the Vestland Group. The data 

is color coded by shale volume. The model is digitized from Avseth et al., 2010. 
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Vp/Vs versus Acoustic Impedance (AI) 

The Vp/Vs relation and acoustic impedance from the Hugin and Sleipner Formations are plotted 

in figure 6.18, and as in Figures 6.8 and 6.9 from the Intra Draupne Sandstone Formation there 

can be observed a fluid effect on the formations. By increasing the hydrocarbon saturation the 

datapoints are plotting towards the 100% oil model, while the brine saturated points are plotting 

towards the 100% brine model. The are some differences compared to the Intra Draupne 

Formation, and the sensitivity in the fluids from the sandstones in the Vestland Group have a 

larger fraction of the brine saturated points plotting in the same range as the hydrocarbon 

saturated points.  

 

Figure 6.18: Vp/Vs versus AI from the Vestland Group sandstones. The lines in the model are 

representing 100% brine saturated sandstone (blue line) and 100% oil saturated sandstone (red 

line). The markers on the lines are indicating porosity levels, and they are increasing towards 

the left of the plots. The Figure is color coded by Sw (upper left), cement volume (upper 

right), porosity (lower left) and depth m TVD (lover right). 

LMR 

The LMR crossplot for the Middle Jurassic reservoir intervals in the Vestland Group shows a 

clearer separation between the hydrocarbon saturated and brine saturated parts of the reservoir 

(Fig.6.19). The figure is color coded by shale volume and saturation respectively, with a cutoff 

for shale volume at 25%. The crossplot shows that the cleaner reservoir intervals mainly fall to 
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the left of the hydrocarbon threshold line, and this is also confirmed when the data is color 

coded by saturation. The hydrocarbon saturated intervals (Sw < 0.5) are plotting in the 

hydrocarbon section of the crossplot, and the plot is providing valid information of the effect 

of hydrocarbons within the formations.  

 

Figure 6.19: LMR cross plot from the Middle Jurassic reservoir intervals. The figuere is 

colorcoded by Vsh (top) and Sw (bottom). The threshold line for gas sand is drawn in at 

LambdaRho = 20 GPa g/cm3. 

Vp versus VS 

The Vp versus Vs relationship from the reservoir intervals within the Vestland Group is 

presented in Figure 6.20. The figure is color coded by saturation (left) and cement volume 

(right). As the data indicates there is a trend where the hydrocarbon saturated data points are 

plotting separately from the water saturated data. The data from the Hugin and Sleipner 

formations show the same trends as the Intra Draupne Sandstone, with higher hydrocarbon 

saturation within the intervals where the cement volume is lower (below 4%). The crossplot is 
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further confirming the results from the LMR crossplot that the velocity is sensitive with regards 

to fluid changes.  

 

Figure 6.20: Vp Vs crossplot from the wells in the database containing water saturated and 

hydrocarbon saturated intervals from the Vestland Group. The plots are color coded by Sw (left) 

and cement volume (right). 

6.2 Discussion 

The discussion of this chapter will try to investigate any difference between the two reservoir 

intervals and combine the results and approaches conducted on the reservoirs.  

6.2.1 Reservoirs 

Velocity–Porosity –Clay content 

The correlation between the measured velocity from the wells in the database and Han's 

empirical lines is not that good. Han's study is valid for well consolidated sandstones with 

porosities up to 30%, and in this case, there are parts of the formation exceeding 35 % (total 

porosity). The data from pure sand are plotting from below 5% to above 50% and this scatter 

of points may indicate that the sandstone in the formation is weakly consolidated (poorly 

cemented) and that the compaction of the formation is poor. The data which is plotted on top 

of the Han lines are from all the wells across the field, and it seems that the formation displays 

the same trend across the field. There does not seem to be a good correlation with the empirical 

lines from any part of the field. In Figures 6.1 and 6.2 the data from the Intra Draupne Sandstone 

Formation is divided into water saturated and hydrocarbon saturated data points to investigate 

if there is any difference in the formation with regards to fluid content. The same procedure is 
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conducted for the Middle Jurassic reservoirs where the same trends are observed. The data does 

not match perfectly with the published lines. 

Vp and Vs versus Porosity 

As the plot shows the main part of the Intra Draupne Sandstone seems so contain small amounts 

of cement (>3%) further confirming the trends found in chapter 5 where the velocity depth 

trends closely resemble the published curves from the mechanical compaction regime. The 

clean sandstone data all plot within the range of the cement model, and gives further indication 

of the sandstone being weakly cemented. In addition, the cross plot gives information about the 

degree of sorting of the sandstone. The degree of sorting is determined by the spread of the 

porosity, and while there are some areas where the data is plotting within the same cluster, the 

variance in porosity is above 15%. This variance indicates that the sediments from the Intra 

Draupne Sandstone Formation are poorly to moderately sorted. This can further highlight the 

depositional environment, as stated in the previous chapters the formation is interpreted to have 

been deposited as high density flows, where a wide range of grain sizes can be found. In figure 

6.10 and 6.11 the shear wave velocity is plotted to remove the fluid effect from the plot. The 

high velocity intervals found in for instance well 16/3-4 can be further checked to find the 

lithology in these intervals. By revisiting the Neutron-Density crossplot these high velocity 

intervals are found to be dragged towards the limestone curve, giving a further indication of 

these intervals containing carbonate (Fig.6.21). This interval correlates to where the cement 

volume calculation is estimating volumes exceeding 10%, but when the lithology is included 

this shows that the calculation is not accurate in this interval given that the estimate is only valid 

for quartz cement. The Vestland Group sandstones are plotted with Vs versus porosity in 

Figures 6.16 and 6.17. The shale content in these sandstones are slightly higher than in the Intra 

Draupne Sandstone, and Figure 6.16 is showing a trend where increasing shale content will 

move the points towards the lower constant cement line. Figure 6.17 is color coded by cement 

volume, and the calculation done on the Vestland Group seems to have some differences from 

the digitized model. The constant cement lines in this model is ranging from 3-7% and the data 

from the Vestland Group are mainly located between the 3% constant cement line and the 5% 

constant cement line. Most the points here have a calculated cement volume of 0-3%.  
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Figure 6.21: Neutron-Density crossplot with the high velocity zone linked to lithology. The 

high velocity zone is correlating with the data points from the Neutron Density crossplot which 

is plotting close to the limestone curve Example from well 16/3-4. 

Vp/Vs versus Acoustic Impedance 

The Vp/Vs versus AI crossplots in Figure 6.9 from the Intra Draupne Sandstone Formation and 

6.18 and the Vestland Group are both displaying a fluid signature when the fluid changes from 

brine to oil. The model seems to fit better with the Intra Draupne sandstone, compared to the 

Hugin and Sleipner Formations, and this can be explained by that the model is calibrated for 

the Intra Draupne Sandstone. The datapoints from both reservoir intervals exceeding the 100% 

oil model can be an effect of mud filtrate invasion in the formations. As previously stated in 

section 3.2.1 this can cause a major uncertainty in the measurements as the logs will be 

measured in the flushed zone, and not measure the properties from the virgin formation. This 

could only be corrected and checked by knowing all the parameters from the drilling mud, and 

this is beyond the scope of this thesis. Another probable cause for the points exceeding the 

100% oil saturated model is that the model is not calibrated correctly, and would need more 

input data to image the true scenario. 

LMR 

The LMR cross plot presented in Figures 6.10 and 6.19 are color coded by shale volume and 

saturation to see if there is any sensitivity when the fluid changes from brine to hydrocarbon 

within the reservoir intervals. The plot from the Intra Draupne Sandstone (Fig.6.10) shows there 

is little separation between points with high and low Vsh, but there seem to be a small trend 

where the more clay points are plotting in the higher portion of the plot. The combination of 
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showing this plot with both Vsh and Sw color coding is done to further investigate if there is 

any fluid influence on the data. In contrast to this the LMR cross plot from the reservoir interval 

in the Vestland GP (Fig.6.19) shows a clearer separation between different lithologies and 

changes in pore fluid.  

Vp versus Vs 

The Vp-Vs relationship can, as mentioned, be used to detect fluid effects on the data. Figure 

6.22 is a cross plot from two wells with the Sleipner Formation from well 16/2-10 and the Intra 

Draupne Sandstone Formation from well 16/3-4. The two formations are located shallower than 

2000 meters burial depth (1725-1850 mBSF). From the data it seems that the hydrocarbon 

saturated data points from both formation plot in the same area (marked with the dark blue 

polygon) while the intervals where the water saturation increases also can be correlated between 

the two wells and formations (marked with the light blue polygon). In the cross plot two Vp-

Vs relation lines are drawn, Han's Vs measurement from sandstone (black line) and the actual 

Vp-Vs relation from all data in the database (green line). It is clear that the intervals with higher 

amounts of hydrocarbon present in the formation are not matching with the overall trend from 

the area, but displays a closer correlation with Han's predicted Vs. As mentioned earlier there 

is a section within well 16/3-4 with higher velocities and it clearly don't match with the rest of 

the data.  
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Figure 6.22: Vp Vs from two reservoir intervals from two wells. The two areas marked in the 

cross plot correlates with hydrocarbon saturated intervals (dark blue) and water saturated 

intervals (light blue).  

For further indications of the fluid effect the same cross plot is made, but here the well 16/5-2 

contains a brine filled sandstone (Intra Draupne formation) while the 16/3-4 well contains oil 

(Fig. 6.23). The plot indicates a nice separation between the water saturated points and the 

hydrocarbon saturated points. The water saturated points mainly fall on the regional Vp Vs 

trend, while the hydrocarbon saturated points are pushed towards the lower left. The shear wave 

velocity in the two intervals show a close resemblance between the two wells, and the separation 

occurs in the compressional velocity. This is an expected effect as the shear wave velocity is 

insensitive to fluid changes.  
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Figure 6.23: Vp Vs from two wells containing one hydrocarbon saturated reservoir and one 

water filled reservoir. There observed a separation between the two clusters of data. 

Hydrocarbon saturated points are marked within the dark blue polygon and the water saturated 

points are marked within the light blue polygon.  
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Chapter 7 Summary and Conclusions  

The Johan Sverdrup field is located at the southern Utsira High, Central North Sea where the 

stratigraphy ranges from Pre-Permian (Basement) to present day sediments. The reservoir 

consists of Middle to Upper Jurassic sandstones, belonging to the Vestland and Viking Groups 

respectively. The reservoir sandstones considered in this study are the Sleipner, Hugin and Intra 

Draupne Formations. Within these formations three different depositional environments 

(density flows, fluvial and delta plain deposits) have been identified by the use of well logs, 

along with cross referencing with published literature.  

The Intra Draupne Sandstone Formation is a primary reservoir and found to be a clean 

sandstone, with small amounts of shale along with high porosity values. The formation is 

interpreted to have been deposited in a delta setting, where sediment fall out on the foresets of 

the delta are the main source for the development of this sandstone. There seem to be little 

variation of reservoir quality from well to well, where most of the results found in this study 

indication a fairly stable formation. The only variation seems to be the thickness with the 

formation being thicker towards the bounding fault in the west as seen in wells 16/2-17 S and 

16/2-8.  

The hydrocarbon saturation within the Intra Draupne Sandstone Formation is high in all of the 

wells where the formation is located above the regional OWC. In wells where the reservoir is 

located deeper there is mainly oil shows as found in well 16/3-7, but the reservoir sand have 

the same quality as in the rest of the field. 

The Middle Jurassic reservoir intervals are also display good reservoir properties in the 6 wells 

where this interval is present. High porosity values are found in the Hugin formation and high 

oil saturation is found in the wells where the interval is found above the regional OWC as in 

well 16/2-8. The shale volume calculation conducted on the Middle Jurassic sands have proven 

higher amounts of shale compared to the clean Intra Draupne Sandstone. This is mainly within 

the Sleipner Formation where several shale layers can be identified based on both gamma ray 

and the Neutron-Density logs.   

The velocity- and density-depth trends found by comparing the data with the published curves 

are indicating that both reservoir intervals are located within the transition zone to early phase 

of chemical compaction regime. The geothermal gradient have been calculated for all the wells 
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in the database and is found to be around 40oC/km across the entire field, meaning that the 

reservoir intervals which are located below 2 km burial depth may have temperatures reaching 

80oC and this further indicates that the reservoirs are either in the transition zone or in the 

chemical compaction regime.  

To further analyze the compaction and cementation of the reservoirs rock physics diagnostic 

techniques are used. This approach is valuable as it can link elastic parameters with lithological 

properties. By crossplotting both the compressional velocity and shear velocity versus porosity, 

the sorting and cementation of each interval could be determined. The analysis done for both 

reservoir intervals indicate poorly cemented sandstones, with variable sorting. One exception 

is the two wells (16/2-9 S and 16/2-12) found in the northern part of the field where there are 

indications of higher amounts of cement compared to the rest of the field. 

Additionally, cross plots of the velocity parameters can be useful as the shear wave velocity is 

insensitive to fluid changes, while the compressional velocity is sensitive to fluid changes. 

These can be used as hydrocarbon indicators. By examining these plots a clear trend was found 

for the oil saturated sandstones compared to brine saturated zones. The LMR crossplot is also 

utilized to find the fluid effects in the data. This procedure is more effective for gas saturated 

intervals, but it still gives a separation between water saturated and oil saturated intervals, 

especially in the Vestland Group. 

The final conclusions of this thesis work are summarized below:  

 The Intra Draupne Sandstone Formation contains excellent reservoir properties 

throughout the field. The average porosities found in this sandstone reservoir are 

exceeding 20% and in some intervals the porosity is estimated to exceed 30%. The 

quality of the sandstone is further strengthened by the low shale volumes calculated in 

the reservoir, giving further evidence of this reservoir sand to be very clean.  

 The thickness of the formation varies, and it ranges from 40 meters at its thickest in the 

West to 6 meter at its thinnest towards the East. In many wells, the formation is found 

to be oil saturated from top to base. The permeability calculated from this interval is 

showing high values, but are not reaching the values presented by Vigorito et al. (2013).  

 The reservoir sands analyzed in the Vestland Group are shown to have extremely good 

reservoir properties in some areas, but the overall quality of this interval is relatively 
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low compared to the Upper Jurassic Intra Draupne sandstone. There is calculated higher 

shale volumes in this interval, and although the average porosity values in some 

intervals exceeds the ones calculated in the Intra Draupne Sandstone, the permeability 

values calculated is considerably lower in the Vestland Group sandstones.  

 The velocity in the Intra Draupne Sandstone Formation is consistent at around 3000 m/s 

which is slightly higher compared to the reference curves (valid for mechanical 

compaction) at this depth (~ 1750m BSF). This suggests that the sandstones are in 

transition zone or early stage of chemical compaction regime. This is further confirmed 

when the temperature gradient is calculated. The temperature (~75-800C) in the Intra 

Draupne Sandstone is within the range where quartz cement usually precipitates. The 

sudden velocity increase also supports this conclusion.  

 In the Intra Draupne Sandstone Formation some thin intervals with considerably higher 

velocities are found, and these intervals are investigated further with rock physics 

diagnostics which suggests carbonate cementation.  

 As stated the thinner intervals with higher velocity is interpreted to be carbonate 

cemented layers which are more local features, rather than symptomatic for the entire 

formation. The crossplot is used for this high velocity interval in combination with 

velocity data, and the data is clearly plotting towards the limestone curve.  

 The Middle Jurassic reservoir intervals are also found to have an average velocity (Vp) 

around 3000 m/s. The intervals are interpreted to be in the same compaction regime 

(transition zone to chemical compaction) as the Intra Draupne Sandstone.  

 The rock physics diagnostics suggest that the Intra Draupne Sandstone is poorly to 

moderatly sorted with low amounts of cement. This is confirmed by analyzing both the 

velocity versus porosity crossplots with the cement models superimposed on top. These 

plots show that the data from the Intra Draupne Formation is plotting within a range of 

porosities (15-34%), which indicates variable sorting of the sediments. In addition, they 

are mainly plotting between 1.5 and 3% cement volume in the cement model valid for 

the field.  

 The reservoir intervals in the Vestland Group are found to have similar trends as the 

Intra Draupne Sandstone. The cement volume calculated on the basis of rock physics 

cement models are showing low cement volumes within the formation, and this is 

further confirmed by cross plotting the Vs versus porosity. The data points from this 
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interval is mainly plotting within the same cluster, and the results of this is point 

suggested towards better sorted sandstone, with low amounts of cement. 

 The fluid signatures in both intervals show a correlation with increasing hydrocarbon 

saturation, and both the LMR and Vp versus Vs crossplots are confirming the influence 

of hydrocarbons on the velocity. The Vp/Vs versus AI crossplots confirm further the 

similar trend. The data points from both reservoir intervals are mainly plotting within 

the estimated porosity values found in the petrophysical analysis (20-30%).  
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Appendix A: Composite log displays 

The following figures are composite well log displays from all the wells in the database where 

the Intra Draupne sandstone formation or the reservoir intervals found in the Vestland GP 

represented. Wells with deviation are plotted with TVD as  the reference depth.  

 
A.1 Composite log from well 16/2-6. 
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A.2 Composite log display from well 16/2-7. 

 
A.3 Composite log display from well 16/2-7 A. 
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A.4 Composite log display from well16/2-8. 

 
A.5 Composite log display from well 16/2-9 S. 
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A.6 Composite log display from well 16/2-10. 

 
A.7 Composite log display from well 16/2-11. 
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A.8 Composite log display from well 16/2-11 A. 

 
A.9 Composite log display from well 16/2-12. 
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A.10 Composite log display from well 16/2-13 A. 

 
A.11 Composite log display from well 16/2-13 S. 
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A.12 Composite log display from well 16/2-15. 

 
A.13 Composite log display from well 16/2-16. 
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A.14 Composite log display from well 16/2-17 S. 

 
A.15 Composite log display from well 16/2-21. 
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A.16 Composite log display from well 16/3-4. 

 
A.17 Composite log display from well 16/3-4 A. 
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A.18 Composite log display from well 16/3-5. 

 
A.19 Composite log display from well 16/3-6. 
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A.20 Composite log display from well 16/3-7. 

 
A.21 Composite log display from well 16/5-2 S. 
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A.22 Composite log display from well 16/5-3.

 
A.23 Composite log display from well 16/5-4.
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Appendix B: Correlation of Reservoir Sands 

B:1 Correlation view of the Intra Draupne Sandstone across the Avaldsnes Area. From South 

to North.  
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B.2 Correlation from South to North along the Western margin of the study area.  
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B.3 Correlation of the Intra Draupne Sandstone from West to East in the Southern part of the 

study area.  
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Appendix D: Additional RPT Plots 

 

D.1 Vp versus porosity from wells 16/2-10, 16/2-12, 16/2-15 and 16/2-21 from the Intra 

Draupne Sandstone Formation. These wells have higher calculated cement volumes compared 

to Figure 6.5.  

 

D.2 Vp versus porosity from wells 16/2-12, 16/2-17 S, 16/5-3 and 16/5-4 from the Intra 

Draupne Sandstone Formation. Larger separation in the calculated porosity compared to the 

other plots from this formation.  
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D.3 Vp/Vs versus AI from wells 16/2-10, 16/2-12, 16/2-15 and 16/2-21 from the Intra Draupne 

Sandstone Formation. These wells are mostly hydrocarbon saturated and show no distinction 

between oil and potential brine saturated points.  
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