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Preface 

 

This thesis entitled “Multiscale seal characterization in the North Sea - implications from clay 

sedimentology, well logs interpretation and seismic analyses” has been submitted to the 

Department of Geosciences at the University of Oslo in agreement with the requirements for 

the degree of Philosophiae Doctor (PhD). The PhD research was performed within the 

multidisciplinary project "Evaluation of the long-term sealing capabilities in the southern 

Norwegian sector of the North Sea for CO2 storage purposes" (CO2SEAL) sponsored by the 

Norwegian Research Council (NFR) and Statoil under the CLIMIT program. CO2SEAL aims 

primarily to assess the long-term sealing capabilities of shaly seal rock units overlying 

potential adequate CO2 storage reservoirs. The presented research largely deals with 

understanding of sedimentary rocks with an emphasis on fine-grained siliciclastic rocks and the 

distribution and thickness variation of such rocks. Progressively depleting oil reserves and, on 

the other hand, more rigid environmental considerations promote the study to have a great 

possible impact on the industry and academia worldwide. 

 

The study was carried out under supervision of Professor Jan Inge Faleide, Professor Jens 

Jahren, Associate Professor Nazmul Haque Mondol and Professor Roy Helge Gabrielsen. 

In this research a multiscale integrated study based on analytical sedimentology, well logs 

interpretation and seismic analyses was carried out to investigate developments of the larger 

Egersund Basin area of the Central North Sea. This was utilized to develop sedimentological 

model(s) for different seal types and in the investigation of mechanical/chemical compaction 

influences on seal property. 

 

The thesis consists of an introduction (chapter 1) together with four individual papers (chapters 

2-5). The introduction gives a review of the scientific background, main objectives, summary 

of the papers enclosed, and finally concluding remarks of the study. Three of the papers are 

published whereas one manuscript has been prepared for submission to an international 

journal. Papers 1-3 (chapters 2-4 have focus on the Upper Jurassic-Lower Cretaceous 

seal/source rock units. Paper 1 (published), deals with compaction processes and rock 

properties and their implications for uplifted areas. Paper 2 (published), discusses effect of 

diagenesis on the pore pressure, whereas paper 3 investigates petrophysical implications of 

source rock microfracturing. Paper 4 (prepared for submission) is a regional study that 
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documents the seismic stratigraphy and basin evolution of the larger Egersund Basin area, 

emphasizing particularly the deeply buried sub-Rotliegend sequences. 
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1.1 Introduction 

The main focus of this PhD work has been on evaluating compaction processes and rock 

properties of clay dominated units to better constrain their sealing capabilities. In this study, 

acoustic and petrophysical properties (P-wave velocity and bulk density) of ten exploration 

wells in the Egersund Basin from two neighboring blocks were utilized in order to investigate 

compaction. Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) analyses 

from selected wells and available total organic carbon (TOC) data were used to interpret the 

compaction processes and resulting rock properties. Uplift and erosion were also addressed. 

The petrophysical implications of source rock microfracturing of organic-rich shales as well as 

the effect of diagenesis on pore pressures in fine-grained rocks were studied. In addition, the 

pre-Zechstein structural grain and its influence on the development of the Egersund Basin area 

were addressed.  

 

The work was performed as a part of a larger project “Evaluation of the long-term sealing 

capabilities in the southern Norwegian sector of the North Sea for CO2 storage purposes” 

(CO2SEAL) at the Department of Geosciences, University of Oslo. The motivation for the 

project has been that in order to reduce CO2 emissions and climate change. Geological Storage 

of CO2 should be evaluated as a possible major mitigation action. 

 

1.2 Norwegian North Sea CO2 Storage 

The North Sea hydrocarbon province encompasses a variety of hydrocarbon trap types (e.g. 

Glennie and Underhill, 1998). The vast petroleum exploration and production activities in the 

Norwegian sector of the North Sea have provided a huge geological database (seismic 

reflection surveys and exploration and production wells) on the structural architecture and the 

characteristics and the development of stratigraphic units. The regional screening for 

geological CO2 storage sites in the Norwegian sector of the North Sea was carried out within 

another work package of the CO2SEAL project (WP1: regional mapping and screening e.g. 

Angeli et al., 2013) and in the CO2 storage Atlas of Norwegian part of the North Sea by 

Halland et al. (2011). In the latter, the seismic and formation tops suggested a number of major 

prospects for geological CO2 storage. These were evaluated with respect to reservoir quality, 

sealing quality and other leakage risks. Among all mentioned prospects the middle Jurassic 

Vestland Group overlain by thick mudrocks of the Boknfjord (Upper Jurassic) and Cromer 

Knoll (Lower Cretaceous) groups in the Norwegian–Danish Basin including the Egersund and 
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Farsund basins and the Åsta Graben (Fig. 1) are notable. With respect to the importance of the 

thick top seal units, the Egersund Basin was selected to conduct the work package 2 of the 

CO2Seal (sedimentological models and compaction) project, which comprised the current PhD 

study. 

 
Fig. 1. Main structural elements of the Norwegian sector of the North Sea (slightly modified after Sørensen and 
Tangen, 1995). 
 

1.3 Seal evaluation 

Investigation of whether a trap is sealing or not, requires both top seal and fault seal analyses 

(e.g. Bailey et al., 2006). Evaluating sealing capabilities of faults is beyond the scope of this 

PhD study, which concentrates on the distribution and the diagenetic development of potential 

seals. However, some major implication remarks of the fault sealing capacity have been 

outlined. Seals are a critical component for the trap integrity and particularly so in the case of 

anticline structural and stratigraphic traps where the closure of the reservoir is not directly 

controlled by faults. A number of key parameters control sealing capabilities of the top seal. 

Kaldi and Atkinson (1997) categorized seal potential parameters into three major characteristic 

types: 1) sealing capacity, 2) seal geometry and 3) seal integrity. Although not fully covered, 

the current study has implication for each of these parameters. 
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Sealing capacity 

Sealing capacity refers to capillary sealing and is expressed by the CO2/hydrocarbon column 

height that a caprock can retain before capillary forces allow entrance of fluid into it, possibly 

through the pore systems of the caprock. A column of hydrocarbons/CO2 (non-wetting) exerts a 

pressure due to difference of non-wetting phase density with that of the formation water (the 

wetting phase) (Fig. 2): 

 
Fig. 2. Schematic presentation of geological CO2 storage (Iglauer et al., 2015). Note the pressure acting on a fluid 
column at the reservoir-seal interface for structural trapping. Under the CO2 plume, CO2 is residually trapped in 
the pore space of the reservoir rock. At depths below ̴ 800 m CO2 is in the supercritical state.  
 

𝑃𝑏 = (𝜌𝑏𝑟𝑖𝑛𝑒 − 𝜌𝐶𝑂2
)𝑔ℎ        (Equation 1) 

Where ρbrine is the density of saline water (g/cm3), ρCO2 the density of CO2 (g/cm3), g is the 

acceleration due to gravity (cm/sec2) and h is the thickness of the trapped CO2 column (ft or 

m). Given the pressure gradient of pure water (0.433 psi/ft or 9.792 kPa/m) the equation can be 

written as below: 

𝑃𝑏 = (𝜌𝑏𝑟𝑖𝑛𝑒 − 𝜌𝐶𝑂2
) 0.433ℎ         𝑃𝑏 = (𝜌𝑏𝑟𝑖𝑛𝑒 − 𝜌𝐶𝑂2

) 9.792ℎ   (Equation 2) 
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Capillary forces, however, can be explained in terms of the process governing capillary 

breakthrough (Busch and Amann-Hildenbrand, 2013 and references therein). In practice, 

capillary pressures are measured in two ways: in-situ (direct) measurements on core plugs, b) 

indirect mercury injection porosimetry (e.g. Amann-Hildenbrand et al., 2013; Busch and 

Amann-Hildenbrand, 2013). 

Direct measurements on core plugs 

During the last decades experimental procedures have been developed with respect to gas flow 

in caprocks including CO2 breakthrough experiments (e.g. Amann-Hildenbrand et al., 2013; 

Angeli et al., 2008; Hildenbrand et al., 2004; Hildenbrand et al., 2002; Li et al., 2005; Skurtveit 

et al., 2012). Typically brine saturated core plugs under confining pressure (to prevent 

hydraulic fracturing) are flooded by gas including CO2. Here, different terminology is used to 

describe gas flow in/through the sample: the pressure at which the non-wetting phase first start 

to enter a caprock is referred to as entry pressure (Amann-Hildenbrand et al., 2013; Busch and 

Amann-Hildenbrand, 2013) (Fig. 3a). This was indicated by a slight decrease in the injection 

pump volume (Fig. 3b) during experiments carried out by Skurtveit et al. (2012). The pressure 

at which the non-wetting phase displaces the wetting phase or imbibes the seal is referred to as 

breakthrough pressure. By reaching the breakthrough pressure percolation forms and CO2 

breaks through the sample (Fig. 3). 

 
Fig. 3. a) CO2 invasion into water saturated caprocks and capillary pressure and relative CO2 saturation. When the 
capillary pressure overcomes the entry pressure, desiccation fracture nuclei may develop a percolating path and 
CO2 breaks through the medium (Espinoza and Santamarina, 2012), b) Pore pressure difference and pump volume 
evolution during CO2 breakthrough for Draupne shale samples. A slight decrease in the injection pump volume is 
observed prior to the breakthrough, indicating some inflow in the sample in the days before the breakthrough 
(Skurtveit et al., 2012).  
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Theoretically the capillary pressure is expressed by the Young-Laplace equation (Washburn, 

1921):  

𝑃𝑐 =  
2𝛾 cos 𝜃 

𝑟
         (Equation 3) 

which is at the CO2/brine interface as below: 

𝑃𝑐(𝐶𝑂2,𝑏𝑟𝑖𝑛𝑒) =  𝑃𝑐(𝐻𝑔,𝑎𝑖𝑟)
𝛾𝐶𝑂2.,𝑏𝑟𝑖𝑛𝑒 ∙  𝑐𝑜𝑠 (𝜃𝐶𝑂2.,𝑏𝑟𝑖𝑛𝑒)

𝛾𝐻𝑔,𝑎𝑖𝑟 ∙   𝑐𝑜𝑠 (𝜃𝐻𝑔,𝑎𝑖𝑟)
    (Equation 4) 

Where Pc is the capillary pressure, 𝛾𝐶𝑂2,𝑏𝑟𝑖𝑛𝑒  is the interfacial tension (IFT) of CO2-brine, 

𝐶𝑂𝑆 (𝜃𝐶𝑂2,𝑏𝑟𝑖𝑛𝑒) is the contact angle of CO2-brine which determine the wettability and r is the 

radius of an assumed cylindrical equivalent pore. This imply dependency of Pc on IFT and 

wettability which are expected to be different for variant wetting /non-wetting systems, e.g. in 

the case of brine saturated caprocks. “CO2-water-rock systems show lowest values of capillary 

sealing behavior compared to those of N2 and CH4-water-rock systems due to much lower IFT 

of the CO2/water systems” (Hildenbrand et al., 2004; Li et al., 2005). Consequently, they 

argued that a sealing lithology that was proven to have held a certain natural gas (methane) 

column for millions of years would not necessarily have the same retention capacity for the 

CO2. 

 

Mercury injection porosimetry  

The mercury injection porosimetry (MIP) or mercury injection capillary pressure (MICP) 

analysis is the technique developed based on the Young-Laplace equation (Washburn, 1921) 

by Purcell (1949). The technique has been widely used in the petroleum industry with respect 

to top seal quantitative evaluation (e.g. Schowalter, 1979; Spain and Conrad, 1997; Vavra et 

al., 1992; Wardlaw and Taylor, 1976). The first pressure increase will lead to mercury entrance 

into pre-existing voids and fractures (e.g. Amann-Hildenbrand et al., 2013; Dewhurst et al., 

2002) which needs the application of a correction. This involves subtracting corresponding 

initial volumes from the total mercury intrusion volume (Fig. 4).  

 

Pore entry pressure corresponds to the second phase of mercury injection and is indicated by 

volume increase immediately after the plateau caused due to roughness in the raw data and first 

increasing of the injection volume in the corrected data. Increasing of injection pressure leads 

to progressively filling of the pores with mercury until a continuous filament of mercury forms 
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in the pore system of the rock. Such a critical capillary pressure is defined as the capillary 

displacement pressure, Pd, (Schowalter, 1979) or threshold pressure (Dewhurst et al., 2002). 

The critical capillary pressure may be identified as the large gradient increase of the first 

derivative of mercury intrusion volume (Dewhurst et al., 2002). Some authors, however, fit the 

tangent of the cumulative intrusion curve which is extrapolated such that it cut the logarithmic 

pressure axis (Fig. 4, Schlömer and Krooss, 1997). In the petroleum industry the displacement 

pressure is commonly inferred from the injection pressure at 10% Hg saturation (Schowalter, 

1979).  

 
Fig. 4. Typical Hg-injection curve. The first “intrusion volume” up to the plateau is interpreted as filling of 
irregularities and sample preparation artifacts. The first invasion detected after this plateau is at pentry. From the 
corrected curve different critical pressures may be derived: p(10%) is the mercury injection pressure at 10% 
mercury injection, pd is the displacement pressure which has to be overcome in order to create a completely Hg-
filled filament, and pp is defined as the point where a Hg-conducting filament finally exists (Amann-Hildenbrand 
et al., 2013). 
 

Because the MIP measurements are given in the air-Hg system rather than oil-brine or gas–

brine to estimate the capillary sealing efficiency, it is required to convert the critical capillary 

pressure to the CO2-brine system (i.e. Equation 4). Using the values in Table 1, Lu et al. (2011) 

approximated a conversion factor of 0.023 to convert air, mercury critical capillary pressures to 

those of CO2-brine system:  

𝑃𝑐(𝐶𝑂2,𝑏𝑟𝑖𝑛𝑒) =  𝑃𝑐(𝐻𝑔,𝑎𝑖𝑟)
25 . cos 70

480 . cos 140
= 0.023𝑃𝑐(𝐻𝑔,𝑎𝑖𝑟)   (Equation 5) 
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Table 1. Parameters used for conversion capillary pressure from the air-mercury system to the brine,CO2 System 
(Lu et al., 2011). 

 

 

Calculation of the maximum height of the trapped fluid 

Sealing capacity (or sealing efficiency) is indicated by the maximum column of the non-

wetting phase trapped under the capillary seal. This occurs when the buoyancy pressure (Pb) 

equals the displacement pressure (Pd). If Pb exceeds Pd capillary breakthrough occurs. 

𝑃𝑏 = 𝑃𝑑          (Equation 6) 

(𝜌𝑏𝑟𝑖𝑛𝑒 − 𝜌𝐶𝑂2)𝑔ℎ =
2𝛾 cos 𝜃 

𝑟
       (Equation 7) 

Considering Equation 2, Equation 7 can be rewritten as below:  

ℎ = (
𝑃𝑑

𝜌𝑏𝑟𝑖𝑛𝑒−𝜌𝐶𝑂2
) 0.433       (Equation 8) 

 

1.4 Lithofacies and sealing capacity  

According to Equation 7 sealing capacity is controlled by interconnectivity of pore network 

within the rock, wettability and interfacial tension of the non-wetting/wetting fluids. The pore 

network texture is controlled by the grain-size distribution, the lithofacies, the mineralogical 

and organic matter content and the compaction processes (including mechanical and chemical 

compaction). Sealing capacity investigations including the MIP analyses suggest a meaningful 

relationship between sedimentary characteristics and sealing capacity. Lithofacies are 

controlled by syn-depositional processes and features governed by provenance and climate, and 

post-depositional processes including mechanical compaction and burial diagenesis. Amann-

Hildenbrand et al. (2013) showed that mudrocks exhibit higher sealing capacities compared to 

limestones/marls (Table 2, Fig. 5). 

 

Grain-size distribution  

Grain-size distribution is primarily controlled by depositional environments and mineralogy. A 

number of studies relate depositional setting to sealing capacity (e.g. Gibson-Poole et al., 2009; 
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Kaldi and Atkinson, 1997). In a more recent study Heath et al. (2011) put their lithofacies into 

the conceptual depositional setting model of Schieber (1999). In this framework, they 

presented the more distal the depositional setting, the finer grained is the sediments, the higher 

is TOC %, less is the bioturbation, lower is the porosity and poorer is the connectivity and the 

higher is the sealing capacity. 

 
Table 2. Overview of the samples exhibited in Fig. 5. CEC = cation exchange capacity, TOC = total organic 
carbon (Amann-Hildenbrand et al., 2013). 

 
 

 
Fig. 5. Comparison of different critical capillary pressures derived from MIP. The Hg-pressure data were 
converted to the CO2–water–rock system assuming the following values for cos(𝜃)𝐻𝑔 = 140°, cos(𝜃)𝐶𝑂2 = 60, 
𝛾𝐻𝑔 = 485𝑚𝑁 𝑚−1, 𝛾𝐶𝑂2 = 25𝑚𝑁 𝑚−1 (∼p > 10 MPa)(Amann-Hildenbrand et al., 2013). 
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Effect of mineralogy 

Mineralogy controls the physical properties of the rock and therefore has a strong impact on 

the sealing effect. Mineralogical composition directly controls the wettability of the rock. 

Furthermore, textural parameters are controlled by the mineralogy. Mudrocks comprise mainly 

clay minerals and silt- and sand-sized minerals (including quartz and feldspars). Clay minerals 

show a wide range of grain sizes and physical properties. Smectite and kaolinite represent end 

member clay minerals with regard to grain size, specific surface area and cation exchange 

capacity. Smectite is the most fine-grained clay and has high cation exchange capacity and a 

very large surface area, whereas kaolinite is more coarse-grained with lower cation exchange 

capacity and smaller surface area (e.g. Mondol et al., 2007). Therefore, large differences exist 

between how the two end member clay minerals affect the petrophysical properties of 

mudrocks. Among the mudrock samples, those with smectite or expandable illite-smectite (I-S) 

are characterized by a higher cation exchange capacity and show higher sealing capacities 

(Table 2, Fig. 5).  

 

Chemical compaction processes involve dissolution of unstable clay minerals (i.e. smectite and 

kaolinite) and precipitation of thermodynamically more stable minerals including illite rich I-S, 

illite or chlorite and quartz. The variance/contrasts in primary mineralogy, porosity and pore 

interconnectivity directly affect the sealing capacity. Differences in mineralogy may result in 

changes in wettability and consequently changes in critical displacement capillary pressure and 

also the sealing capacity. More significantly, chemical compaction results in notable decrease 

of pore throat sizes causing an increase of the capillary displacement pressure and also the 

sealing capacity. Nevertheless, it should be kept in mind that chemical compaction has a 

prominent effect on the brittle component of the generally ductile sediments/rocks, which can 

change elastic and mechanical behavior of the rock impacting the sealing potential with respect 

to sealing integrity issues. 
 

Importance of pore types 

Pore types and their interconnectivity are key textural parameters that affect not only sealing 

capacity but also sealing integrity. Angeli et al. (2013) showed that reopening or widening 

(dilatancy) of pore throats result in CO2 breakthrough in the seal units. Heath et al. (2011) 

identified seven groups of pore types based on morphology, geometry (size), topology and pore 

filling materials (Fig. 6). Comparable pore types could be identified in the samples acquired 
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from the Egersund Basin. These pore types are expected to have a prominent influence on the 

sealing potential of the shales found in the Egersund Basin area. 

 

 
Fig. 6. Seven major pore types in organic rich mudrocks (Heath et al., 2011). 

 

1.5 Seal geometry 

Seal geometry is related to structural position, lateral extent and thickness and petrophysical-

geomechanical characteristics of the sealing unit. Although sealing efficiency is largely 

controlled by the capillary sealing capacity and hence independent of thickness, some authors 

suggest that there is a correlation between seal thickness and sealing capacity (e.g. Nashaat, 

1998; Slujik and Nederlof, 1984). Skerlec (1999) argued that a thin seal has a higher 

probability of being laterally discontinuous or being completely fractured or showing higher 

local variations in fracture density or pore throat diameters, which may provide leakage 

pathways. He also argued that thick seals have a higher chance of being laterally continuous, 

with fractures terminating within the seal units and having layer(s) of high displacement 

pressures. The importance of areal extent is particularly important with respect to estimated 
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extent of the trap closure. A full coverage of the closure of the seal units with minor lateral 

variations may assign a low risk to the areal extent component (e.g. Bailey et al., 2006).  

 

Faults are a key element of structural traps (e.g. Gabrielsen, 1986; Jia et al., 1998; Mitra, 1990; 

Wright, 1991). Regardless of whether the fault is sealing or not, which is not in the scope of 

this study, they are important with respect to juxtaposition and vertical displacement of seal 

units. Stratigraphic intervals thicker than the maximum fault throw cannot be completely offset 

by faulting and the sealing capacity will be controlled by fault-rock petrophysical properties. 

Faults may also form structural traps where the reservoir is juxtaposed against non-permeable 

stratigraphic units (Bailey et al., 2006). Stratigraphic traps, however, are highly controlled by 

the geometry of the depositional sequences.  

 

1.6 Seal integrity  

Seal integrity analyses involve geomechanical investigations, which allow prediction of the 

conditions for which rock failure promoting fluid leakage will occur. In addition to capillary 

leakage, seal failure may occur due to reactivation of pre-existing faults, microseismicity 

induced fracturing, dilatancy fracturing, and hydraulic fractures (Rutqvist, 2012). Although 

geomechanical investigations are beyond the scope of this study, important factors governing 

mechanical response of the rock including ductility and hydrodynamic regimes were 

considered in the current introduction chapter.  

 

Hydraulic and shear fractures 

If 𝑃𝑓 = 𝜎3 + 𝑇, extensional fractures (or hydraulic fractures) occur in the top seal unit (Ingram 

and Urai, 1999): where 𝑃𝑓 is fluid pressure, 𝜎3 the minimum horizontal stress, and 𝑇 the tensile 

strength of the seal. This equation means that extensional fractures are highly probable where 

high overpressure occurs. In geological systems characterized by overpressure the effective 

pressure (diff – pfluid) controls the probability of seal failure where the chance of seal failure is 

higher for prospects with a low retention capacity (Ingram and Urai, 1999). In basins 

characterized by hydrostatically pressured or modestly overpressured reservoirs, however, 

hydraulic fracturing is unlikely and dilate shear fractures may rather form (Corcoran and Dore, 

2002; Ingram and Urai, 1999). The position of the Mohr stress circle relative to the failure 

envelope of the seal illustrates whether extensional or shear fractures form: with all factors 
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remaining constant decreasing the effective pressure will cause the Mohr stress circle to move 

towards the left and the extensional fracturing field (Fig. 7, Ingram and Urai, 1999). 

 

 
Fig. 7. Modes of fracture formation illustrated in a Mohr diagram (Ingram and Urai, 1999). Extensional fractures 
(hydraulic fractures) form in rocks when the least normal stress becomes tensile enough to overcome the 
minimum in situ stress and rock cohesion. Hybrid, dilatant, shear fractures occur in rocks during deformation in 
low confining stress regimes and in rocks with a high friction angle (e.g. chemically compacted rocks). 
Compacting shear fractures occur during deformation of rocks at high confining pressures (under deep burial if 
not chemically compacted) or during deformation of weak, ductile, rocks (low friction angle). Only compacting 
shear fractures will remain closed and sealing after deformation. 
 

Brittle and ductile rock mechanical behavior 

The amount of strain a material can withstand prior to brittle failure depends on its ductility 

(Ingram and Urai, 1999). A ductile rock undergoing an applied stress will show an initial 

limited elastic deformation followed by sustained plastic deformation before failure, whereas 

brittle rocks deform elastically by first shortening and then failing by formation of discrete 

fractures and faults. In other words, a ductile mudrock can deform without dilatancy and 

creation of fracture permeability and a brittle mudrock is one that dilates and develops fracture 

permeability (Ingram and Urai, 1999; Ingram et al., 1997). With respect to strain 

accommodation a rock is considered as ductile when it accommodates 8-10 % strain without 

fracturing whereas a brittle rock accommodates less than 3 % strain before being fractured 

(Hoshino et al., 1972). 

 

Ductility is controlled by a number of factors including lithology, confining pressure, pore 

pressure, temperature and differential stress and strain ratios (Davis and Reynolds, 1996). 

Experimental studies show that clay-dominated lithologies have higher rock strength and 
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ductility as confining pressure increases (Petley, 1999 and references therein). In sedimentary 

basins, however, higher confining pressure is achieved by increasing burial depth. At 

temperatures above about 60-80 C the onset and progress of chemical compaction processes 

result in stiffening and embrittlement of the rock (see Paper 2 and references therein).  

 

Practical estimation of brittleness  

Changes in mineralogical composition cause changes in physical properties of the rocks 

including the brittleness. Jarvie et al. (2007) and Wang and Gale (2009) linked brittleness with 

the mineralogical composition of the mudrocks: 
 

BIjarvie=Q/(Q+C+Cl)          Equation 9 

BIwang=Q+D/ (Q+C+D+Cl)      `  Equation 10 

 

In sedimentary basins embrittlement of ductile sediments/rocks occur due to compaction. 

Chemical compaction processes may be directly investigated using microscopic techniques like 

optical investigations in a light microscope or a scanning electron microscope (SEM), or 

through indirect techniques like X-ray diffraction (XRD) analyses. Alternatively, the changes 

in physical properties due to compaction can be inferred from well logs including bulk density, 

neutron porosity, and sonic transit time (p-wave velocity; Vp). According to Hoshino et al. 

(1972) mudrock densities less than 2.2 g/cm3 show ductile behavior, mudrocks with 2.2-2.5 are 

transitional and expected to show a wider range of mechanical behavior and mudrocks with 

densities higher than 2.5 are expected to show brittle behavior.  

 

Ingram et al. (1997) defined the brittleness index (BRI) as: 

 

BRI = UCS/UCSNC         Equation 11 

 

where UCSNC is the unconfined compressive strength of normally consolidated rock in a non-

overpressured domain. UCS can be estimated using an empirical correlation (Urai, 1995):  

 

log UCS = -6.36 + 2.45 log (0.86Vp - 1172)       Equation 12 
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with UCS in MPa and Vp in m/s. UCSNC for clay rich soils can be estimated as UCSNC= 0.5 , 

where  is the in-situ effective pressure corresponding to normal consolidation at the depth of 

interest. Higher BRI corresponds to higher brittleness, with BRI<2 subjected to lower risk of 

dilate shear fracturing.  

 

1.7 Fault seal capacity and integrity 

Whether faults play a role as a seal or conduit for hydrocarbon and/or CO2 or naturally trapped 

or injected fluids depends on number of factors including, but not limited to, the fault zone 

architecture and permeabilities, depth of burial, fluid pressure, burial/uplift history, and degree 

of reactivation (e.g. Caine et al., 1996; Gabrielsen et al., 2016). A fault zone comprises fault 

core materials and subsidiary damage structures. The proportion of fault core materials such as 

shale gouge, cataclastics, and fault breccia to the damage zone play a crucial role for the 

permeability of faults. Fine grained phyllosilicate-rich materials involvement in fault core 

(fault gouge and shale smears) reduces permeability of the fault zone as a result of reducing 

pore throat size. This, therefore, was widely used to develop algorithms/methods for fault seal 

capacity analyses (e.g. Færseth et al., 2007; Knipe, 1997; Knipe et al., 1998; Smith, 1980; 

Yielding et al., 1997). The Shale Gouge Ratio (Yielding et al., 1997), for instance, at any point 

is simply a measure of the shale that has slipped past the point not only of the hydrocarbon 

fault seals but also to analyse sealing capacity of faults for CO2 (Bretan et al., 2011). However, 

Færseth et al. (2007) argued that because of the SGR algorithm dependence on seismically 

imaged throw which due to low vertical and horizontal resolution, is concentrated to a single 

fault surface, it may not appropriately predict fault sealing. The argument is in agreement with 

leakage of naturally CO2-rich fluids from faults which cut argillaceous rich strata on the 

Colorado Plateau (Shipton et al., 2004). Thus, to analyse fault sealing capacity using of more 

sophisticated geomechanical based approach is inevitable.  

 

An integrated fault seal analysis may include: 1) detailed seismic interpretations to understand 

evolution of the structural elements through the geological time, 2) in situ stress field analysis 

to understand magnitude of the vertical (σv) and maximum and minimum horizontal stresses 

(σHmax and σhmin) and orientation of the σHmax, and 3) pore pressure measurements and 

estimations. Such that, knowing the in situ stress field at each component of a fault with 

assumption that most of the faults are in a critical situation, a theoretical pore pressure at which 

fault surface is expected to slip can be computed. This critical pore pressure and the difference 
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with the current pore pressure within the reservoir (pressure perturbation) has provided criteria 

to measure fault sealing capacity and integrity (Wiprut and Zoback, 2000). 

  

1.8 Summary and implication of the papers 

The Egersund Basin was selected to investigate the role of sedimentary processes in the 

changes of fine-grained sedimentary rocks. The tectono-sedimentary evolution of the larger 

Egersund Basin was also studied with special emphasis on the deep structural units and their 

role in later evolution of the Egersund Basin area. This section summarizes and gives a brief 

overview of the main findings and conclusions of papers 1 – 4: 

 

Paper 1:  

Compaction processes and rock properties in uplifted clay dominated units - the Egersund 

Basin, Norwegian North Sea 

A thick succession of fine-grained sediments in any sedimentary basin can serve as a petroleum 

source (if organic rich) and as a top seal. Both sealing and petroleum generation capacity of 

any fine-grained succession is dependent on compaction history (mechanical and chemical 

compaction) of the sediments. In the Egersund Basin, a thick succession of fine-grained 

sediments of Upper Jurassic-Lower Cretaceous age overly Middle Jurassic reservoir sands. The 

Egersund Basin, however, has experienced a complex depositional and tectonic history, 

particularly, late exhumation (Neogene) which complicates the overall burial, thermal and 

pressure history. In this study, petrophysical and acoustic properties (bulk density and P-wave 

velocity) of 10 exploration wells from two neighboring blocks in the Egersund Basin were 

utilized to investigate compaction processes in the area. In addition, X-ray diffraction (XRD) 

and scanning electron microscopy (SEM) analyses from selected wells and available total 

organic carbon (TOC) data were used in order to interpret the compaction processes and 

resulting rock properties. 

 

The results show that the transition from mechanical to chemical compaction is not sharp. The 

onset of chemical compaction imposes a measurable deviation in the burial depth trends of the 

petrophysical properties expected from purely mechanical compaction. The continuation of the 

depth-related trends however, indicates that chemical compaction may occur concurrent with 

continuing mechanical compaction. The observed compaction varies between the different clay 
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dominated stratigraphic units; indicating that the major control on both mechanical and 

chemical compaction is the primary sediment composition. 

 

Main findings 

 This study shows that in the mechanical compaction zone experimental compaction 

trends based on synthetic samples can be used as good proxy for compaction in 

sedimentary basins. In this study a 50:50 silt-kaolinite mixture was found to be a good 

analog to the mudrocks studied from the Egersund Basin, particularly for Cenozoic 

units at burial depths <1200 m. 

 A systematic shift of both Vp and bulk density in the Egersund Basin samples away 

from the expected compaction trend (50:50 silt-kaolinite mixture) suggests that the 

studied sections have undergone exhumation. Compensating for the shift by vertical 

adjusting the log data to fit the 50:50 silt-kaolinite mechanical compaction trend shows 

significantly different exhumation histories in the two neighboring blocks 9/2 and 9/4 

respectively. This is also in agreement with differences in the bottom-hole temperatures 

based on a thermal gradient map.  

 Initial chemical compaction is inferred from deviated Vp and bulk density trends 

compared to expected mechanical compaction trends of mudrocks. The onset of 

chemical compaction coincides with the identification of authigenic micro-quartz 

formation confirmed by quantitative mineralogical data by XRD, as well as from direct 

SEM image analyses. The limited magnitude of the shift in Vp-depth trends observed 

after onset of chemical compaction may indicate that both the mechanical and chemical 

compaction processes contributed simultaneously to the overall compaction at these 

depths.  

 According to the SEM petrographic evidences, illitization of smectite may have 

contributed somewhat to the precipitation of ankerite cement. 

 The appearance and increase of micro-quartz crystals coincident with increasing illite 

together with albitization of K-feldspar document that the main chemical compaction 

process is illitization of smectite in the studied sections. Lower compaction trends are 

observed in organic-rich shales compared to normal mudstones and shales. 

 Compaction trends can be correlated throughout the study area. The westward increase 

of the depths at which onset of chemical compaction occurs in different wells is in 

agreement with the estimated exhumation. An approximate 500 m difference in the 
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present-day depths of onset of chemical compaction in wells 9/2-2 and 9/4-1 is in 

agreement with the estimated exhumations of ~700 and 200 m, respectively. 

 

Paper 2:  

Effect of diagenesis on pore pressures in fine-grained rocks in the Egersund Basin, Central 

North Sea.  

Pore pressure in fine-grained rocks is important with respect to drilling problems such as kicks, 

blowouts, borehole instability, stuck pipe, and lost circulation. In this study, a succession of 

overpressured fine-grained sedimentary rocks located in the Egersund Basin, Central North Sea 

was analyzed with respect to mineralogical composition, source rock maturation and log-

derived petrophysical properties to highlight the effect of diagenetic processes on the pore 

pressure. Petrographic and geochemical analyses showed that the overpressure in the study 

area is largely linked to disequilibrium compaction, illitization and source rock maturation 

shown by log-derived physical properties, as well as geochemical and petrographic analyses. 

Pore pressure prediction based on the difference of log-derived sonic transit time compared to 

normal compaction trend (NCT) of fine-grained rocks can be used to infer the general trends of 

pore pressure changes. However, during such pore pressure prediction (e.g. using Eaton’s 

approach) one should note that with regard to sonic response of the mentioned processes, the 

sonic log-derived predicted pore pressure in the chemically compacted intervals and organic-

rich thermally mature successions may show under- as well as over-estimations, respectively. 

 

Main findings 

 The Cenozoic sediments found within the Egersund Basin are currently within the 

mechanical compaction domain at temperatures lower than required for silisiclastic 

chemical diagenesis. The primary depositional parameters, especially mineralogical 

composition, control the pore pressure of fine-grained mudstones during mechanical 

compaction. Since the Cenozoic fine-grained successions are low in bulk smectite content 

and also contain some coarser grains of silt the permeability is high enough to prevent 

overpressure build-up at shallow depth. 

 The diagenetic processes taking place at temperatures > 70 C (e.g. in the Sauda Formation, 

Zone b) may lead to overpressure by increasing the pore fluid volume through releasing 

water as a by-product of illitization of smectite as well as volume expansion due to kerogen 

maturation and generation of hydrocarbon. Due to the interplay between the mentioned 
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processes, discrimination between them is difficult. The rock stiffness is increased by 

chemical diagenesis and cement precipitation and makes the physical properties (e.g. Vp) 

insensitive to pore pressure changes. Solid organic matter transformation into fluid 

hydrocarbons involves a notable fluid volume increase. Since hydrocarbon generation is 

possibly much faster than its dissipation through pore fluid flow in low permeability shale, 

hydrocarbon generation results in pressure build-up. The pressure build-up is partly 

compensated by microfracturing of the source rock. However, a major portion of the 

generated hydrocarbons would possibly not migrate out of the source rock resulting in 

overpressure build-up. This is particularly observed in the Tau Formation in the Egersund 

Basin area (Zone c). This may have important implications for source rock expulsion 

efficiency, timing, and recovery with respect to unconventional shale oil/gas reservoirs. 

 

Paper 3:  

Petrophysical implications of source rock microfracturing 

Hydrocarbon generation induced microfracturing in source rocks is important affecting both 

primary migration of hydrocarbons, and unconventional shale plays. In this study, petrographic 

observations, Rock-Eval and total organic carbon content (TOC) data, and log-derived physical 

properties were analyzed in order to evaluate eventual petrophysical implications of 

microfracturing induced by hydrocarbon generation. 

 

Petrographic evidences of microfracturing both normal and parallel to bedding have been 

found in the studied samples. Horizontal microfractures typically cross-cut each other at an 

angle between 30-90°. Horizontal microfractures are readily imaged compared to vertical 

microfractures. Vertical microfractures were clearly observed only in rare cases in samples 

with a high degree of microfracturing. In the case of moderate microfracturing, the vertical 

component of microfractures may be too small to be detectable using conventional microscopy 

techniques. Longer vertical components of the microfractures may be facilitated by higher 

TOC and particularly dense laminated organic matter fabric, as well as higher thermal maturity 

levels. Clay minerals, particularly smectites, are also playing a role reducing permeability and 

thereby increasing the local pressure generated by hydrocarbon generation eventually resulting 

in microfracturing. 
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Log-derived petrophysical properties, particularly P-wave velocity (Vp) and formation 

resistivity, can give information on microfracturing potential even though the techniques can 

not resolve the microfractures directly. Vp has been postulated to be sensitive to organic matter 

quantity and fabric, whereas formation resistivity is largely governed by fluid content and clay 

minerals. A reverse trend of increasing resistivity with decreasing Vp was found and is linked 

to higher hydrocarbon saturation and TOC and/or dense laminated fabric of organic matter 

favoring microfractures. The implications of the log-derived petrophysical results are in 

agreement with the direct petrographic observations. Formation resistivities in the source 

rocks, however, are lower than those observed in non-clay dominated hydrocarbon saturated 

intervals. This indicates that low permeable organic rich source rocks with a high clay content, 

particularly smectites, may facilitate formation of hydrocarbon filled vertical microfractures 

even at relatively low thermal maturities.  

 

Main findings: 

 In the case of relatively moderate microfracturing, the vertical component of microfractures 

might be too small to be detectable using conventional SEM techniques. 

 High smectite content reduces permeabilities thereby likely increasing hydrocarbon 

generation induced microfracturing.  

 Log-derived petrophysical properties, particularly Vp and formation resistivity, are 

influenced by microfracturing. A reverse trend of increasing resistivity with decreasing Vp 

is linked to higher hydrocarbon saturation and TOC and/or laminated fabric of organic 

matter, which favor microfracturing. 

 Vp and resistivity changes assumed to result from microfracturing are consistent with other 

log-derived petrophysical properties including bulk density and gamma ray response, and 

in agreement with organic geochemistry analyses and direct petrographic observations. 

 For intervals where no petrographic observations are available (e.g. the Sauda and 

Egersund formations in this study) the Vp-formation resistivity cross-plot relationship can 

be used to infer hydrocarbon generation induced microfracturing potential. 
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Paper 4:  

Deep structural grain, basin evolution and magmatism of the Egersund Basin area, 

Norwegian central North Sea  

This study focuses on the tectonic evolution of the Egersund Basin area in the Norwegian 

central North Sea, with special emphasis on Late Paleozoic extensional tectonics following 

Caledonian collapse and the Variscan Orogeny, and the impact of the basement structural grain 

on the basin evolution. A Late Devonian-?early Carboniferous age can be assigned to the main 

pre-Permian extensional event, which was associated with E-W striking basin axes/depocenters 

cross-cut by slightly younger N-S striking  ones. The Caledonian collapse likely resulted in 

development/ rejuvenation of the deepest E-W trending structures/depocenters by the Late 

Devonian times. The main Late Devonian-?early Carboniferous faulting and magmatism, 

however, were part of a larger extensional system in the Variscan foreland. The N-S trending 

structures were active in a dominantly E-W extensional tectonic regime linked to the Variscan 

orogeny governed by several NW-SE trending zones of weakness along the Trans-European 

Suture Zone. A phase of regional magmatism at the Carboniferous-Permian transition (≈ 300 

Ma) may be associated with a large igneous province centered on the Skagerrak area. Faulting 

during late Carboniferous-early Permian times was minor within the study area as reflected by 

uniform sedimentary thicknesses of the uppermost Carboniferous and lower Permian 

sequences. Major normal faults, mainly trending N-S, were active during a late Permian-Early 

Triassic rift phase affecting large parts of the central and northern North Sea area. A later phase 

of extension was initiated in late Middle Jurassic time and the Egersund Basin sensu stricto 

formed during the Late Jurassic-Early Cretaceous. The depocenters that developed during this 

phase was influenced by the deep Late Paleozoic (sub-salt) structural grain. Later events 

include mild inversion along the northern flank of the Egersund Basin, likely as a Late 

Cretaceous response to far-field Alpine compression and Cenozoic regional tilting. 

 

Main findings 

The basin formation and development in the larger Egersund Basin area can be subdivided into 

the following stages (Fig. 8): 

 The earliest stage of extension occurred in pre-Permian time (Fig. 8a) in response to 

extensional tectonics involved with Caledonian collapse (Færseth et al., 1995; Fossen, 

2010; Platt and Cartwright, 1998). The extension was mainly accommodated on E-W 

striking normal faults. Because of the Variscan collision, the stress field in the study 

area switched to E-W direction during the Late Devonian-earliest Carboniferous and 
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continued into the Carboniferous through the Early Triassic, as it is inferred from the 

N-S structural trend at Base Zechstein Group stratigraphic level. The E-W extension 

was associated with dextral reactivation along NW-SE trending zones of weakness 

including the Teisseyre-Tornquist Zone. 

 Volcanic/magmatic features within the sub-Rotliegend sequences IV and III suggest 

that the magmatic event involved extension reflecting a transition from orogenic 

collapse into a rift situation in the Late Devonian-early Carboniferous times. 

 The tuffs tied to their associated seismic facies at the Carboniferous-Permian transition 

(≈ 300 Ma) can likely be linked to regional-scale volcanism within a large igneous 

province (LIP) centred on the Skagerrak area (Torsvik et al., 2008). A dyke swarm 

originating from this LIP can be traced across the Farsund and Egersund basins. 

 A rather uniform thickness of the Rotliegend Group throughout the study area indicates 

minor syn-depositional faulting and likely limited extension in the Egersund Basin area 

during the early Permian (Fig. 8b). 

 During the late Permian, the area as a part of the Northern Permian Basin experienced 

extensive salt deposition. During the late Permian-Early Triassic extension 

accompanied with magmatism occurred. Minor dykes intruding the Rotliegend Group 

suggest that the extension was associated with rifting. Major normal faults, mainly 

trending N-S, were active during deposition of the salt and continued into the Early 

Triassic (Fig. 8c).  

 Increased sedimentation rates from uplifted basin flanks contributed to triggering of salt 

movements. During the Middle-Late Triassic tectonic subsidence ceased and 

accommodation space for deposition of clastic sediments was mainly governed by the 

halokinesis (Fig. 8d). 

 A new phase of extension was initiated in late Middle Jurassic time and the Egersund 

Basin sensu stricto developed during the Late Jurassic-Early Cretaceous (Fig. 8e) with 

a prominent NE-SW orientation of σ1horizontal. 

 Faulting and basin subsidence ceased in mid-Cretaceous time and chalk deposition took 

over although thin-skinned salt related fault movements and thickening of the 

immediate hanging wall can be seen (Fig. 8f).  

 The basement-involved sub-salt faults were either soft- or hard-linked through the salt, 

such that while they look like salt split separate faults, the sub-and supra faults can be 

considered as coherent segments of single faults (Fig. 8a-f).  
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 Mild inversion along the northern flank of the Egersund Basin (and the eastern flank of 

the Åsta Graben) occurred in the Late Cretaceous in response to Alpine far-field 

compressional stresses (Fig. 8g). 

 The study area experienced regional tilting in the Cenozoic and large depositional 

systems sourced from uplifted areas in the northeast prograded towards the basin centre 

in the southwest (Fig. 8h). 

 
Fig. 8. Cartoons illustrating the pre-Permian-present day tectonic development within the Egersund Basin area. 
For the colors assigned to the seismic sequence boundaries and sequences see Figure 3 of the paper 4.  
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1.9 Implications for seal evaluation  

The tectono-sedimentary evolution of the Egersund Basin area during the Middle Jurassic- 

Early Cretaceous rifting events provided unique traps for natural hydrocarbon accumulation 

and geological CO2 storage. The trapped hydrocarbon reserves in the Egersund Basin are 

primarily expressed as salt related structures known as the Yme oilfield (Fig. 9) where the 

Middle Jurassic sandstone reservoir is sealed at the top and at the flanks by mudrock 

dominated Upper Jurassic-Lower Cretaceous strata and thin-skinned diapirism-related normal 

faults. The fact that hydrocarbons could be trapped during a long geological time since it was 

emplaced at ca. 94 Ma (Ritter et al., 1987) may suggest presence of effective sealing 

mechanisms (cf. Chiaramonte et al., 2008). During eventual CO2 storage, however excess 

buoyancy of the CO2 compared to that of the hydrocarbons will exert higher pressure leading 

to hydraulic fracturing of the top seals. Thus, understanding detailed sealing capacities in any 

potential CO2 storage site is highly demanded.  

 
Fig. 9. The Yme Field structural configuration. The structures which entrapped the hydrocarbons are mainly 
associated with thin-skinned shallow salt related normal faults. 



26 
 

Top seal evaluation 

The Middle Jurassic reservoir sandstones (Bryne and Sandnes formations) are overlain by 

Upper Jurassic-Lower Cretaceous mud dominated stratigraphic units deposited during the late 

Jurassic extension and transgression as the Boknfjord Group (Fig. 10). The lowermost 

formation of the Boknfjord Group, the Egersund Formation, is rather silty as indicated by 

physical properties derived from well-logs, including lower gamma-ray and higher Vp values 

compared to the overlying strata (Fig. 11).  

 
Fig. 10. Chronostratigraphy and lithostratigraphy scheme of the uppermost Middle Jurassic,Upper Jurassic and 
lowermost Lower Cretaceous strata in the Norwegian Danish Basin and the South Viking Graben domains of the 
North Sea (Fraser et al., 2003). 

 

The peak rifting occurred during deposition of the Tau Formation which is contemporaneous 

with the Draupne and Kimmeridge Clay formations (Fig. 10). The Tau Formation comprises 

fine-grained organic carbon rich deep marine mudrocks. Petrographic analyses show silt grains 

not coarser than a few micrometres. The Sauda Formation, particularly close to the formation 

top, is rather silty and comprises prograding clinoforms. This is likely linked with regressive 

pulses of a larger scale transgressive stage associated with rifting related extension. Based on 

the seismic interpretation, extension continued during the Lower Cretaceous which could 

provide accommodation space within the Egersund Basin main trough for deposition of the 

Flekkefjord Formation and the Cromer Knoll Group.  
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Fig. 11. a) key interpreted seismic profile, tied with number of wells in the Egersund basin area. b) a zoomed in 
part of the same seismic profile showing seismic and log response of the Middle-Upper Jurassic strata. 
 



28 
 

Mineralogically, clay minerals are the most frequent minerals in all of the seal units. A sharp 

contrast in smectite and kaolinite contents is notable. The Upper Jurassic intervals are smectite 

bearing. Smectite in the Tau Formation is stable, whereas in the Egersund Formation higher 

temperatures did not favour stability of smectite (smectite rich I-S). Kaolinite is found in 

higher quantities in the Lower Cretaceous Flekkefjord Formation and Cromer Knoll Group. 

Further details and discussions of the mineralogical composition can be found in paper 1.  

 

With respect to sealing capacity, however, the finest grained Tau Formation is inferred to have 

the highest critical (or displacement) pressure. Young-Laplace equation based calculation  and 

direct measurements of the CO2 breakthrough pressure for samples acquired from the 

equivalent Draupne Formation is in the range of 2.2-5.3 MPa and 3.5–4.3 MPa, respectively 

(Angeli et al., 2008; Skurtveit et al., 2012). Relatively high sealing capacity (high displacement 

capillary pressures) increases the risks associated with seal integrity.  

 

The mechanical behaviour of the rock is a function of stress and pore pressure. The relatively 

minor overpressures linked with diagenesis and thermal maturation of organic matter (Paper 2) 

is in agreement with the general arguments that in exhumed basin such as the North Atlantic 

margin basins there is close relationship between regional uplift, hydrocarbon re-migration and 

overpressure dissipation (Corcoran and Dore, 2002). On the other hand, if the exhumed rock 

retains the tensile strength developed at its maximum burial depth a higher excess pore 

pressure is required in order for hydraulic fracturing to be induced compared to a similar rock 

situated in a normally subsiding basin at the same depth. In such a tectonic setting dilatant 

shear fracturing is likely the most important reason for possible leakage. 

 

Fig. 12 shows lithostratigraphy, gamma-ray response, measured and modelled TOC weight-%, 

Vp, XRD mineralogy and brittleness index (BRI) estimated from mineralogical composition 

and the unconfined compressive strength for well 9/2-1 as a representative example of seal unit 

characteristics. Considering all available criteria, as exemplified in Fig. 12 it is possible to 

identify five seal units in the Egersund Basin. 

 

Unit A 

This unit corresponds to the Egersund Formation and comprises mud dominated and organic 

carbon bearing facies. The radioactivity (i.e. gamma-ray) and TOC wt%, however, is lower 

than in the overlying unit (i.e. the Tau Formation). Changes in mineralogical composition 
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(increasing I-S) and physical properties (particularly Vp) are coincident with temperature/ 

burial depth increase and likely indicate intensive chemical compaction.  

 

  
Fig. 12. Lithostratigraphy, gamma-ray response, measured and modelled TOC wt%, Vp, XRD mineralogy and 
BRI estimated from mineralogical composition and the unconfined compressive strength for well 9/2-1 as a 
representative example (modifed after Paper 1). 
 

As Fig. 12 indicates with respect to seal brittleness estimation, the unconfined compressive 

strength (UCS) based approach compared to the mineralogical composition based approaches, 

has the advantage of being more sensitive to chemical compaction processes. Typically micron 

seized quartz grains precipitated as cement may not notably alter the quantity of quartz as the 

main embrittlement agent which is included in the Jarvie et al. (2007) and Wang and Gale 

(2009) approaches. They may rather change the physical properties, particularly Vp, due to the 
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stiffening of the rock through the network of chain like (e.g. Thyberg et al., 2010, Paper 1) and 

at higher temperatures possibly as sheet like (Thyberg and Jahren, 2011) diagenetic like quartz 

grains. That is, despite comparable mineralogical compositions of the seal unit A (the Egersund 

Formation), the brittleness indexes obtained from mineralogical compositions are not following 

that estimated from the unconfined compressive strength method.  

 

Unit B 

In the Tau Formation, which comprises unit B, higher radioactivity and organic carbon content 

suggest this as the finest grained seal unit deposited in a deep marine depositional setting. 

Lithofacies of the Tau Formation provides the highest sealing capacity and ductility. BRIs 

show the lowest values within the Tau Formation (Fig. 12), thus, higher seal integrity 

compared to over- and underlying seal units. Hydrocarbon induced microfracturing (Paper 3), 

however, has to be considered during evaluation of sealing potential of such an organic rich 

mature formation. 

 
Fig. 13. a) Hydrocarbon generation induced microfracturing in the Tau Formation (Paper 3 of the current PhD 
thesis) b) CO2 injection induced microfracturing in the Draupne Formation (Skurtveit et al., 2012). Comparable 
microfracturing patterns in the Tau and the counterpart Draupne formations may suggest possibility of coupling of 
weaknesses during CO2 storage. 
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Skurtveit et al. (2012) documented dilatancy induced CO2 breakthrough for the Draupne 

Formation. To investigate the CO2 breakthrough related microfracturing they used pre- and 

post-test high resolution CT scannings. The post-test images show development of fractures 

which tend to align horizontal/sub-horizontal which are cut by rather vertical to sub-vertical 

fractures linking up with the sub-horizontal ones in normal to bedding cuts. Such a pattern of 

microfractures mimics hydrocarbon induced microfractures, documented in this study. 

Whether the microfractures documented by Skurtveit et al. (2012) were associated with 

hydrocarbon generation related processes or not was not mentioned by the authors. 

Nevertheless, regardless of the nature of the weaknesses through which CO2 breakthrough 

could occur and result in dilate microfractures and microfracture permeability, it is possible to 

predict coupling of the microfracturing due to the enhanced CO2 injection induced 

overpressure and pre-existing hydrocarbon generation induced microfractures within the Tau 

Formation (Fig. 13). 

 

Unit C 

Unit C corresponds to the Sauda Formation. The coarser grained texture of the Sauda 

Formation may result in relatively higher permeabilities and hence lower capillary pressures 

and sealing capacities compared to the underlying seal units (particularly the seal unit B; Fig. 

12). Higher permeabilities is expected to be partly dissipated by chemical compaction 

processes (Paper 1; Nadeau et al., 2002) which could cause minor overpressure (Paper 2). The 

detrital quartz on one hand, and chemical compaction on the other hand notably increased 

brittleness, which together with the overpressures (although not major) make the seal unit C 

(the Sauda Formation) a less favorable seal unit.  

 

Units D and E 

The uppermost Upper Jurassic and Lower Cretaceous successions can be divided into two parts 

with respect to sealing potential: units D and E. The lower unit (unit D) corresponds to the 

uppermost Sauada Formation, Flekkefjord Formation and lower Åsgard Formation and 

comprises mudrocks with minor carbonate minerals. This unit show lower BRIs compared to 

the units A and C (Fig. 12). After unit B, unit D is the most important alternative sealing unit.  

 

The uppermost seal unit (unit E) corresponds with the upper Åsgard Formation and the Sola 

Formation and is characterized by carbonate cemented mudrocks. Petrographical evidences 

show replacement of calcite with ankerites which is likely linked with the burial diagenesis 
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(Paper 1). The chemically compacted carbonate cemented mud dominated lithofacies may 

show high sealing capacity. Nevertheless, the integrity of this seal unit is relatively low 

compared to its underlying unit.  

 

Furthermore, the efficiency of the Upper Jurassic sequences (units A-C; Fig. 12) as top seal 

units has implication from an analogue in the North Sea near the western margin of the South 

Viking Graben (i.e. Miller oilfield) where CO2 has been naturally trapped in the sandstones of 

the Upper Jurassic Brae Formation which are overlain and sealed by the Kimmeridge Clay 

Formation. Based on stable isotope analyses of carbonate minerals within the Kimmeridge 

Clay Formation, it was shown that CO2 could only penetrate 12 m within the mudrocks during 

a long burial history since its emplacement ca. 70-80 Ma (Lu et al., 2009). 
 

Fault seal evaluation 

In the Egersund Basin area salt mobilization initiated in the Early Triassic and continued as 

distinct pulses until the Miocene (Paper 4). Salt diapirism involved folding of the overburden 

and normal faulting. This resulted in relatively gentle fault bordered anticlines which are 

counted for the main structural closures trapping the hydrocarbons (i.e. primarily oil). Oil 

trapping faults are detached by salt at the base with no evidence of involvement with basement 

structural grain. Reactivation of these faults in response to CO2 injection induced pore pressure 

build-up or seismicity either in a sensible scale or as micro-seismicity recordable by geophones 

is the most probable cause of the structural failure of sealing mechanisms. However, the 

reactivation history of the major basement involved faults which are linked through the salt 

with sub-salt segment of the fault (or fault system) mainly nucleated by the Devonian in the 

Egersund Basin area is notable (Paper 4). Being active until the latest Early Cretaceous in 

response to extensional tectonics and rifting provided fault zones of great weakness 

probability. Reactivation of these faults and the consequent seismicity is thought to impact 

geomechanical stability of CO2 injection sites within the Egersund Basin (Rutqvist, 2012).  

 

In absence of typical fault seal capacity analyses (e.g. the SGR algorithm), given thick 

overburden of mudrocks, it is speculated that faulting involve notable SGR and consequently 

high sealing capacity. In addition, being influenced by the mobile salt (i.e. salt walls and/ or 

diapirs) which is highly plastic the faults cores are thought to involve salt which contribute to 
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sealing efficiency of the fault. In absence of detailed geomechanical analyses, nevertheless, any 

speculation about fault sealing capacity must be done with caution.  

Results from reservoir simulation 

Reservoir simulations based on a 48 km x 62 km geological model from the Egersund Basin 

were run with 1-3 injection wells and injection rates from 2 to 10 MSm3 CO2/year in 50 years 

(Halland et al., 2014). Bottom-hole pressure change is limited to 30 bar. With respect to fault 

sealing, two scenarios of open and closed faults were examined. Simulations suggest that the 

volume of CO2 injected is not very different between the open and closed faults cases, but the 

distribution of the CO2 plume is different (Fig. 14). This highlights the unavailability and 

importance of fault role in sealing capacity. 

 

Fig. 14.  a) CO2 distribution after 50 years injection in three wells. b) CO2 distribution after 1000 year from 
injection start with closed faults, and c) with open faults. The CO2 migration through the faults to the west highlits 
importance of fault role in sealing capacity (Halland et al., 2014). 
 

1.10 Concluding remarks 

 Tectono-sedimentary history of the Egersund Basin area provided unique trap 

comprising clean sandstones of the Middle Jurassic overlain by thick mudstone 

dominated strata of the Upper Jurassic-Lower Cretaceous. Closures are widely related 

to salt tectonics.  

 Mineralogical composition of the Upper Jurassic-Lower Cretaceous seal units along 

with petrophysical properties suggest low to moderate burial diagenesis including 

quartz cementation. This could result in maintenance of original sediment ductility 

which may imply favorable sealing characteristics. Mineralogical composition derived 

brittle indices suggest the Tau Formation as the least brittle (most ductile) Mesozoic 

seal unit and hence the highest sealing appraisal is speculated.  
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 Thermal maturation of organic matter, particularly in the Tau Formation, caused 

microfracturing. Microfractures show horizontal components of hundreds of 

micrometers and vertical components of below detection resolution to a few tens of 

micrometers. Microfracturing intensity and development of vertical components of 

microfractures were documented to be a factor of mineralogy (i.e. particularly clay 

mineralogy where other rock-forming mineral comprise comparable quantities in 

mudrocks), organic matter richness (i.e. as implied by the total organic carbon content; 

TOC wt%), a fabric of organic matter, degree of mechanical and chemical compaction 

and overpressure. Hydrocarbon generation induced microfractuing, from a 

geomechanical view, can be coupled with microfracturing induced by CO2 

breakthrough (cf. Skurtveit et al., 2012), thus decrease top seal integrity. This imposes 

the most important concern with respect to the Tau Formation integrity as the most 

ductile seal unit in the Egersund Basin. 

 Minor overpressure of the seal units and close to hydrostatic pressures of the reservoir 

rocks in the Egersund Basin imply CO2 storage may encounter less geomechanical 

complexities compared to low permeable and/or overpressured reservoirs and top seals.  

 Thick mud dominated strata in the hanging- and footwall of the closure controlling 

faults promises high shale gouge ratios of the trapping faults. Furthermore, the faults 

are detached by and associated with salt mobilization (of the Permian Zechstein 

Group). Thus, one can infer enhanced sealing capacity of the fault zones.  

 

Outlooks for the future work 

 Detailed analyses of fault seals are suggested. Accurate prediction of CO2 storage 

sustainability requires a clear understanding of fault sealing status before and after CO2 

storage. This requires detailed 3D mapping of faults, running standard algorithms to 

estimate efficiency of the fault zones as membranes (e.g. shale gouge ration, SGR 

algorithm by Yielding et al., 1997; shale smears algorithm by Smith, 1980; fault-sealing 

probability scheme by Færseth et al. 207), and applying sophisticated geomechanical 

modeling to evaluate risk of fault reactivation. 

 Microfracturing induced by CO2 breakthrough the seal organic matter-rich mudrocks 

(Skurtveit et al., 2012) imitate patterns similar to those induced by hydrocarbon 

generation in organic matter-rich mudrocks. Thus, coupling of these microfractures 

during the CO2 storage is probable. To unravel the degree of microfracturing during 
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CO2 injection it is suggested to geomechanically test organic rich mudrocks with 

different degrees of detectable hydrocarbon generation induced microfractures.  
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A thick succession of fine-grained sediments in any sedimentary basin can serve as source (if organic-
rich) and top seals. Both sealing and petroleum generation capacity of any fine-grained succession is
dependent on compaction history (mechanical and chemical compactions) of the sediments. In the
Egersund Basin, a thick succession of fine-grained sediments of Upper Jurassic-Lower Cretaceous age
overly Middle Jurassic reservoir sands. The Egersund Basin, however, has experienced a complex
depositional and tectonic history, particularly, late exhumation (Neogene) which complicates the overall
burial, thermal and pressure history.

In this study, petrophysical and acoustic properties (bulk density and P-wave velocity) of 10 explo-
ration wells from two neighboring blocks in the Egersund Basin were utilized to investigate compaction
processes in the area. In addition, X-ray diffraction (XRD) and scanning electron microscopy (SEM) an-
alyses from selected wells and available total organic carbon (TOC) data were used as guide to interpret
the compaction processes and resulting rock properties.

The results show that the transition frommechanical to chemical compaction is not sharp. The onset of
chemical compaction imposes a measurable deviation in the burial depth trends of the petrophysical
properties expected from purely mechanical compaction. The continuation of the depth related trends
however, indicates that chemical compaction may occur in concurrent with continuing mechanical
compaction. The observed compaction varies between the different clay dominated stratigraphic units;
indicating that the major control on both mechanical and chemical compaction is the primary sediment
composition.

© 2014 Elsevier Ltd. All rights reserved.
control their mechanical response to changing effective stress
where effective stress is defined as the difference between the total
Fine-grained siliciclastic rocks including mudstones and shales
make up about 70% of the whole sedimentary record worldwide
(Domnesteanu et al., 2002; Hornby, 1998; Sayers, 1994). Mudstones
and shales may have a great impact on reservoir characteristics
since thin layers of shales and mudstones within reservoirs can
significantly change the permeability and consequently fluid flow
(e.g. Slatt, 2006). Mudstones and shales also play a significant role
in petroleum systems where they serve as source and/or seal due to
high organic content and capillary entry pressure, respectively
(Aplin and Macquaker, 2011). The elastic properties of the rocks

* Corresponding author.

, mohsen.kalani@gmail.com
stress minus pore pressure (Terzaghi, 1925). The response is
controlled by the primary composition of the rock including
mineralogy, grain size, sorting, pore fluid properties and pore
pressure. Chemical compaction of sediments can notably change
mineral and fluid composition and hence, the rock physical and
elastic properties (Avseth et al., 2010 and references therein).

Compaction behavior of mudstones and shale also plays a key
role in many other aspects of seal and source rock evaluation. For
instance, one of the most important applications of mudrocks/
shales compaction trend is in stratigraphic and structural restora-
tion of sedimentary units incorporated in basin and fluid flow
modeling (Issler, 1992). Elastic properties also control the seismic
reflections of the rocks. An understanding of the compaction of
fine-grained sediments within a basin may help to establish re-
lationships between impedance contrast of different seismic facies
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mineralogical changes as a function of burial depth (e.g. Davies,
2005; Thyberg et al., 2010).

Compaction is a term used to describe porosity loss during
burial (Bjørlykke, 2010). Most mudrocks have relatively predictable
mechanical compaction trends (Mondol et al., 2007 and refences
therein). This suggests that mudrock compaction can be extrapo-
lated down to an underlying reservoir if the composition is known
as long as the compaction is mechanical. This has been utilized to
predict pore pressure in reservoir as well as mudrocks (Eaton,1975;
Mondol et al., 2008b). The above mentioned insights contribute
significantly tomore accurate seal capacity analysis and source rock
evaluation. Compaction of mudrocks has been studied extensively
during the last two decades (Baldwin and Butler, 1985; Bayer and
Wetzel, 1989; Bjørlykke, 1998, 1999; Croiz�e et al., 2010; Goulty,
1998; Hansen, 1996; Hornby, 1998; Marcussen et al., 2010;
Peltonen et al., 2008; Thyberg and Jahren, 2011; Thyberg et al.,
2010). Different laboratory studies have already addressed the
mechanical compaction trends of clay dominated sediments and
rocks (Mondol et al., 2008a, 2007, 2008c). Chemical compaction has
been constrained through different regional and local case studies
from the North Sea (Bjørlykke, 1998; Marcussen et al., 2010, 2009;
Thyberg et al., 2010), the Norwegian Sea (Peltonen et al., 2008,
2009) and the Gulf of Mexico (Aplin et al., 2003). However,
compaction of fine-grained sediments in complex uplifted sedi-
mentary basins has been less constrained. The most important
chemical compaction process in mudstones is illitization of smec-
tite and kaolinite. Both reactions produce illite and quartz cement
and release H2O (Bjørlykke, 1998).

In addition to illitization, other mineralogical and lithological
changes can also control the petrophysical and acoustic properties
of fine-grained rocks. The exchangeable cations released due to the
illitization of smectite have been cited as the source for cations
required for carbonate cementation. While Caþþ more likely pre-
cipitates in the form of calcite in relatively shallower depths and
lower temperatures (less than 60 �C according to Boles and Franks,
1979) and Mgþþ and Feþþ in deeper depths and high temperatures
(~120 �C) can react with calcite to form ankerite and possibly
dolomite (Boles, 1978; Boles and Franks, 1979; McHargue and Price,
1982). In this paper, petrophysical data from 10 wells in two
neighboring blocks located in the Egersund Basin (blocks 9/2 and 9/
4) with the same depositional setting but different exhumation
histories were utilized to investigate compaction trend of fine-
grained stratigraphic successions and effect of mineralogical
changes on compaction and petrophysical and acoustic parameters
of mudrocks.

2. Geological setting and stratigraphic correlation

The North Sea basin has a long and complex geological history
(Faleide et al., 2010; Glennie and Underhill, 1998). Two major rift
phases (Permian-Early Triassic and Late Jurassic-Early Cretaceous)
have governed the major tectonostratigraphic development of the
North Sea (Hodgson et al., 1992; Rattey and Hayward, 1993; Ziegler,
1975, 1990). The first phase is dominated by thick evaporitic suc-
cessions (up to 3000 m) formed during periodic flooding and
evaporation of hypersaline waters in the isolated North Permian
Basin as a result of the Mid-Permian Zechstein transgression
(Glennie and Underhill, 1998; Hodgson et al., 1992; Rattey and
Hayward, 1993; Ziegler, 1975, 1990). The most important Late
Jurassic-Early Cretaceous structural development was the forma-
tion of the Central and Viking Graben (Faleide et al., 2010;
Gabrielsen et al., 1990, 2001; Glennie and Underhill, 1998; Ziegler,
1975, 1990). The North Sea Basin comprises a number of distinct
tectonic subunits including the Egersund Basin (Fig. 1).
sin lies to the east of the Central Graben (Fjeldskaar et al., 1993;
Irwin et al., 1993; Sørensen et al., 1992). It is located between the
Stavanger Platform, Sele and Flekkefjord highs (Fig. 1). The basin is
bordered by two major boundary faults. Regional subsidence of the
Egersund Basin accommodated large amount of sediments initi-
ating salt intrusions from bellow (Fjeldskaar et al., 1993; Hospers
and Holthe, 1980; Hospers et al., 1988; Sørensen et al., 1992;
Sørensen and Tangen, 1995). The Egersund Basin has also experi-
enced phases of uplift and erosion as well as tectonic inversion
(Fjeldskaar et al., 1993; Sørensen et al., 1992). The Egersund Basin
contains proven petroleum resources (e.g. Yme field), which was
exploited between 1987 and 2001 (Husmo et al., 2003). The studied
wells 9/2-1, 9/2-2, 9/2-3, 9/2-5 and 9/2-11 in block 9/2 are located
between the Egersund Basin major eastern and western boundary
faults whereas the other five wells (9/4-1, 9/4-2, 9/4-3, 9/4-4 and 9/
4-5) in block 9/4 are located to the east of the western boundary
fault (Fig. 1).

A correlation of well-established stratigraphic units penetrated
by the studied wells is shown in Figure 2 The sand dominated unit
of the Vestland Group is overlain by Upper Jurassic-Lower Creta-
ceous fine-grained facies of the Boknfjord Group which in turn
is overlain by the Lower Cretaceous shale dominated Cromer Knoll
Group (Fig. 2a). Stratigraphic schemes were available through the
formation tops reported on the Norwegian Petroleum Directorate
(NPD) FactPages (http://factpages.npd.no/factpages) and the
distinctive gamma ray log responses of the formations. The well
correlations show that the thickest potential top seal occurs in
the Central part of the Egersund Basin (i.e. wells of block 9/4,
Fig. 2b).

3. Materials and methods

An integration log data from 10 wells and sedimentological in-
formation from the mudstones and shales found within the Eger-
sund Basin is presented in this paper. Wireline logs of the studied
wells drilled in the Egersund sub-basin of the North Sea were ac-
quired from DISKOS (A National Data Repository to preserve and
promote petroleum exploration and production data). These
include well log data of two adjacent exploration blocks, five wells
(9/2-1, 9/2-2, 9/2-3, 9/2-5 and 9/2-11 wells from block 9/2) and five
wells (9/4-1, 9/4-2, 9/4-3, 9/4-4 and 9/4-5 wells from block 9/4).
Extensive analyses of different well log types were performed. A
cross correlation of physical properties obtained from well logs to
the mineralogical/diagenetic features of the mudrocks established
by different workers (e.g. Marcussen et al., 2009; Mondol et al.,
2008a, 2007, 2008c; Storvoll et al., 2005) was employed. Volume
of shale (Vsh) was estimated using the Gamma Ray Index (IGR)
corrected after (Larionov, 1969) for Tertiary and pre-Tertiary strat-
igraphic intervals. A shale fraction cut-off of 0.5 (Vsh>50%) was
considered to discriminate shale-dominated units from other li-
thologies. To compare the stress dependent mechanical compac-
tion data adapted from Mondol (2009) and Mondol et al. (2007) to
the well log data, a constant conversion factor of 10 MPa vertical
effective stress per kilometer of burial depth was used.

X-ray diffraction (XRD) patterns of 100 cutting samples were
acquired for both bulk (whole sample) and clay fractions (<2 mm
grain size oriented samples). Clay sample preparation was done
based on (Poppe et al., 2001) with minor modifications. Clay
mineralogy analyses were carried out using Mg saturated air dried
samples which were subsequently treated with ethylene glycol,
heating to 400 �C and heating to 550 �C as suggested by Poppe et al.
(2001). The XRD patterns of the samples were acquired using a D8
Advance Bruker diffractometer with Cu Ka radiation, and LynxEye
detector enabled for tight energy discrimination limits to reduce

http://factpages.npd.no/factpages


iron fluorescence effects which provide improved peak-to-
background ratios and allow higher data collection speeds

Scanning electron microscopy (SEM) analyses were carried out
using a JEOL JSM-6460 LV SEM system with an embedded Oxford

Figure 1. Main structural elements of the Egersund Basin and adjacent areas in the North Sea. The location of studied exploration wells within this area is also shown (basemap
adapted from Sørensen and Tangen, 1995).
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(Henderson, 2013). The data were collected from 2 to 65� 2q for
bulk and non-treated clay samples, and 2-35� 2q for clay samples
treated with ethylene glycol and heating. The BGMN software
(Bergmann et al., 1998) was utilized to quantify the mineralogical
phases in the bulk samples. The method relies on the structure files
of existent mineral phases. Most of structure files are included in
the BGMN software installation package and also directly available
through the BGMN website (http://www.bgmn.de). Program
development made by the BGMN Group particularly in refinement
of semi-ordered to disordered clay minerals, makes this program
one of themost accurate availablemineral quantification tools to be
used on clay dominated samples. Smectite and smectite rich illite-
smectite: (R0) content is referred to as smectite in this paper.
Smectite quantification (Ufer et al., 2008) is based on a supercell
approach fitting the turbostratic disorder related asymmetric peak
of smectite (Ufer et al., 2004). In this paper illite refers to the illites
and illite rich illite-smectites (R � 1). I/S structures are based on a
Rietveld refinements of simulated patterns of non-basal (hk) re-
flections of illites with different degrees of disorder and a model
describing rotational disorder (n$120� and n$60� rotations) (Ufer
et al., 2012). Illite and I/S structures were provided by the devel-
oper (Ufer, personal communication). In addition, mineralogical
data available in the literature (well 9/4-3 e NPD factsheets) were
also utilized.
Instruments INAC-X-sight energy dispersive spectroscopy system
(EDS) and an attached GATAN INC.'s Mono CL4 cath-
odoluminescence (CL) system. Total organic carbon content (TOC %)
was adapted from the NPD factpages (http://factpages.npd.no/
factpage).

4. Results

4.1. Petrophysical properties

Compaction results in changes in physical properties (e.g.
porosity, bulk density and P-wave velocity) of the sediments as a
function of increasing depth (Figs. 3 and 4). Several empirical
compaction trends for mudrocks have been published as reviewed
by Mondol et al. (2007). Comparing the log derived physical
properties of sediments with published compaction trends increase
the understanding of natural compaction processes. Neutron
porosity, bulk density and sonic logs usually utilized to estimate
porosity (Asquith and Krygowski, 2004; Rider and Kennedy, 2011)
are hence the most sensitive to the subtle changes in compaction
trend of sediments. The Neutron porosity log, which has limitations
in fine-grained clay dominated rocks especially where they show a
high organic content, was not used in this study. A 50:50 kaolinite-
silt aggregate as presented by Mondol (2009) has a composition
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that can represent mudrocks in our study with respect to the shale
fraction cut-off of 0.5 (Vsh>50%).

2007) can be easily observed particularly in block 9/2 (Fig. 3).
Several authors have addressed the sensitivity of Vp to exhumation

Figure 2. (a) Post Middle Jurassic lithostratigraphic scheme of the Egersund Basin. Colors define groups and formations in the fence diagrams. (b) lithostratigraphic and gamma-ray
response correlation across the Egersund Basin. The fence diagram shows clay dominated formations of the Boknfjord and Cromer Knoll groups overlie the sand dominated facies of
the Vestland Group. The thickness of the fine grained units increase in the central parts of the Egersund Basin.
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Smectite and kaolinite represent end member clay minerals
with regard to grain size, specific surface area and cation exchange
capacity. Smectite is the most fine-grained clay and has high cation
exchange capacity and a very large surface area, whereas kaolinite
is more coarse-grained with lower cation exchange capacity and
smaller surface area (Mondol et al., 2007). Therefore, large differ-
ences exist between how the two end member clay minerals affect
the petrophysical properties of mudrocks. Bulk density of the
studied intervals compared to those of experimentally mechani-
cally compacted kaolinite (100%), silt:kaolinite (50:50) and smec-
tite (100%) (e.g. Mondol, 2009; Mondol et al., 2007) show a general
increase with increasing burial depth.

A systematical shift of the Vp-depth trends in all the wells away
from the published Vp-depth trends (Mondol, 2009; Mondol et al.,
(e.g. Burns et al., 2007; Ware and Turner, 2002). If only mechanical
compaction is considered (i.e. the experimental 50:50 kaolinite-silt
trend) the shift of the Vp data relative to the mechanical compac-
tion trend can be compensated by adjusting the Vp values vertically
representing uplift. In addition to the uplift related systematic
vertical shift of the Vp data, there are a number of deviations from
the experimental trends seen in the log derived petrophysical
properties of the studied sections (Figs. 3e8). A set of deviated Vp-
and bulk density vs. depth trends observed in the studied wells
compared to published trends are summarized below:

� In the Cenozoic intervals, the values of bulk density and Vp
observed in the wells are in the range of 1.75e2.25 g/cm3 and
2000e2500 m/s, respectively which are normal at such depths



with respect to mechanically compacted brine saturated syn-
thetic mudrocks (i.e. overlaying curves).

� In block 9/4, similar features as described above are observed in
both the lower part of the Cromer Knoll Group and the whole of

Figure 3. Physical properties as function of depth used for inferring compaction for block 9/2. Empirical trend lines adapted from Mondol (2009). For detailed descriptions and
interpretations see the text.
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� Positive deviation of the log data from the experimental
compaction trend for silt:kalaionite (50:50) are observed in the
upper part of Cromer Knoll Group (Lower Cretaceous).

� The lower part of the Cromer Knoll Group show log derived bulk
density values around the experimentally obtained trends (i.e.
overlaying curves), indicating that the compaction are still in the
mechanical compaction domain at this depth level (Fig. 3).
Figure 4. Physical properties as function of depth used for inferring compaction for block
interpretations see the text.
the Lower Cretaceous Flekkefjord Formation (Fig. 4).
� Notable deviation of log derived Vp and bulk densities is
observed close to the top of the Flekkefjord and Sauda forma-
tions in blocks 9/2 and 9/4, respectively.

� In the Upper Jurassic Sauda Formation (Figs. 7e10), a small
section with low gamma ray response and low density values to
relatively low Vp values is present. Similar feature is also seen in
9/4. Empirical trend lines adapted from Mondol (2009). For detailed descriptions and



Figure 5. Bottom-hole temperature-based geothermal distribution map (data adapted from http://fact-pages.npd.no/factpage).

Figure 6. Exhumation estimation by fitting shallow mechanical dominated log data to a representative experimental mechanical compaction trend line (kaolinite-silt 50:50,
Mondol, 2009).
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the Cromer Knoll Group particularly inwell 9/2-1. These are due
to wellbore conditions and should not be regarded as compac-

represents Cenozoic uplift of block 9/2 (Dor�e and Jensen, 1996;
Irwin et al., 1993; Jensen and Schmidt, 1993).

Figure 7. Stratigraphy, gamma ray (API), TOC %, bulk density (gr/cm3) and Vp (m/s) overlain by experimental data and quantitative mineralogy in well 9/2-1. The labels a and b
represent the level of onset of chemical compaction (a) and intense chemical compaction (b) respectively. The Experimental Vp trend (red) and the bottom-hole based temperatures
were corrected taking into account a suggested 600 m of exhumation.
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tion and/or lithological-related changes in physical properties.
� A reverse trend of log derived bulk density and Vp with
increasing depth is observed in the lower part of the Sauda
Formation, the Tau Formation and lower part of the Egersund
Formation representing organic-rich shale intervals.
4.2. Temperature and exhumation

A regional present day temperature gradient has been con-

structed based on the bottom-hole temperatures reported by the
NPD. The temperature gradients range between 24.4 and 25.4

�
C/

km in block 9/4, whereas the temperature gradients in block 9/2 are
much higher (28.7e34.7 �C/km) (Fig. 5). Although uncertainties in
bottom-hole temperatures may exist, the pattern of iso-geothermal
gradient contours is in agreement with distribution of productive
vs. non-productive wells: i.e. the productive wells showing higher
geothermal gradients. The observed contrast in thermal gradients
Differentmethods have been developed to estimate exhumation
in sedimentary basins. These include, but are not limited to, sub-
crop maps, extrapolation from seismic profiles, shale compaction
trends and thermal history modeling (e.g. Dor�e and Jensen, 1996;
Issler, 1992; Magara, 1976). Thermal history modeling based
methods include vitrinite reflectance maturity, clay mineral
diagenesis and fission track modeling (Armagnac et al., 1989; Bray
et al., 1992; Dow, 1977; Underwood et al., 1993).

In this paper, the shale compaction trend method (Burns et al.,
2007; Magara, 1976; Ware and Turner, 2002) was adapted with
somemodifications. Here, instead of modeling porosity decrease as
a function of depth increase, experimental compaction data as
shown earlier were adapted from Mondol (2009). Due to a more
uniform trend, Vp changes as a function of depth were utilized
where the exhumation was estimated by compensating for the
mismatch between log derived data and experimental mechanical
compaction data at shallow depths of the studied intervals re-
flected mechanical compaction (Fig. 6). Application of the tech-
nique was allowed in a number of wells in which Cenozoic



successions were logged for sonic transit time (i.e. Vp): well 9/2-2
from block 9/2 and wells 9/4-1, 9/4-2, and 9/4-4 from block 9/4. In

break in petrophysical data including gamma ray, sonic and bulk
density data. The upper part of the Tau Formation shows TOC values

Figure 8. Stratigraphy, gamma ray (API), TOC %, bulk density (gr/cm3) and Vp (m/s) overlain by experimental data and quantitative mineralogy in well 9/2-2. For the legend see
Figure 5. The labels a and b represent the level of onset of chemical compaction (a) and intense chemical compaction (b) repectively. The Experimental Vp trend (red) and the
bottom-hole based temperatures were corrected taking into account a suggested 700 m of exhumation.
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other wells the technique was not applicable. Accordingly, an
exhumation of 700e750 m was estimated fro well 9/2-2, whereas
in block 9/4 exhumation is less pronounced and estimated at
around 200 m in mentioned wells.

4.3. Total organic carbon (TOC)

TOC values obtained for wells 9/2-1, 9/2-2, 9/4-5, and 9/4-3 are
presented in Figures 7e10 respectively. The Upper Jurassic-Lower
Cretaceous intervals of the North Sea are typically organic-rich.
Since these intervals have experienced relatively deep burial and
so interpreted as potential source rocks for many petroleum res-
ervoirs of the North Sea (e.g. Goff, 1983; Barnard and Bastow, 1991).
The TOC content through the Cromer Knoll Group, for instance in
well 9/4-3, is almost constant (~1%). The Flekkefjord Formation
shows TOC values similar to those of the Cromer Knoll Group
(i.e. y 1e2%). The Sauda Formation has generally a low organic
content with TOC values �1%.

The Kimmeridgian-Volgian Tau Formation is the most organic-
rich stratigraphic unit in the Egersund Basin seen as a sharp
between ca. 5 and 9%. Maximum TOC corresponds to the highest
gamma ray value. The abovementioned high TOC values at the base
of Sauda Formation in well 9/4-5 possibly belong to the Tau For-
mation. In the lower part of the Tau Formation (less organic-rich)
reaches TOC as low as 1%. The Egersund Formation which overlies
the sand dominated Vestland Group shows TOC values around 1%.

4.4. XRD analyses

The XRD analyses include samples of the Upper Jurassic-Lower
Cretaceous Bokkenfjord Group as well as the Lower Cretaceous
Cromer Knoll Group in three wells (9/2-1, 9/2-2 and 9/4-5) and the
Tertiary Rogaland and Hordaland Groups in two of the wells (9/2-2
and 9/4-5). One samplewas also analyzed from the Nordland Group
in well 9/2-2. Samples from different wells show similar mineral-
ogical compositions for the same stratigraphic intervals. The main
non-clay mineral phases are quartz, K-feldspars (mainly microcline
and orthoclase), plagioclase (mainly albite), muscovite, calcite,
dolomite, ankerite, siderite and pyrite. Clay minerals include
kaolinite, smectite, mixed layer illite-smectite (referred in this



paper as illite) and minor amount of chlorite (Figs. 7e10). In addi-
tion, particularly in the Upper Jurassic successions, negligible

kaolinite occurs in lower quantities. To the southwest in well 9/4-5
and 9/4-3 (data from the NPD factpages), lower amounts of kao-

Figure 9. Stratigraphy, gamma ray (API), TOC %, bulk density (gr/cm3) and Vp (m/s) overlain by experimental data and quantitative mineralogy in well 9/4-5. For the legend see
Figure 5. The labels a and b represent the level of onset of chemical compaction (a) and intense chemical compaction (b) respectively. The Experimental Vp trend (red) and the
bottom-hole based temperatures were corrected taking into account a suggested 200 m of exhumation.
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amounts of a mixed layer vermiculite-smectite-chlorite phase are
present (less than 0.5%). This phase was not considered further in
this study.

4.4.1. Mineralogical composition of the Upper Jurassic-Lower
Cretaceous successions

The Upper Jurassic-Lower Cretaceous successions can be readily
divided into two intervals based on the smectite and kaolinite
quantities: the lower Bokkenfjord Group which contains generally
a lower kaolinite and higher smectite content and the upper
Cromer Knoll Group with a higher kaolinite, lower smectite con-
tent. Minimum kaolinite and maximum smectite content can be
found in the upper parts of the Sauda Formation (Figs. 7e10).

Chlorite content is variable. However, chlorite shows an overall
downward increase. illite quantities roughly mirror those of
kaolinite. Clay mineralogy changes more sharply in well 9/2-1
where higher amounts of kaolinite are present particularly in the
Cromer Knoll Group. In well 9/2-1, the Cromer Knoll Group, except
the uppermost part which transits into the chalks, is smectite
depleted (Fig. 7). At the top of the Flekkefjord Formation an in-
crease in smectite is notable. This is coincident with an abrupt
decrease of kaolinite. In other wells, smectite generally occurs in
the whole sampled interval. To the northeast the kaolinite content
changes seen in well 9/2-2 imitates those of well 9/2-1, although
linites are present.
Illite and quartz change coincidently with the clay mineral

changes in well 9/2-1. An abrupt increase in quartz and illite occurs
at the top of the Flekkefjord Formationwhere smectite increases. In
well 9/2-2 (Fig. 8), quartz and illite amounts gradually increasewith
depth. However, clay mineralogy still looks to be the main control
on physical properties of the rocks compared to the non-clay
mineral distribution. Similarly in well 9/4-5, an abrupt increase in
the smectite content is coincident with quartz and illite changes. K-
feldspars are available in the whole Upper Jurassic-Lower Creta-
ceous succession. K-feldspar changes follow those of quartz (Fig. 9).
Data adapted from the NPD factpages are also in agreement with
the data obtained in this study.

Calcite content changes independent of clay mineralogy (well 9/
4-3 in Fig. 10). The highest calcite content is present in the Lower
Cretaceous Cromer Knoll Group. In wells 9/2-1 and 9/2-2, the
calcite content reaches 6% of bulk mineralogy. However inwell 9/2-
1, the high calcite content zone more restricted compared to well 9/
2-2. In well 9/4-5 high calcite content, similar to well 9/2-1, is also
more restricted. Nevertheless, in well 9/4-5, a high calcite content
zone occurs closer to the chalk. Inwell 9/4-3 (NPD factpages) calcite
changes resemble those of well 9/4-5.

A downward increase of dolomite and ankerite starting at the
top of the Sauda Formation is notable (Fig. 10). This is in agreement



with overall ankerite plus dolomite quantities in well 9/4-3. In well
9/2-2, particularly from the middle part of the Cromer Knoll Group

content). Similar to Mesozoic intervals, chlorite is low and consti-
tutes less than 4% of the bulk mineralogy. Illite starts to increase

Figure 10. Stratigraphy, gamma ray (API), TOC %, bulk density (gr/cm3) and Vp (m/s) overlain by experimental data and quantitative mineralogy in well 9/4-3. For the legend see
Figure 5. The labels a and b represent the level of onset of chemical compaction (a) and intense chemical compaction (b) repectively. XRD mineralogical data were adapted from the
NPD. The Experimental Vp trend (red) and the bottom-hole based temperatures were corrected taking into account a suggested 200 m of exhumation.
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(~1800 m below KB), changes in the siderite content mirror the
dolomite changes. In other wells, the siderite content changes less
systematically and roughly follow changes in the chlorite content.
Pyrite is variable and generally less than 1% of the bulk mineralogy.
Pyrite quantities from this study are not directly comparable with
those of well 9/4-3 (NPD factpages) where much higher values
were reported, although similar trends are found.

4.4.2. Mineralogical composition of the Cenozoic successions
Overall high smectite content is observed particularly in the

well 9/4-5 where the Cenozoic succession is sampledmore densely.
In the Rogaland Group smectite reaches its maximum (ca. 25% of
bulk mineralogy). Kaolinite content generally show inverse
behavior compared to the smectite content and reaches its mini-
mum in the Rogaland Group (Fig. 9). The kaolinite content generally
increases downward in the section.

Kaolinite is variable in the Hordaland Group, with a minimum in
the middle Hordaland Group (around 860 m below KB in well 9/2-
2). This is coincident with a minor smectite decrease. In the
Rogaland Group an overall downward increase of kaolinite is
observed in both the 9/2-2 and 9/4-5 wells (Figs. 8 and 10). The
smectite amount is variable. The Rogaland Group in well 9/4-5 is
thicker and includes two zones with high smectite content in the
upper and lower part of the Group, though the upper part is
missing inwell 9/2-2. The lowermost sample of the Rogaland Group
inwell 9/4-5 is dominated by chalk (ca. 32% calcite bulk mineralogy
within the middle Hordaland Group and reaches its maximum at
the transition between Rogaland and Hordaland Groups.

In well 9/4-5, the quartz content increases within the Rogaland
Group Hordaland groups. The increases (up to � 32% of bulk
composition) is coincident with minima in kaolinite and total clay.
Muscovite trends in the Rogaland Group follow that of quartz. No
systematic muscovite trend is found in the Hordaland Group.

The amount of calcite (less that 5% of bulk mineralogy) increases
somewhat with depth. The maximum calcite content coincides
with the quartz peak and kaolinite minima in themiddle part of the
Hordaland Group and the Rogaland Group (except the lower most
sample). Ankerite and dolomite as well as pyrite are negligible.
Siderite is found in minor amounts (less than 1% of bulk
mineralogy).

4.5. SEM analyses

Selected cutting samples from well 9/4-5 were embedded in
epoxy and polished. The cuttings thin sections were prepared from
2022 m, 2250 m, 2433 m and 2516 m depths below sea floor (BSF).
Cuttings were oriented during thin section preparation providing
both normal and parallel to the bedding embedded in epoxy.

Figure 11 and Table 1 highlights the most important petro-
graphic evidences of illitization of smectite including micro-quartz
cement formation. The sample from 2022 m BSF (present day
temperature y 53 �C) belonging to the Cromer Knoll Group shows



less than 2 micron sized quartz crystals may be authigenic micro-
quartz cements based on the grain morphology (rounded grains)

Sample from 2433 m BSF (present day temperature y 63 �C)
belongs to the Sauda Formation. Number of micro-quartz crystals

Figure 11. Petrographic descriptions which discriminate authigenic micro-quartz crystals from detrital quartz (silt grains) in the Tau Formation in well 9/4-5 (depth 2516 m BSF). (a)
detrital silt grains (labeled by S) occur along with different clay minerals, A: illite, B: kaolinite with a background of illite. (b) micro-quartz crystals (labeled by mQTZ) occurring in
association with mainly illitic clay minerals (also see Table 1 for more detailed petrographic descriptions).
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and associated illitic clay minerals (Fig. 12a,b). The onset of chem-
ical compaction is labeled with a on Figures 7e10. The onset of
illitization is coincident with a substantial increase of Vp and bulk
density (Figs. 4 and 9). Sample from 2250 m BSF (present day
temperature y 659 �C) was taken from the Flekkefjord Formation.
Possible authigenic micro-quartz crystals are particularly observed
normal to bedding. Dissolution of smectite and precipitation of
micro-quartz and illite may have resulted in a more compacted
fabric compared to the places where no micro-quartz crystals are
present (Fig. 12c).
Table 1
Summary of petrographic descriptions which discriminate micro-quartz crystals
from the detrital silt grains.

Petrographic
characteristics

Detrital Authigenic

Size Variable but commonly
larger than 3 mm

Commonly 1e3 mm

Roundness Angular edges Round edges
Sphericity Variable High sphericity
Occurrence Along with different

clay minerals
In association with illite

EDS Quartz; Si and O peaks Commonly quartz with a
clay background; Si and O
in addition to K, Fe, and
particularly Al

CL Sharp bell shaped peak
between 600 nm and 800 nm
with the maximum
intensity around 650e700 nma

Bell shaped peak between
530 nm and 650 nm and
possibly clay related
shoulders between around
380 nm and 530 nm

a (G€otze et al., 2001; Peltonen et al., 2009).
associated with illite-rich clays increases in this sample compared
to the abovementioned samples. Micro-quartz crystals (in a normal
to bedding view) are found in chain like alignment in between the
clay minerals (Fig. 12d). Sample from 2516 m BSF (present day
temperature y 65 �C) was obtained from the organic-rich Tau
Formation. Petrographic observation shows several less than 2
micron sized quartz crystals associated with illite-rich clays
(Fig. 12e). In addition to EDS analyses (Fig. 12f), cathodolumince
spectroscopy (CL) was used on a number of micro-quartz crystals
from this sample. CL responses show a characteristic bell shaped
peak between 530 nm and 650 nm. The peak is indicative of an
authigenic quartz origin (G€otze et al., 2001). Also, the CL responses
include shoulders between around 380 nm and 530 nm. These are
in the wavelength range of the clay-rich matrix (Fig. 13). Observa-
tions are in agreement with more comprehensive CL spectroscopy
analyses of micro-quartz crystals (e.g. Peltonen et al., 2009;
Thyberg et al., 2010).

5. Discussion

5.1. Mechanical compaction

Cenozoic intervals in the study area occur at depths less than
800 and 1200 m BSF in blocks 9/2 and 9/4, respectively. A good
agreement between log derived bulk density and experimentally
compacted synthetic mudstones suggests that the sediments have
only been subjected to mechanical compaction. However, as
mentioned earlier there is a notable systematic shift of the Vp
values particularly in block 9/2 compared to Vp-depth trends
derived from experimental mechanical compaction (Mondol, 2009;
Mondol et al., 2007).



Mineralogical composition plays a dominant role on mechanical
compaction and controls rock property development of fine-

wells analyzed by XRD (wells 9/2-1, 9/2-2 and 9/4-5) as well as
mineralogical data taken from the NPD factpages (well 9/4-3) close

Figure 12. Micro-quartz crystals associated with illitic clays as the petrographic evidences of the illitization process in well 9/4-5. (a) single micro-quartz crystal observed in the
upper part of the Cromer Knoll Group depth (2022 m BSF), (b) a number of micro-quartz crystals at the same depth (2022 m BSF). (c) Flekkefjord Formation (depth 2250 m BSF). (d)
Sauda Formation (2433 m BSF) number of micro-quartz crystals forming chain like arrays. (e) Cluster of micro-quartz crystals in the Tau Formation (depth 2516 m BSF). (f) Typical
EDS spectrums of the illitic clays and micro-quartz crystals.
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grained sediments in addition to other parameters such as size,
shape, sorting and packing of mudrocks (Mondol et al., 2007).
Considering the 50% shale volume cut-off, bulk densities plotted as
a function of depth corresponding to the clay dominated fraction of
the sediments are expected to lie between the compaction trends of
pure clay mixtures and the 50:50 kaolinite-silt mixture. Kaolinite is
the most abundant clay in the analyzed samples (e.g. Cenozoic
successions inwell 9/2-2 and 9/4-5 in Figs. 8 and 9). Thereforemost
data points fall along the 50:50 kaolinite-silt compaction trend.
Smectite compact less when compared to other clay minerals
(Mondol et al., 2007). It has also been shown in an earlier study that
the amounts of as less as 20% smectite in the bulk mineralogy of
mudrocks may cause significant mechanical compaction retarda-
tion (Marcussen et al., 2009). The smectite dominated intervals in
this study are rather coarse-grained particularly in block 9/2 (i.e.
Rogaland Group; Figs. 3 and 8). Nevertheless, in the clay dominated
sediment sections particularly in block 9/4, the data points fall
closer to the pure kaolinite (100%) compaction trend (Fig. 4).

5.2. Chemical compaction

An abrupt increase of the calcite content and the appearance of
other carbonate minerals (dolomite and ankerite) is observed in all
to the top of the Cromer Knoll Group. Evidences from SEM indicate
that most of the observed carbonate has been recrystallized
(Fig. 14).

The illitization process includes dissolution of smectite and
precipitation of illite in presence of Kþ at temperatures above 60 �C.
The process can be simplified as follows (Boles and Franks, 1979;
Eberl and Hower, 1976; Hower et al., 1976):

Smectite þ Kþ ——— > Illite þ Silica þ H2O þ exchangeable
cations.

The reaction results in high silica super-saturation (e.g.
Bjørlykke and Jahren, 2012; Egeberg and Aagaard, 1989). In a close
system to quartz equilibrium super-saturation, it has been docu-
mented that the excess silica produced by illitization process must
be precipitated within the mudstones for the reaction to proceed
(Thyberg and Jahren, 2011; Thyberg et al., 2010). High silica super-
saturation coupled with slow rate of quartz growth at temperatures
of 60e80 �C results in precipitation of authigenic micro-quartz
crystals within the mudstones from the reaction above have been
documented in many studies in the last few years (Peltonen et al.,
2009; Thyberg and Jahren, 2011; Thyberg et al., 2010). According
to Thyberg and Jahren (2011) at higher temperatures the prefer-
ential nucleation and precipitation of micro-quartz crystals on
other micro-quartz crystals or authigenic clay crystals as suitable



substrates, may explain formation of interconnected networks of
micro-quartz crystals.

the sediments. Through this process, the primarily existent smec-
tite may have consumed out. However, stiffening of the sediments

Figure 13. (a) Micro-quartz crystal in the Tau Formation in well 9/4-5 (depth 2516 m BSF), (b) EDS spectrum (c) slightly smoothed CL response showing an authigenic origin of
micro-quartz crystals with a shoulder indicative of the clay background.
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Illitization (labeled by a on Figs. 7e10) of smectite producing
micro-quartz is further supported by mineralogical data and SEM
analysis performed in this study. In wells 9/2-1, 9/2-2 and 9/4-5, an
increase in quartz and illite is coincident with a decrease in K-
feldspars and more gradual decrease of smectites at depth of
around 1500 m and 2000 m BSF, respectively. This corresponds to
present day temperatures of around 48 �C in block 9/2 and 55 �C in
block 9/4. Considering the exhumation, the maximum tempera-
tures (probably at least between 70 and 80 �C) experienced by the
formations were sufficient to initiate the illitization process in the
presence of reactive potassium minerals (e.g. K-feldspar).
Depending on the composition of the smectite, components not
entering into the quartz or illite structures including the
exchangeable cations (Naþ, Caþþ, Mgþþ, Feþþ) would be released to
the solution. Excess amounts (supersaturation) of these compo-
nents relative to mineral phases present also need to be removed
from the solution for the illitization process to proceed. Thus, along
with micro-quartz cement, some precipitation of chlorite, albite
and carbonates may occur in such systems (Bjørlykke, 1998; Boles
and Franks, 1979; Hower et al., 1976).

No smectite is found within the Cromer Knoll Group inwell 9/2-
1 (Fig. 7). This is prominently due to sedimentary provenances and
it is in agreement with the lower semectite content in the Cromer
Knoll Group in other parts of the North Sea. Particularly, in the
Danish sector where the Cromer Knoll Group experienced smaller
burial history, the absence of smectite is confirmed to be due to
primary sedimentary provenance (Nielsen et al., 2003; Schmidt,
1985). However, with respect to existence of smectite in the
Cromer Knoll Group in other wells of the study area, and the links
between disappearance of smectite and petrophysical and miner-
alogical implications of illitization, it is inferred that some illitiza-
tionmay have taken placewithin the Cromer Knoll Group stiffening
could also be due to slightly higher amounts of carbonates in this
section. A change in petrophysical properties away from a pure
mechanical trend is also noted at the top of Sauda Formation (wells
9/2-2, 9/4-5 and 9/4-3) labeled with b in Figures 8e10. Petro-
physically, this is seen in the bulk density as well as the Vp data
compared to the 50:50 kaolinite-silt trend. Mineralogically, this
may indicate increased illitization at this level but a lithological
change with increased quartz and carbonates including ankerite
and dolomite may be more important. Intense chemical compac-
tion is in agreement with Nadeau et al. (2002). They mentioned an
onset of a geo-pressure ramp close to the top of the Sauda For-
mation inwell 9/2-2. Their findings imply chemical compaction (i.e.
illitization) was intense enough to make a pressure build-up at this
level.

K-feldspars are widely accepted as the main source of Kþ for the
illitization process (Berger et al., 1999; Eberl and Hower, 1976;
Hower et al., 1976; Velde and Bystr€om-Brusewitz, 1972; Velde
and Vasseur, 1992). In this study, petrographic evidences of albiti-
zation of K-feldspar were observed particularly in the samples
taken from 2433 to 2516 m BSF of well 9/4-5 (Fig. 15). These sam-
ples are situated in the lower interval of the studied strata where
diagenetic processes are expected to be more pronounced (level b
on Figs. 7e10).

Chlorite may form from smectite (Boles and Franks, 1979; Velde
and Bystr€om-Brusewitz, 1972). In this study, chlorite reaches up to
3% of the bulk mineralogy. Chlorite increases somewhat with
increasing depth but no clear evidence of authigenic chlorite for-
mation has been obtained in this study. The chlorite seen in
Figure 15 shows most likely a detrital chlinochlorite.

XRD (Figs. 7e10) and EDS spectra (Fig. 14) suggest that ankerite
is a common carbonate increasing with depth in the studied sec-
tions. No systematic trend in total carbonate content is however



found in the sections studied (Figs. 7e10) since an overall decrease
in calcite relative to ankerite occurs although lithological differ-

to the preferred orientation of the kerogen in the sediments,
kerogen maturation and possible micro-fractures related to the

Figure 14. Carbonate cementation (a) in the upper part of the Cromer Knoll Group depth (2022 m BSF) in well 9/4-5 coexistent with the appearance of the first micro-quartz
crystals indicative of onset of illitization. The carbonate rombs are interpreted as authigenic. (b) an example of EDS spectra which are indicative of ankerites.
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ences are apparent from well to well. This suggests that calcite to
some extent is replaced by ankerite. This may reflect that Mgþþ and
Feþþ are released from unstable components reacting with calcite
to form ankerite. Some of the Mgþþ and Feþþ needed to form
ankerite may originate from the illitization of smectite (Boles, 1978;
Boles and Franks, 1979; Hendry et al., 2000; McHargue and Price,
1982).

As illitization proceeds with depth/temperature, the amount of
micro-quartz crystals increases and they are found as short chains
of linked individual crystals and as clusters of crystals (Fig. 12).
Peltonen et al. (2009) and Thyberg et al. (2010) suggested that these
micro-quartz crystals may be part of larger networks of inter-
connected aggregates of micro-quartz and clay crystals. Such net-
works may play a key role in increasing bulk density and Vp during
chemical compaction of originally smectite-rich rocks.

5.3. Reverse compaction trends

The organic-rich shale layers studied herein show low bulk
density and velocity compared to shales with low or absence of
organic content. In organic-rich shales, the soft kerogen content
plays a significant role in decreasing the compaction trends of
source rocks (e.g. Storvoll et al., 2005). Other factors offsetting the
compaction trend in such organic-rich rocks include anisotropy due
expulsion of hydrocarbon as well as remaining hydrocarbons
within the source rocks (if they are in the oil and gas generation
windows). This will lead to lower log derived bulk density and Vp
values in such rocks. Other factors including lithological and
mineralogical changes, particularly increased smectite content
could also locally impose reverse compaction (e.g. Marcussen et al.,
2009). Very low bulk density coincident with low gamma-ray and
Vp in Upper Jurassic-Lower Cretaceous fine grained succession of
this study (Figs. 7 and 8) however, are due to washed out wellbore
conditions and should not be treated as reverse compaction trends.

5.4. Compaction implications for exhumation estimation

An exhumation of around 500 m was reported in the literature
for the Block 9/2 based on vitrinite reflectance (Irwin et al., 1993;
Jensen and Schmidt, 1993; Dor�e and Jensen, 1996). This is less
than the exhumation estimated (700e750 m in well 9/2-2) by this
study. The variation is inherited from the difference of applied
techniques and at least partly due to high uncertainty in paleo-
temperature analyses. The thermal profile of sedimentary basins
are controlled by thermal parameters, thermal gradient, thermal
conductivity and heat flow (Burns et al., 2007; Bjørlykke, 2010).
Burns et al. (2007) argued that vitrinite reflectance may provide
very different exhumation estimations from the same borehole



based on results obtained at different laboratories. Fjeldskaar et al.
(1993) mentioned a 600 m exhumation estimated for well 9/2-1

transition to the wells where analytical evidences do not exist (e.g.
Storvoll and Brevik, 2008). In this work, assuming comparable

Figure 15. (a) Micrograph and EDS spectra showing micro-quartz crystals associated with A: intact k-feldspars, B, C: partly albitization of K-feldspar with C (darker area in the same
grain) showing higher level of albitization, D: illite and E: chlorite. Arrows show micro-quartz crystals.
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using shale compaction method. Conventionally, exhumation
estimation using shale compaction curves includes fitting of log
derived data with the theoretically calculated trend (e.g. Athy,
1930). Consequently, the higher physical properties (Vp and bulk
densities) in deeper chemically compacted succession, can not be
properly discriminated. Using the experimental compaction curves
has the advantage of higher control on excluding chemically com-
pacted succession. However, one should consider the disadvantage
of syntheticmixtures as ideal representatives of natural mudstones.
Nevertheless, in principle, shale compaction methods are similar
and comparable results are commonly expected. In block 9/4, the
exhumation is less pronounced and is estimated at around 200 m
which is in general agreement with regional uplift estimations
suggested by Jensen and Schmidt, 1993 and Dor�e and Jensen, 1996.

In presence of reactive clays and Kþ the level of chemical
compaction initiation (onset of illitization) is directly controlled by
thermal profile of the sedimentary basins (Bjørlykke, 2010; Nadeau,
2011; Nadeau et al., 2002; Storvoll and Brevik, 2008). In relatively
small areas assuming comparable paleo-geothermal gradients, the
onset of chemical compaction can provide implications as
isothermal level. Although the chemical compaction processes are
gradual and step wise process, the onset of illitization has been
documented in this work as well as other literatures (Peltonen
et al., 2008, 2009; Storvoll and Brevik, 2008; Thyberg et al., 2010)
to cause a notable shift in physical properties of the rock particu-
larly Vp. In this way log derived data can efficiently be applied to
extend the analytical based mechanical to chemical compaction
paleo-geothermal gradients, wells in which exhumation estima-
tions were possible, were used as reference to infer the exhumation
in other wells with respect to mechanical to chemical compaction
transition (Fig. 16). From well 9/2-2 toward the west, the depth of
log-derived inferred onset of chemical compaction is increased
which is in agreement with a general westward decrease of
exhumation in this work and previous regional studies (Dor�e and
Jensen, 1996; Jensen and Michelsen, 1992; Jensen and Schmidt,
1993). Furthermore, an approximately 600 m exhumation in well
9/2-1 is in agreement with Fjeldskaar et al. (1993).

6. Conclusions
� This study shows that in the mechanical compaction zone
experimental compaction trends based on synthetic samples
can be used as good proxy to natural compaction. In this study a
50:50 silt-kaolinite mixturewas found to be a good analog to the
mudrocks studied from the Egersund Basin, particularly for
Cenozoic units <1200 m in depth.

� A systematic shift of both Vp and bulk density in the Egersund
Basin samples away from the expected compaction trend (50:50
silt-kaolinite mixture) suggest that the studied sections has
undergone exhumation. Compensating for the shift by vertically
adjusting the log data to fit the 50:50 silt-kaolinite mechanical
compaction trend shows significantly different exhumation
histories in the two neighboring blocks 9/2 and 9/4 respectively.
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This is also in agreement with differences in the bottom-hole Bayer, U., Wetzel, A., 1989. Compactional behavior of fine-grained sediments e
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temperatures based on a thermal gradient map.
� Indications of the onset of chemical compaction are inferred
from deviated Vp and bulk density trends compared to expected
mechanical compaction trends of mudrocks. The onset of
chemical compaction coincides with the identification of
authigenic micro-quartz formation confirmed by quantitative
mineralogical data by XRD as well as from direct SEM image
analyses.

� The limited magnitude of the shift in Vp-depth trends observed
after onset of chemical compaction may indicate that both the
mechanical and chemical compaction processes contributed
simultaneously to the overall compaction at these depths.

� The origin of carbonate in the upper part of the Cromer Knoll
Group is not well constrained. However, illitization of smectite
may have contributed somewhat to the precipitation of ankerite
cement.

� The appearance and increase of micro-quartz crystals coincident
with increasing illite together with evidences of albitization of
K-feldspar document the main chemical compaction process is
illitization of smectite in the studied sections.

� Lower compaction trends are observed in organic-rich shales
compared to normal mudstones and shales.

� Compaction trends are well correlable through the study area
and show. The westward increase of the depths at which onset
of chemical compaction occurs in different wells is in agreement
with the estimated exhumations. E.g. An approximate 500 m
difference in the depths of onset of chemical compaction in
wells 9/2-2 and 9/4-1 is in agreement with the estimated ex-
humations of ~700 and 200 m, respectively.
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Pore pressure in fine-grained rocks is important with respect to drilling problems such as kicks, blowouts, borehole instability, stuck pipe and lost 
circulation. In this study, a succession of overpressured, fine-grained, sedimentary rocks located in the Egersund Basin, Central North Sea, was 
analysed with respect to mineralogical composition, source-rock maturation and log-derived petrophysical properties to highlight the effect of 
diagenetic processes on the pore pressure. Petrographic and geochemical analyses showed that the overpressure in the study area is largely linked to 
disequilibrium compaction, illitisation and source-rock maturation shown by log-derived physical properties. Pore-pressure prediction based on the 
difference of log-derived sonic transit time compared to the normal compaction trend (NCT) of fine-grained rocks can be used to infer the general 
trends of pore-pressure changes. However, during such pore-pressure prediction (e.g., using Eaton’s approach), one should note that with regard to 
sonic response of the above-mentioned processes, the sonic log-derived, predicted pore pressure in the chemically compacted intervals and organic-
rich thermally mature successions may show either underestimations or overestimations, respectively.
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Introduction

A number of mechanisms have been cited as causes of 
abnormal pore pressures. These are generally categorised 
into two main processes: stress-related mechanisms and 
fluid expansion (Swarbrick & Osborne, 1998; Swarbrick 
et al., 2002). In subsiding basins, the overburden load 
is the main stress which contributes to mechanical 
 compaction of sediments. The mechanical compaction is 
a function of vertical effective stress which is defined by 
Terzaghi (1925) as : 

σv = σv – pp (1)

where σv is the vertical effective stress, σv is the over-
burden load (lithostatic or vertical stress) and pp is the 
pore pressure. By increasing the effective stress, the 
bulk density of the sediment increases with shrink-

age of the pore volume of the sediments. The rate of 
 decreasing pore volume (porosity reduction) is rela-
tively fast at the beginning of mechanical compaction 
before slowing down when a more rigid frame is formed 
during deeper burial (e.g., Mondol et al., 2007). This 
behaviour is particu larly pronounced in fine-grained 
sediments which  initially have a very high porosity 
(80–90%) at the surface and lose most of the porosity 
at relatively  shallow depths (Poelchau et al., 1997 and 
references therein;  Mondol et al., 2007). Decreasing the 
pore  volume is directly related to the expulsion of pore 
fluid. If the rate of pore fluid  expulsion is less than what 
would result from drained stress-induced compac-
tion, the pore  pressure will exceed the hydrostatic pres-
sure. Fine-grained, clay-rich  sediments can maintain 
high amounts of bound water due to their large specific 
surface area and high cation exchange capacity (Henry, 
1997; Conin et al., 2011). On the other hand, these sedi-
ments have  rela tively low permea bilities which makes it 
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even more difficult to expel the pore fluid out of the pore 
space during  compaction (Mondol et al., 2008a). Thus, 
mudstones and shales are prone to show overpressure 
 during mechanical compaction. Examples of fluid pres-
sure build-up in  shallow buried shales and mudstones 
can be found in smectite-bearing shales of the Paleogene 
 succession in the North Sea (Thyberg et al., 2000; Mon-
dol et al., 2008a, 2008b; Marcussen et al., 2009; Koochak 
Zadeh et al., 2014).

With increasing depth and temperatures, chemical dia-
genesis governs the compaction process and changes 
rock properties of the fine-grained siliciclastic rocks. 
Illitisation is the most important diagenetic processes 
in such rocks, resulting in alteration of smectite and 
 kaolinite to illite and silica cement (microquartz) and 
water (smectite + K+ = illite + silica + H2O and kaolin-
ite + K+ = illite + silica + H2O) (Boles & Franks, 1979; 
 Thyberg & Jahren, 2011). As seen in the equations, the 
illitisation process involves the release of bound water, 
whereas the cementation potentially reduces the permea-
bility and prevents excess pore-water expulsion. Within 
organic-rich mudstone and shale intervals, hydrocarbon 
gene ration and/or cracking to lighter hydrocarbons (i.e., 
oil to gas cracking) can notably increase pore pressure 
due to the low expulsion rate of hydrocarbons particu-
larly in mud-dominated rocks (Mann, 1994). 

Pore pressure prediction has always been a challenge, 
particularly in fine-grained rocks because no direct pres-
sure measurements are performed within these rocks. 
Fine-grained successions are important in petroleum 
exploration and exploitation, since they are the source of 
the petroleum and also act as cap rocks. Recently, shales 
have become even more important as unconventional 
hydrocarbon plays such as shale oil and shale gas (Passey 
et al., 2010; Hart et al., 2013). Furthermore, fine-grained 
successions should be treated appropriately during 
 drilling to avoid borehole stability issues. 

Several authors have proposed different approaches to 
estimate pore pressure from well logs and seismic data 
(Hottmann & Johnson, 1965; Eaton, 1972, 1975; Bowers, 
1995; Sayers et al., 2002; Krushin, 2014). Typically, these 
approaches are based on considering general compaction 
trends in measured parameters such as sonic transit time, 
resistivity and bulk density with depth which are known 
as normal compaction trends (NCT).

Petrophysical implications of overpressure, however, are 
different. Pore pressure prediction based on the  difference 
of log-derived sonic transit time or resistivity compared 
to NCT of shales to estimate the reservoir pressure of a 
coarse-grained, brine-saturated, shallow layer was devel-
oped as early as the1960s (Hottmann & Johnson, 1965) 
. Similar techniques were also successfully adapted for 
shallow, overpressured, fine-grained intervals ( Mondol et 
al., 2008b; Krushin, 2014; Yu & Hilterman, 2014). Eaton’s 
equation for pore pressure prediction using sonic transit 

time (Eaton, 1975) has found more interest in the petro-
leum industry compared to the other approaches. Eaton 
(1975) suggested empirical equations for estimating pore 
pressure as a function of log-derived physical properties 
including sonic compressional transit time:

 (2)

where, P/D and S/D are the formation pore pressure and 
overburden gradients, respectively. ∆t is the  measured 
sonic transit time from the log. (P/D)n and ∆tn are also 
the formation pore pressure and sonic transit time 
expected in normally pressured conditions as a function 
of burial depth, respectively. 

However, illitisation, kerogen and/or hydrocarbon occur-
rence result in altered sonic transit time or resistivity 
responses. Accordingly, during pore pressure estimation 
using the log response, one should consider the processes 
responsible for overpressure formation. However, despite 
the limitations in predicting pore pressure, log-derived 
petrophysical properties can delineate the overpressured 
intervals.

In this study, fine-grained overpressured intervals from 
the Egersund Basin in the Central North Sea were ana-
lysed with regard to mineralogical composition, organic 
carbon content and log-derived petrophysical properties 
in order to highlight the effect of diagenetic processes on 
abnormal pore pressure. We start with a brief  description 
of the Egersund Basin and its geological framework. 
Then, the methodology used for the petrophysical evalu-
ation of well logs, mineralogical composition analyses of 
drilled cuttings and their SEM imaging is explained. A 
combination of petrophysical evaluation, mineralogical 
studies, petrography and geochemical analyses is applied 
to explain the effects of chemical diagenesis and hydro-
carbon generation on building up pore pressure in the 
fine-grained sediments. With regard to the chemical dia-
genesis reactions and process of hydrocarbon generation, 
the applicability of the common pore pressure estimation 
from sonic velocity data is discussed.  We can therefore 
conclude that velocity-based estimation methods cannot 
yield even a close estimation of pore pressure in consoli-
dated or organic-rich mudstones and shales.

 
Study area
The NW–SE-trending Egersund Basin is a sub-basin of 
the Central North Sea Province located to the east of the 
Central Graben between the Stavanger Platform and 
the Sele and Flekkefjord highs (Fig. 1A). According to 
Sørensen et al. (1992), two major rift phases (Permian–
Early Triassic and Late Jurassic–Early Cretaceous) have 
governed the major tectonostratigraphic development of 
the Egersund Basin. The present-day configuration of the 
basin, however, is largely inherited from the Mesozoic rift-
ing. The basin contains proven petroleum resources (i.e., 
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assisted by water injection. The fact that only limited 
petroleum exploration and exploitation currently takes 
place in the Egersund Basin also makes the structure a well 
suited area for CO2 storage in the Middle Jurassic Vestland 
Group reservoir rocks (Halland et al., 2011; Angeli et al., 
2013).

Yme Field), which were exploited between 1987 and 2001 
(Evans, 2003). In 2001, the field was abandoned since it 
was then considered as unprofitable. New production at 
the Yme Field is planned. According to the Norwegian 
Petroleum Directorate Fact Pages (NPD, 2014), new pro-
duction from the Yme Field will be carried out mainly 

Figure 1. (A) Main structural elements of the Egersund Basin and adjacent areas in the Central North Sea. (B) Location of studied exploration wells 
and the seismic line in Fig. 2 as well as bottom-hole based geothermal gradients adapted from a regional map of geothermal gradients in the larger 
Egersund Basin area (modified after Kalani et al., in press; structural base-map adapted from Sørensen & Tangen, 1995). 
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most fine-grained clay and has a high  cation exchange 
capacity and a very large surface area, and was used as 
an analog for the least permeable and compactable clay 
compo sition encountered in the  studied successions 
reflecting the highest potential for over pressured zones. 
Mineralogical analyses of the studied sections show 
around 70–75% of clay minerals in the bulk samples. 
There is no single, ideal, representative, laboratory-tested 
 synthetic clay mixture with respect to the studied secti ons. 
The 25:75% silt-clay ratio can be the most relevant, repre-
sentative, mechanically compacted synthetic mixture 
available. Mondol (2009) showed that the petro physical 
properties (e.g., porosity) of a 50:50% silt- kaolinite labora-
tory tested mixture falls within the range of a natural 
25:75% silt-clay mixture similar to the material studied in 
this work. Using a cut-off value of 50% shale volume (Vsh) 
would also ensure that the log-derived physical proper-
ties correspond to those which were experimentally mea-
sured. In practice, there is a good correlation between 
the physical properties of experiment al synthetic mud-
stones and log-derived petro physical proper ties in only 
margin ally uplifted locations (e.g., block 9/4). The chosen 
experimental compaction trends were compared with the 
observed compaction trends in the study area shown by 
the well log data (depth-velocity and depth-resistivity). To 
perform this comparison, a constant conversion factor of 
10 MPa (100 bar) vertical effective stress per kilometre of 
burial depth was used.

As is common for mudrocks, unavailability of pressure 
data may be compensated for by using mud weights 
(Barriol et al., 2005). The reported mud weight data were 
adopted from the Norwegian Petroleum Directorate Fact 
Pages (NPD, 2014). Estimated pore pressure based on the 
sonic data calculated from Eaton’s equation (Equation 
2) was compared with the reported mud weight data in 
the area. Formation Multi-Tester (FMT) shut-in pressure 
measurements derived after well testing analyses from 
deeply-buried sand-dominated reservoir rocks were used 
in pressure depth plots to compare between the mud 
weight gradients and Eaton’s calculated pore pressure. 
The NCT was established graphically, for each individual 
well, after fitting the best trend line to the logarithm of 
sonic transit time values corresponding to fine-grained 
mudstones plotted vs. burial depth, and the overburden 
gradient was calculated based on the trend of mudstone 
bulk densities with depth (Hottmann & Johnson, 1965).

X-ray diffraction (XRD) patterns of 100 cutting samples 
from three of the studied wells (9/2–1, 9/2–2 and 9/4–5) 
were acquired for both bulk (whole sample) and clay 
fractions (<2 mm grain size oriented samples). Since 
the cutting samples of well 9/4–4 were not available for 
this study, the available mineralogical data of well 9/4–5, 
located less than 4 km from well 9/4–4, were used. The 
XRD patterns of the samples were acquired using a D8 
Advance Bruker diffractometer with Cu Ka radiation, 
and a LynxEye detector enabled for tight energy discrimi-
nation limits to reduce iron fluorescence effects. The data 

As a part of the regional map of the present-day, bottom- 
hole, temperature-based geothermal gradient map 
(Kalani et al., in press), Fig. 1B shows trends and contrasts 
which are likely linked with the major, normal, boundary 
fault systems controlling the present-day configuration 
of the Egersund basin area. Highest thermal gradients 
were observed on the Stavanger Platform where thin sed-
imentary successions were deposited on the crystalline 
basement. Within the main Egersund Basin trough (wells 
of exploration block 9/2), relatively high thermal gradi-
ents could be linked to the thick overburden layers. To 
the west, a meaningful contrast of thermal gradients of 
wells in exploration block 9/4 compared to those in block 
9/2 is likely linked with the different thermal regimes 
which are partly explained by relatively thinner depo-
sit ional sequences and thicker salt layers. The thermal 
gradi ents are in general agreement with the  productivity 
of the wells. With similar depositional settings, wells 
within the main Egersund Basin trough (wells of block 
9/2) were oil producing (e.g., well 9/2–1) whereas wells of 
block 9/4 were reportedly dry. Furthermore, within block 
9/2 wells of relatively lower thermal gradients (e.g., well 
9/2–2) showed only minor oil and gas.
 
Fig. 2 shows a seismic profile and lithostratigraphic units 
across the Egersund Basin. The coarse-grained units of 
the Vestland Group are overlain by the Upper Jurassic– 
Lower Cretaceous fine-grained succession of the 
Boknfjord Group which, in turn, is overlain by the Lower 
Cretaceous shale-dominated Cromer Knoll Group. The 
Cenozoic succession comprises the Rogaland,  Hordaland 
and Nordland groups. Particularly, the Hordaland and 
Nordland groups are shale dominated. The Rogaland 
Group contains a more hetrolithic succession compared 
to the Hordaland and Nordland groups. In addition to 
the rift phases, the Egersund Basin has also experienced 
phases of tectonic inversion during the Late  Cretaceous 
as well as Cenozoic uplift and erosion linked to the 
opening of the North Atlantic Ocean and the Alpine 
 Orogeny (Fjeldskaar et al., 1993; Jensen & Schmidt, 1993; 
Mogensen & Jensen, 1994; Jackson et al., 2013).

Material and methods

Log data of three exploration wells from two adjacent 
hydrocarbon exploration blocks (two wells 9/2–1, 9/2–2 
from block 9/2 and one well 9/4–4 from block 9/4) were 
analysed. Volume of shale (Vsh) was estimated using the 
gamma ray index (IGR) corrected after Larionov (1969) for 
the Cenozoic and sub-Cenozoic stratigraphic intervals. A 
shale fraction cut-off of 0.5 (Vsh > 50%) was considered 
sufficient to discriminate shale-dominated units from 
other lithologies (Fig. 3). The compaction trends for fine-
grained sediments derived from experimental compac-
tion of synthetic mudstones composed of 100% smectite 
(Mondol et al., 2007) and 50–50% kaolinite-silt mixtures 
(Mondol, 2009) were used for comparison. Smectite is the 
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to low temperatures where siliciclastic chemical compac-
tion is not expected (Fig. 4A, B). However, the Vp mea-
sured in well 9/4–4 approximately follows the mechani-
cal experimental compaction curve down to around 2 
km depth, showing rather normal burial and compaction 
of sediments at this well location (Fig. 4C). This indicates 
that more exhumation has taken place in the area where 
the wells 9/2–1 and 9/2–2 are located (around 700 m; 
Kalani et al., in press) compared to the area where well 
9/4–4 is situated (around 200 m). Estimated ex humation 
based on experimental mechanical compaction curves 
is in general agreement with earlier estimates based on 
vitrinite reflectance and seismic reflection profiles (Irwin 
et al., 1993; Jensen & Schmidt, 1993). The estimated 
exhumations, however, are larger particularly in block 
9/2. Such a difference between exhumation estimated 
from vitrinite reflectance compared to shale compac-
tion curves has previously been mentioned by Fjeldskaar 
et al. (1993) for well 9/2–1; i.e. 400 vs. 600 m. Conven-
tional exhumation estimation using shale compaction 
curves includes the fitting of log-derived data with the 
theoretically  calculated trends (e.g., Heasler & Khari-
tonova, 1996). In our approach, the Vp vs. depth curve 
of a representative  synthetic mud mixture (i.e. 50–50% 
kaolinite-silt  mixtures; Mondol, 2009) was used as a 
guideline to detect the transition from mechanical to 
chemical  compaction in the studied mudrocks. This has 
the advantage of being based on experimental data rather 
than  theoretical data. However, one should consider the 
disadvantage of synthetic mixtures as ideal representa-
tive equivalents for natural mudstones and/or shales. 
 Different basin  histories in different wells of the study 
area  may also introduce different pore-pressure profiles. 

were collected from 2 to 65° 2q for non-treated bulk and 
clay samples, and 2–35° 2q for clay samples treated with 
ethylene glycol and heating. The BGMN software (Berg-
mann et al., 1998) was utilised to quantify the mineral-
ogical phases in the bulk samples. 

Scanning electron microscopy (SEM) analyses were  carried 
out using a JEOL JSM–6460 LV SEM system with an 
embedded Oxford Instruments INCA–X-sight energy dis-
persive spectroscopy system (EDS). Total organic  carbon 
content (TOC wt.%), Tmax and bottom-hole  temperature 
measurements were adopted from the  Norwegian 
 Petroleum Directorate Fact Pages (NPD, 2014).

Results

Rock property evolution and pore-pressure distri-
butions

Pore-pressure and gamma-ray variations with depth 
compared to P-wave velocity (Vp) and formation resis-
tivity changes in wells 9/2–1, 9/2–2 and 9/4–4 are shown 
in Fig. 4. Vp calculated from sonic transit time and deep 
resistivity is plotted as a function of depth below sea 
floor (BSF). Vp shows a general increasing trend with 
depth as a response to compaction processes reflecting 
both  physical and chemical diagenesis.

The measured Vp of two wells (9/2–1 and 9/2–2) devi-
ates substantially from the experimental mechanical 
compact ion curve even at shallow depths corresponding 

Figure 3. (A) A typical example of the gamma ray plotted vs. depth from well 9/4–4. For the lithostratigraphic legend, see Fig. 2A. (B) Calculated 
shale volume. The shale volume fraction  >0.5 has been considered as shales and mudstones. The Shetland group (chalk) has been excluded in this 
study.
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Figure 4. Reported and predicted pore-pressure variation, gamma ray, Vp and formation resistivity changes of (A) well 9/2–1, (B) well 9/2–2 and (C) 
well 9/4–4 as a function of burial depth. Three zones of pore-pressure variations are highlighted and labelled as zones a, b and c. The Vp-depth plot 
is superimposed by NCT curves and trends of mechanically-compacted synthetic samples of smectite aggregate and 50:50 sand-kaolinite mixture. 
For the lithostratigraphic legend, see Fig. 2A.
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weights relative to the hydrostatic pressure trend is 
obvious in this zone, indicating the occurrence of high 
overpressure within the organic-rich shale and mud-
stone sections (Fig. 4).

 

Mineralogical composition and burial diagenesis

Mineralogical compositions of the Cenozoic Lower 
Cretaceous and Upper Jurassic intervals predominantly 
comprise three main categories: clay minerals + mica, 
quartz + feldspars and carbonates (Fig. 5). Pyrite (less 
than 2% of the bulk mineralogy) is not included in any 
of these subdivisions. The amount of carbonate minerals 
is generally less than 10%. However, minor increases of 
carbonates can change the rock properties quite notice-
ably (e.g., Vp and resistivity). Quartz and feldspars do 
not change significantly with depth. Similarly, the mica 
content is fairly stable as a function of depth. Overall, 
the clay minerals are the most variable mineral category 
(Figs. 6 & 7). The variation in clay composition is related 
to provenance, depositional environment and diagenetic 
processes. The Cenozoic sediments, particularly the 
fine-grained sections, are generally low in smectite (Fig. 
5). Lack of smectite increases permeability and results 
 generally in hydrostatic pressures. On the other hand, the 
mineralogical variations seen in the Cromer Knoll and 
Boknfjord groups control the formation of overpressure 
more significantly (Figs. 6 & 7).

Kaolinite is generally high in the Cromer Knoll Group 
(Figs. 6 & 7A, B), whereas in the Boknfjord Group the 
kaolinite content is lower and other clay minerals, par-
ticularly smectite, show a notable increase (Fig. 7C). The 
onset of chemical compaction processes are inferred 
from well log data and confirmed by XRD (Fig. 7A, B) 
and SEM analyses (Fig. 8A). An increase in Vp in the 
Cromer Knoll Group is coincident with the occurrence 
of micron-size quartz crystals (Figs. 4, 6 & 8).The criteria 
used to differentiate micron-size diagenetic quartz grains 
from the detrital ones have been outlined elsewhere 
(Kalani et al., in press). The most important criteria are: 
textural parameters including the micrometre size, high 
roundness and sphericity, relation to illite formation 
 evident from EDS response and characteristic CL  spectra. 
The onset of chemical compaction occurs in pore pres-
sure zone a and does not impose a significant pres-
sure build-up. Although chemical compaction is more 
intense close to the top of the Sauda Formation causing 
a notable Vp deviation (Fig. 4), the amount of chemical 
compaction can be determined from mineral ogical and 
petrographic observations (Figs. 6, 7 & 8). Many factors 
may contribute to illitisation,  the most important factor 
being the availability of a reactive clay mineral (smectite) 
within the sedimentary section. The smectite content is 
variable due to continuous changes within the deposi-
tional system. The observations in this study are in agree-
ment with earlier key works in the field of illitisation of 
smectite (Perry & Hower, 1972 and  references therein). 

In each studied well, three different zones of pressure 
regimes with different rock property behaviour can be 
detected within the Lower Cretaceous and Upper  Jurassic 
fine-grained sediments (Fig. 4):

• Zone a where the pore pressure is hydrostatic. This 
zone is identified in wells 9/2–1 and 9/2–2 within the 
Lower Cretaceous Cromer Knoll Group and Flekke-
fjord Formation. It also occurs at a shallower depth in 
well 9/4–4 which is not an interval of interest in this 
work. In wells 9/2–1 and 9/2–2, both Vp and resist-
ivity show a linear increasing trend for the upper part 
of zone a as a function of depth, while no significant 
change in gamma ray response is visible (Fig. 4A, B). 
Below this zone, the physical properties begin to show 
variation mainly in response to the lithological vari-
ations indicated by the gamma-ray readings (Fig. 4).

• Zone b where the pressure is elevated compared to 
hydrostatic pressure. Zone b includes almost the whole 
of the Sauda Formation in block 9/2. Moreover, this 
zone includes the Cromer Knoll Group and contin-
ues down to the upper Sauda Formation in block 9/4. 
In well 9/2–1, the gamma-ray response does not show 
any significant variation throughout zone b. A minor 
increase in the reported mud weight data occurs 
close to the top of the Sauda Formation that slightly 
exceeds hydrostatic conditions, while Eaton’s predicted 
pore pressure formula estimates a much higher over-
pressure. Both Vp and resistivity show rapidly increas-
ing trends with depth in this well (Fig. 4A). However, 
this trend changes within the deeper parts of the Sauda 
Formation resulting in a decreasing trend with burial 
depth (Fig. 4A). In well 9/2–2, a similar change in the 
rock properties can be distinguished within zone b. An 
overpressure regime can be assumed in the upper part 
of the Sauda Formation based on an abrupt shift in 
mud weight data (~2500 m-BSF, Fig. 4B). In well 9/4–4, 
the zone b is better developed where a relatively high 
overpressure (~700 psi) can be detected (Fig. 4C). This 
forms a pressure ramp at ~1400 m-BSF down to the 
base of the Sauda Formation. 

• Zone c is a zone with excess overpressure compared to 
the overlying zone b. It includes the lower part of the 
Sauda Formation and the whole of the Tau and Eger-
sund formations. This zone consists mainly of organic-
rich shales based on high to very high gamma-ray 
values of the included layers (Fig. 4). In all the wells, 
a reverse trend of log-derived Vp with increasing 
depth is observed in the upper part of zone c compris-
ing the Sauda and Tau formations, while the resistiv-
ity shows a relatively rapidly increasing trend (Fig. 
4). The Vp and resistivity reach their minimum and 
maximum values, respectively, within the Tau Forma-
tion which is the most organic-rich layer in the study 
area. Above the Tau Formation, Vp shows an increasing 
trend and resistivity a decreasing trend in the Egersund 
 Formation (Fig. 4). A large deviation of reported mud 
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The overpressure zone resulting from chemical compac-
tion processes is labelled as zone b in Figs. 4 & 6. The 
higher overpressure found in the Cromer Knoll Group 
in well 9/4–4 is likely linked to higher carbon ate cement-
ations in this interval, as implied by mineralogy and SEM 
petrography of the adjacent well 9/4–5 (Fig. 6; Kalani et 
al., in press).

Organic carbon content and maturation

The Lower Cretaceous Flekkefjord Formation and 
Cromer Knoll Group as well as the Upper Jurassic Eger-
sund and Sauda formations are less organic-rich (0.5 < 
TOC < 1, Fig. 9) compared to the Tau Formation (Fig. 
9). The lower part of the fine-grained Sauda Formation 
shows a gradual upward increase in TOC values (Fig. 
9).The high organic carbon content found particularly 
in the Tau Formation (confirmed petrographically in Fig. 
10) make this formation the most important potential 
source rock since the Mid Jurassic in the study area. 

Fig. 11 shows Tmax as a function of increasing depth. A 
notable increase of Tmax occurs close to the top of the 
Tau Formation. Overall, wells 9/2–1 and 9/2–2 show 
notably higher thermal maturities compared to Tmax 
data from well 9/4–5. The higher thermal maturity of 
organic matter in wells 9/2–1 and 9/2–2 than in wells 
9/4–4 and 9/4–5 is in agreement with the deeper burial 

and corresponding temperature increase. Such contrasts 
in  thermal maturities of the organic carbon content 
through the Egersund Basin area were also mentioned in 
earlier, more detailed, organic geochemical studies (Rit-
ter et al., 1987; Ritter, 1988). 

Source-rock maturation involves transformation of solid 
organic matter into fluid hydrocarbons. The decrease of 
load bearing solid material and volume increase involved 
in this process may result in a local build-up of pore 
pressure. The Egersund and Sauda formations are low in 
organic content. Hence, overpressure as a result of hydro-
carbon generation in these formations is less  probable 
than in the organic-rich intervals. Hydrocarbon- 
generated overpressure may, however, be significant 
in the finer-grained lower part of the Sauda Formation 
which shows relatively high TOC values. 

The higher maturity of Tau Formation in wells 9/2–1 
and 9/2–2 compared to well 9/4–4 has a direct effect 
on the recorded log responses. As Vp and resistivity are 
 governed by TOC and the amount of fluid hydro carbons, 
the relatively higher resistivity in parallel with the rela-
tively lower Vp in wells 9/2–1 and 9/2–2 may result 
from higher thermal maturities and consequently have a 
higher potential for overpressure build-up (Fig. 4).

Non-clay silicates

Clay

Carbonates

Cenozoic
Cretaceous
Jurassic

0 10 20 30 40 50 60
40

50

60

70

80

90

100
0

10

20

30

40

50

60

Figure 5. Ternary diagram showing the main mineral phase categories in the selected wells of the Egersund Basin: clay minerals, quartz + feldspars 
and carbonates. Data points plot mainlyin a narrow zone with less than 10% carbonate minerals.



180 M. Kalani et al.

zo
ne

 a
zo

ne
 b

zo
ne

 c

zo
ne

 a
zo

ne
 b

zo
ne

 c

zo
ne

 b
zo

ne
 c

2000

2500

Well 9/4-5 Well 9/4-43.7 km

Gamma ray (API)

15050 1000.0

300200 250150

Gamma ray (API)

15050 1000.0

300200 250150

2000

2500

1500

2000

2500

3000

Well 9/2-2

Gamma ray (API)

15050 1000.0

300200 250150

1500

2000

2500

3000

Well 9/2-1

Gamma ray (API)

15050 1000.0

300200 250150

A B

C

Quartz Plagioclase K-feldspar

I-S

Mica

Smectite Kaolinite

Chlorite Carbonates Pyrite

M i n e r a l o g y

Fig. 7A

Fig. 7B

Fig. 7C

Fig. 7D
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Figure 8. SEM back-scattered images as petrographic evidence of chemical compaction processes (i.e., illitisation). With increasing depth chemical 
compaction is increased which is partly implied by more micron-sized quartz crystals and/or condensed illite-rich l/S fabrics. (A) Single microquartz 
crystal (mqz) associated with illite-rich I-S observed in the upper part of the Cromer Knoll Group (2022 m-BSF). (B) Flekkefjord Formation (2250 
m-BSF). (C) Well oriented, chemically compacted, illite-rich clays in the Sauda Formation (2433 m-BSF). (D) Intensive microquartz cementation in 
the Tau Formation (2529 m-BSF). Abbreviation: Py – pyrite.
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Discussion

Factors affecting overpressure distribution

The pore pressures adapted from the NPD Fact Pages 
(NPD, 2014) for the three studied wells show over-
pressures in the fine-grained successions. Several  factors 
may play a role in overpressure generation. In this work, 
the available data do not allow quantification of all 

 factors affecting overpressure generation. However, the 
importance of the interplay between diagenetic processes 
and sediment composition is highlighted. Notably, the 
permeability distribution controls the fluid transfer and 
consequently overpressure in the layers of interest. The 
occurrence of thick, Upper Jurassic–Lower  Cretaceous, 
mainly fine-grained successions in the Egersund 
Basin effectively increases the overpressure generation 
 potential of these sediments.

Disequilibrium compaction
The burial depth of the pore pressure build-up and the 
log-derived compaction trends compared to the experi-
mental mechanical compaction trends (Mondol et al., 
2007; Mondol, 2009) show the link between over pressure 
development and diagenetic processes. The under-
compaction observed is typical of low-permeability 
Cenozoic sedimentary units (e.g., Mondol et al., 2008b; 
Goulty & Ramdhan, 2011, 2012). The Cenozoic succes-
sions are mostly mechanically compacted. Due to the 
rela tively low temperatures and shallow burial depths, the 
chemical diagenetic processes are not important. In such 
an interval, the high bulk smectite content may result in 
overpressure (Swarbrick & Osborne, 1998; Swarbrick et 
al., 2002). However, the sections studied herein contain 
less smectite in the fine-grained successions (~20%) 
compared to bulk smectite contents documented to be 
threshold values for mechanical compaction retarda-
tion in the sedimentary basins (Marcussen et al., 2009). 
The higher smectite percentages found in the relatively 
coarse-grained intervals of the Rogaland Group may not 
support the concept of overpressure generation due to 
the overall higher permeability of these sediments. 

Chemical compaction
At deeper levels and higher temperatures (above about 
70°C), however, the primary smectite content in the 
 presence of reactive K+ may convert to illite-rich I-S 
mixed layer clays. The process was summarised by Boles 
& Franks (1979) as:

Smectite + K+           Illite + Quartz + H2O + exchangeable cations

As indicated above, illitisation involves replacement of 
more porous smectite and I-S mixed layered clays with 
less porous illite. Furthermore, the newly formed micro-
quartz crystals may decrease the size of the pore throats 
significantly and strongly influence the permeability 
(Nadeau et al., 2002; Thyberg et al., 2010). In addition, 
the neoformed illite will be oriented parallel to the bed-
ding (normal to the principal stress axis), decreasing the 
vertical permeability. Smectite and I-S will also release 
bound water resulting in an increased sediment fluid 
content. The illitisation process therefore results in both 
lower permeability and more compaction-derived water. 
This requires higher fluid expulsion rates to maintain the 
pressure at hydrostatic. As mentioned above, the illiti-
sation requires a potassium source and the mobilisation 
of potassium is the rate-limiting factor for illitisation. 

Figure 9. TOC variations with increasing depth. The Tau Formation 
(Kimmeridgian to Early Volgian) shows the highest TOC content and is 
generally regarded as the most important post-Mid Jurassic source rock 
in the Egersund Basin.
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Figure 10. SEM back-scattered image showing organic matter 
distribution, identified as dark tone areas, in a sample of the Tau 
Formation in well 9/4–5 (2516 m-BSF). More examples of organic matter 
fabrics in the study area, including block 9/2 (i.e., well 9/2–A–5 which 
was not mentioned in this paper), can be found in Kalani et al. (2015).
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profoundly affect the progress of pressure build-up in 
fine-grained sediments. Because the overall permea bility 
of a sedimentary section is a function of the  harmonic 
mean, the intervals with high contents of these reac-
tive phases (smectite and K-feldspar) will dominate the 
 pressure development. Where the overburden permea-
bility is very low and diagenesis is very intensive (depth/
temperatures > 100°C), the overpressure may even rise to 
fracture pressure level as a result of chemical compaction. 
However, as indicated by Kalani et al. (in press), compac-
tion in fine-grained sediments is not purely chemical. It 
has also a mechanical compaction component because 
the rock frame is unable to retain all the porosity result-
ing from dissolution of reactive mineral grains (smectite 
and K-feldspar). 

Maturation of organic matter
In the organic-rich intervals, both chemical compaction 
and organic matter maturation may increase the fluid 
volume in the rock. Organic carbon richness is reflected 
by the gamma-ray response due to the elevated uranium 
content related to the anoxic conditions that existed dur-
ing source-rock deposition. The reducing depositional 
conditions favouring organic matter accumulation also 
result in precipitation of uranium minerals in the sedi-
ments resulting in a high gamma-ray signature (e.g., 
Fig. 4). Due to the anisotropy related to the kerogen 
orientation in shales and mudstones, notably lower Vp 
 values suggest higher TOC (Vernik & Nur, 1992; Vernik 
&  Landis, 1996; Vernik & Milovac, 2011). Based on this, 
the lower Vp values seen in well 9/4–4 imply on a higher 
TOC content in this well which is in agreement with the 
measured TOC (Fig. 9).

There is no direct link between illitisation and organic 
matter maturation forming hydrocarbons.  According 
to Bruce (1984), the onset of peak oil generation may 
occur at depths above, within or below the zone of illite 
formation. In the Egersund Basin, the peak hydro carbon 
generation (within the Tau Formation) is much deeper 
than for the onset of illitisation. In the Tau  Formation, 
petrographic observations show a more pronounced 
illitisation compared to the overlying succession due 
to a higher temperature and availability of the reac-
tive materials (Fig. 8D). Hydrocarbon generation has 
a pronounced impact on volume increase which may 
overprint the chemical compaction processes. Due to 
very low permeabilities, the pressure caused by hydro-
carbon generation may not be dissipated through pore-
fluid expulsion (Berg & Gangi, 1999). The maturation 
of organic material is highly dependent on temperature 
and, hence, the maximum burial depth and the exhuma-
tion histories in the area could provide the kinetics for 
both reactions here. 

In Fig. 12, Vp is plotted vs. formation resistivity for Tau 
and Egersund cutting samples for which TOC data were 
available. The Egersund data points show higher Vp com-
pared to the Tau data points due to a lower TOC con-

In fine-grained sediments, illitisation is found to be a 
rather slow process with increasing depth/temperature. 
The nature of illitisation in clay-dominated sedimen-
tary sections triggers a gentle pressure increase termed 
overpressure ramp by Nadeau (2011) and Nadeau et 
al. (2002). Progressive illitisation and quartz cementa-
tion is reflected by changes in petrophysical properties. 
Vp increases as a function of quartz cementation due to 
precipitation of stiffer crystals and increased cohesion 
across grain contacts. The formation resistivity increases 
as illitisation progresses since fresh crystal bound-water 
released from smectite reduces the pore water salinity 
(Marcussen et al., 2009). Such trends for Vp and forma-
tion resistivity are evident within zone a in Fig. 4. 

Petrophysical and petrographic data suggest that chemi-
cal compaction processes are more intense within the 
deeper levels of the Upper Jurassic Sauda Formation 
compared to the overlying strata (Figs. 4 & 8). The higher 
rates of illitisation within this zone may explain the pres-
sure build-up observed in this study. In addition, petro-
graphic evidence of carbonate reactions, e.g., calcite is 
replaced by ankerite (Kalani et al., in press), may also play 
a part in lowering permeability at this level. All the men-
tioned processes together may both decrease the pore 
space and decrease the size of the pore throats. Notably 
lower permeabilities coupled with released mineral-
bound water may therefore result in the build-up of high 
pore pressure. The availability of reactive clay and K+ will 

Figure 11. Tmax as a function of depth increase. A notable increase of 
thermal maturity is observed in the Tau Formation compared to the 
overlying Sauda Formation. Samples from the Tau Formation in wells 
9/2–1 and 9/2–2 (filled symbols) show notably higher thermal maturities 
compared to those of well 9/4–5 (open circles).
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tent in the Egersund Formation and also its greater burial 
depths (Fig. 12A). Unlike the Egersund Formation sam-
ples, the Tau Formation data points span a wide range 
of resistivity values. The resistivity is directly affected by 
the pore fluid saturating the porosity of the rock includ-
ing the fracture porosity (Kalani et al., 2015). Therefore, 
resistivity has a direct link with the maturation of organic 
matter and hydrocarbon generation in organic-rich, fine-
grained sediments. Three different clusters with different 
characteristic Vp and formation resistivity can be dis-
criminated within the Tau Formation sample data (Fig. 
12). The samples within the cluster I represent the high-
est resistivity values among all the samples, which may 
indicate a higher maturity of the organic matter con-
tained in these samples. The high present-day tempera-
tures of the cluster I samples also indicate that they are 
more mature compared to the other samples (Fig. 12A). 
However, the organic content of the samples in this clus-
ter is quite low compared to the rest of the samples (Fig. 
12B). Thus, a relatively low pore pressure is indicated for 
the cluster I data points (Fig. 12C). 

On the other hand, the cutting samples plotting within 
cluster II show higher TOC values (Fig. 12B), whereas 
they have been exposed to relatively lower temperatures 
compared to cluster I (Fig. 12A). The cutting samples of 
this cluster belong to the well 9/4–4 which penetrated the 
Tau Formation at a more shallow depth compared to the 
other two studied wells (Fig. 12D). Consequently, these 
data points show lower Vp values due to a high TOC con-
tent and lower resistivity values due to lower maturation 
and hydrocarbon generation. The cluster II data points 
depict a relatively moderate overpressure (Fig. 12C). 
The Vp values found for the cluster III samples reveal 
an increasing Vp trend with decreasing resistivity as 
outlined by the arrow in Fig. 12B. TOC decreases along 
the arrow (Fig. 12B). Furthermore, these data points do 
not indicate a significant temperature variation (Fig. 
12A). When the sample temperature is similar, higher 
resistivity values can be expected for the samples with 
higher TOC due to a higher hydrocarbon generation 
potential ( cluster III in Fig. 12B). Unlike TOC, the over-
pressure distribution does not show any definitive trend 

Figure 12. Vp as a function of formation resistivity for cutting samples of the Tau and Egersund formations, colour coded by (A) temperature, (B) 
measured TOC content, (C) overpressure and (D) burial depth. The squares represent the Egersund samples and circles represent the Tau samples.
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In addition to mechanical compaction, the strata of 
interest in this work were most effectively chemically 
compacted before the Late Cenozoic exhumation. This 
indicates that dilatancy of pores during uplift is probably 
of minor importance in the area of the Egersund Basin.

Comment on petrophysical estimation of pore 
pressure

Lithologically related variations of log-derived, pre-
dicted pore pressures have been mentioned earlier by 
Fertl (1976). The sonic, log-derived, predicted pore pres-
sure in chemically compacted intervals and organic-rich, 
thermal ly mature successions may show both under-
estimation and overestimation, respectively (Fig. 4). 
NCT-based prediction methods rely on the prediction of 
pore pressure due to underconsolidation (Hottmann & 
Johnson, 1965; Eaton, 1975; Bowers, 1995). However, with 
regard to fine-grained sediments on the Norwegian Shelf, 
underconsolidation is rather typical of Cenozoic inter-
vals. The illitisation process involves volume changes 
with the illitisation of smectite ranging from an increase 
of 4.1% to a decrease of 8.4% volume based on differ-
ent possible illitisation reactions (Osborne & Swarbrick, 
1999). The illitisation process results in an increase of 
the sonic velocity (Storvoll & Brevik, 2008; Thyberg et 
al., 2010). Such an increase in Vp (i.e., decrease of sonic 
transit time) will likely overprint underconsolidation 
induced overpressure. Therefore, the predicted pore 
pressure may underestimate the actual pore pressure. On 
the other hand, the occurrence of organic matter results 
in a high acoustic anisotropy. Notably, a lower Vp (higher 
sonic transit time) is measured normal to bedding in 
organic-rich sediments. A pronounced deviation of the 
sonic data from NCT may therefore be due to organic 
matter rather than underconsolidation induced by over-
pressure. In such intervals, a modelling of organic mat-
ter maturation related volume increase may better pre-
dict hydrocarbon generation induced overpressuring. 
While the regular NCT-based prediction methods may 
show general trends of pore-pressure changes, they may 
not accurately predict abnormal pore pressure. Similarly, 
there are limitations using log data in the modelling of 
unloading-related overpressure (Goulty & Ramdhan, 
2011, 2012) based on Bowers’ approach (Bowers, 1995). 

The fact that chemical compaction is almost independent 
of vertical effective stress (Bjørlykke, 1998; Bjørlykke & 
Høeg, 1998) causes the bulk density and neutron poros-
ity to be relatively independent of chemical compaction. 
Similarly, Hermanrud et al. (1998) showed that the bulk 
density and neutron porosity of hydrostatic-pressured 
and overpressured shale intervals in the Haltenbanken 
area are not niticeably different. The illitisation process, 
however, includes dissolution of more porous smectite 
and precipitation of stiffer I-S and quartz cement (Thy-
berg et al., 2010) which can cause a notable shift in Vp. 
Chemical compaction can continue in the overpressured 

within this cluster (Fig. 12C). This shows how uncertain 
pre diction of pore pressure in organic-rich shales and 
mudstones is due to the complicated interplay between 
 various parameters influencing variations in pore pres-
sure. Besides the level of organic maturation, the pore-
pressure development in organic-rich, fine-grained 
 sediments can be directly affected by the nature and 
progress of chemical compaction and the microfracture 
frequency (Vernik & Landis, 1996; Berg & Gangi, 1999; 
Osborne & Swarbrick, 1999; Nadeau et al., 2002; Nadeau, 
2011). The potential for pressure build-up may be com-
pensated by microfracturing (Fig. 13) and the conse-
quent primary migration of hydrocarbons toward the 
carrier beds. Even so, a substantial portion of the gener-
ated hydrocarbons would remain within the source rock. 
Geochemical data  suggest that the amount of hydrocar-
bons expelled from the Tau  Formation is only around 
15% of the total gene rated hydrocarbons within the for-
mation (Ritter et al., 1987; Ritter, 1988; Hermanrud et al., 
1990). Matrix permea bility reduction due to illitisation 
may increase the  efficiency of hydrocarbon expulsion 
via overpressure and fracture creation. In turn, this may 
require higher levels of organic maturities. The relatively 
low migration efficiency of the source rocks, includ-
ing those of this study, means that the formations could 
retain a considerable proportion of the hydrocarbons 
generated resulting in the formation of an overpressure.

Exhumation-related unloading
A minor increase of pore volume can cause reductions 
in pore pressure based on the amount of dilation rate of 
uplift/exhumation and permeability of the rocks (Luo & 
Vasseur, 1995). Swarbrick & Osborne (1998) have argued, 
however, that irreversibility of mechanical compaction as 
well as the poorly known rheology values of mudrocks 
makes the amount of dilation caused by uplift un certain. 

Figure 13. SEM back-scattered image showing organic matter 
maturation induced microfracturing in a sample from the Tau 
Formation in well 9/4–5 (2516 m-BSF). More examples of organic 
matter maturation induced microfracturing in the study area can be 
found in Kalani et al. (2015).
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zones as the elongated pores located between clay parti-
cles tend to close even at fairly low effective stress levels 
(Ramdhan & Goulty, 2010, 2011; Goulty et al., 2012). In a 
recent study by Cicchino et al. (2015), it has been shown 
that large variations of porosity in mudstones from the 
Haltenbanken area are not a function of overpressure 
differences. This is reported in a chemical compaction-
related overpressured zone. The effect of stiffening on log 
response has a more pronounced impact on log response 
than the unloading related to porosity increases, and 
overpressure can merely partly retard an increase of Vp 
values. 

Conclusions

In this study, fine-grained overpressured intervals from 
the Egersund Basin in the Central North Sea were ana-
lysed with regard to mineralogical composition, organic 
carbon content and log-derived petrophysical proper-
ties to highlight the effect of diagenetic processes on 
 abnormal pore pressure. Results show that several 
parameters can affect the pore pressure inside a sedimen-
tary layer:

1 The Cenozoic sedimentsin the Egersund Basin are cur-
rently within the mechanical compaction domain at 
temperatures lower than required for siliciclastic chem-
ical diagenesis. The primary depositional para meters, 
especially mineralogical composition, control the pore 
pressure of fine-grained mudstones  during mechanical 
compaction. Since the Cenozoic fine-grained succes-
sions are low in bulk smectite content and also contain 
some coarser grains of silt, the permea bility is high 
enough to prevent overpressure build-up at shallow 
depths.

2 The diagenetic processes occurring at temperatures 
>70°C (e.g., in the Sauda Formation, Zone b) may lead 
to overpressure by increasing the pore fluid volume 
through releasing water as a by-product of illitisation 
of smectite, as well as volume expansion due to kero-
gen maturation and generation of hydrocarbon. Due to 
the interplay between the above-mentioned processes, 
discriminating between them is difficult.

3 Rock stiffness is increased by chemical diagenesis and 
cement precipitation and makes the physical properties 
(e.g., Vp) insensitive to pore-pressure changes. 

4 Transformation of solid organic matter into fluid 
hydrocarbons involves a noticeable increase in fluid 
volume. Since hydrocarbon generation is possibly 
much faster than its dissipation through pore fluid 
flow in low-permeability shales, hydrocarbon genera-
tion results in pressure build-up. The pressure build-
up is partly compensated by microfracturing of the 
source rock. However, a major portion of the gener-

ated hydrocarbons would possibly not migrate out of 
the source rock resulting in a build-up of overpressure. 
This is observed particularly in the Tau Formation in 
the Egersund Basin area (Zone c), and can be identi-
fied as having important implications for source-rock 
expulsion efficiency, timing, and recovery with respect 
to unconventional shale oil/gas reservoirs.

5 The hydrocarbon generation induced overpressure 
cannot be accurately predicted petrophysically. The 
sharp reversal trends in the log-derived Vp and resis-
tivity, which are typically used to infer NCTs, are domi-
nated by the kerogen anisotropy and hydrocarbon con-
tent, respectively. Consequently, deviation of log data 
from the NCTs in organic-rich shales should not be 
regarded as an overpressure indicator.
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Hydrocarbon generation induced microfracturing in source rocks is important affecting both primary migration
of hydrocarbons, and unconventional shale plays. In this study petrographic observations, Rock-Eval and total
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Cross-plot relationship
Clays
organic carbon content (TOC) data, and log-derived physical properties were analyzed in order to evaluate
eventual petrophysical implications of microfracturing induced by hydrocarbon generation.
Petrographically, evidences of microfracturing both normal and parallel to bedding have been found. Horizontal
microfractures typically cross cut each other at an angle between 30 and 90°. Horizontal microfractures are read-
ily imaged compared to vertical microfractures. Vertical microfractures were clearly observed only in rare cases
in sampleswith a highdegree ofmicrofracturing. In the case ofmoderatemicrofracturing, the vertical component
of microfractures may be too small to be detectable using conventional microscopy techniques. Longer vertical
components of the microfractures may be facilitated by higher TOC and particularly dense laminated organic
matter fabric, as well as higher thermal maturity levels. Clay minerals, particularly smectites are also playing a
role in reducing permeability and thereby increasing the local pressure generated by hydrocarbon generation
eventually resulting in microfracturing.
Log-derived petrophysical properties particularly P-wave velocity (Vp) and formation resistivity can give infor-
mation on microfracturing potential even though the techniques can't resolve the microfractures directly. Vp
has been postulated to be sensitive to organic matter quantity and fabric, whereas formation resistivity is largely
governed by fluid content and clay minerals. A reverse trend of increasing resistivity with decreasing Vp was
found and is linked to higher hydrocarbon saturation and TOC and/or dense laminated fabric of organic matter
favoring microfractures. The implications of the log-derived petrophysical results are in agreement with the
direct petrographic observations. Formation resistivities in the source rocks, however, are lower than those
observed in non-clay dominated hydrocarbon saturated intervals. This indicate that low permeable organic
rich source rocks with a high clay content, particularly smectites, may facilitate formation of the hydrocarbon
filled vertical microfractures even at relatively low thermal maturities.

© 2015 Elsevier B.V. All rights reserved.
hence the physical properties of the rock, i.e. formation resistivity,
wave velocity or bulk density. It also causes local overpressures (Berg
1. Introduction
Hydrocarbon source rocks are critical elements of petroleum
systems. Shale and mudstones with high organic content (TOC) are
usually regarded as potential source rocks (Aplin and Macquaker,
2011; Herron, 1991). In addition, source rocks are important as uncon-
ventional hydrocarbon plays, i.e. oil shales and shale gas. In addition to
inherent anisotropy of shales related to preferred orientation of clay
minerals and the high TOC content, thermal maturation of the organic
matter can significantly change the physical properties of mudrocks
(Sayers, 2013; Vernik and Liu, 1997; Vernik and Milovac, 2011; Vernik
and Nur, 1992). Thermal maturation induces cracking of organic matter
into lighter hydrocarbons, and it causes changes in fluid content and

⁎ Corresponding author.

i).
and Gangi, 1999; Momper, 1978) and consequent microfracturing.
Microfracturing particularly is important as it has been proved to
produce pathways for primary migration of hydrocarbon in extremely
low permeable mudrocks (Cordell, 1972; Hedberg, 1974, 1980;
Momper, 1978). Although clear implications of geophysical response
to petroleum generation induce microfracturing have been addressed
by many authors (Vernik, 1993, 1994; Vernik and Landis, 1996) direct
petrographic observations as well as log-derived petrophysical signa-
tures are less commonly reported. Well logs are particularly important
during field operations (Hart et al., 2013; Passey et al., 2010). Further-
more, petrophysical properties like P-wave velocity (Vp) and resistivity
have beenmorewidely used for inversion and combinationwith seismic
data of the controlled source electromagnetic (Carcione et al., 2007;
Hansen and Mittet 2009; Harris and MacGregor, 2006; Mukerji et al.,
2009).
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Faust (1953) related Vp empirically to the formation resistivity
factor (F) and depth (Z).

Vp ¼ y ZFð Þ
1=6

where y is 2.2888, Vp in km/s, and Z in km. Archie formation factor
(Archie, 1942) is defined as,

F ¼ Rw

Rt

where Rt is the formation resistivity and Rw is the resistivity of formation
water. Archie (1942) concluded that formation factor changes with
porosity in the form of an inverse power equation:

F ¼ ∅−m
:

More recently Hacikoylu et al. (2006) modified the Faust velocity–
resistivity equation to fit unconsolidated sands and clay dominated
rocks. The fabric dependency of both F and Vp can be used to reveal
the formation stiffness. However, the dependency of the formation
factor on the formation resistivity can alternatively provide a similar
interpretation. The advantage of this alternative is the diagnostic power
of Rt for organic rich and/or clay dominated stratigraphic intervals.

In this study, Rock-Eval data measured or adapted from Norwegian
Directorate of Petroleum P and literature (Ritter, 1988; Ritter et al.,
1987), XRD quantitative phase analyses (QPA) of minerals, and petro-
graphic observations, were utilized. Petrographic observations on
selected samples (7 samples) were linked to organic matter richness,
Fig. 1. Main structural elements of the Norwegian sector of the North Sea. The
Basemap adapted from Sørensen and Tangen (1995).
maturity levels and mineralogical composition to explain log-derived
signatures of organic rich shales from the Norwegian–Danish Basin,
Central North Sea.

2. Geological setting and stratigraphic correlation

The Norwegian–Danish Basin has been defined as a WNW–ESE
trending basin (Hospers and Holthe, 1980; Rdnnevik et al., 1975). It is
structurally limited by the Ringkøbing–Fyn High to the south, the
Central Graben and adjacent highs to the southwest and west, the
Horda Platform to the northwest and the Fennoscandian Shield to the
north and northeast. The basin comprises a number of distinct tectonic
sub-units including the Egersund Basin and Åsta Graben (Fig. 1).

Fig. 2 shows the lithostratigraphy of the Middle Jurassic–Lower
Cretaceous in the Norwegian–Danish Basin. The Middle–Late Jurassic in
the Norwegian–Danish Basin was highly affected by the Late Jurassic–
Early Cretaceous rifting phase. During Bajocian–Bathonian extensive
block-faulting and subsidence related to the earliest rifting caused coarse
grained sedimentation; e.g. non-marine Bryne Formation in the
Egersund Basin and Haldager Sand Formation in the Danish Basin
(Husmo et al., 2003;Michelsen et al., 2003). Further transgression during
Callovian led to deposition of clean sand e.g. the Sandnes Formation in
the Egersund Basin (Michelsen et al., 2003; Sørensen and Tangen,
1995; Sørensen et al., 1992). Intensive coupled extension and subsidence
during the Late Jurassic led to deposition of sediments with high organic
content. Particularly during the most significant extension phase in
the Kimmeridgian–Volgian high organic productivity resulted in anoxic
conditions and fine grained organic rich sediments. Silt prone succes-
sions particularly found in the upper part of the Sauda Formation are
location of the studied exploration wells within this area is also shown.



coincident with regressive coarser grained sediments alternating
with transgressive clays (Michelsen et al., 2003). Upper Jurassic in the

2.2. Lithostratigraphy

Fig. 2. Middle Jurassic–Lower Cretaceous lithostratigraphic scheme of the Norwegian–
Danish Basin.
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Norwegian–Danish Basin includes the fine grain dominated Egersund,
Tau and Sauda formations. These formations are geologically linked
with the overlying Flekkefjord Formation, which together comprise the
Bokkenfjord Group. The Bokkenfjord Group is overlain by the Lower Cre-
taceous Cromer Knoll Group which comprises post-rift strata in the
study area.
Fig. 3. Seismic response of the fine grained Upper Jurassic units overlying the coarse g
2.1. Source rocks

The Tau Formation and its equivalents show the highest organic car-
bon richness in the study area and are regarded as the most significant
source rock. Due to its limited thickness in the Egersund Basin, the Tau
Formation likely contributes about 10–15% to the total hydrocarbon
generation (Ritter et al., 1987) in the basin. They argued that the
under- and overlying intervals possibly have had a larger contribution
to the hydrocarbon generation in the Egersund Basin area. The TOC
wt.% increases downwards in the Tau Formation such that on seismic
profiles the highest amplitude is observed at the base (Fig. 3; cf.
Løseth et al., 2011).

The Egersund and Sauda formations are less organic rich than the
Tau Formation. The finer grained lower part of the Sauda shows higher
TOC values than other intervals of the Egersund and Sauda formations.
The Egersund Formation separates the Tau Formation from the Mid-
Jurassic reservoir rocks. The Egersund Formation is therefore regarded
as barrier to the petroleum migration from the Tau Formation toward
the Middle Jurassic reservoir rocks Hermanrud et al. (1990). According
to Hermanrud et al. (1990) the barrier is partly overcome due to sec-
ondary migration through a north–south normal fault which juxtaposes
the Tau and Sandnes formations. The Tau Formation is also the most
important source rock in well 9/11-1 located in the Åsta Graben (NPD,
2014).
The Egersund Basin (i.e. blocks 9/2–9/4) lithostratigraphy is well-
defined compared to the lesser studied Åsta Graben (i.e. blocks 9/8–9/
12). Fig. 4 shows the two transects across selected wells of the study
area. Transect A (Fig. 4a) passes through the Egersund Basin where
characteristic log responses of the Upper Jurassic formations define
the formations tops. In transect B (Fig. 4b) the lithostratigraphy is partly
modified in wells 9/8-1 and 9/11-1 to be in accordance with the charac-
teristic log response in the typewell section of the Sauda andTau forma-
tions (i.e. well 9/4-3): The Sauda Formation is characterized by an
upward increasing Vp and Gamma ray terminated with a relatively
sharp break at the top where it is overlain by the Flekkefjord Formation.
The Tau Formation shows a bell shape Vp trend and in particular for the
gamma ray values. At the base where the Tau Formation is underlain by
the Egersund Formation a sharply increasing Vp is observed. In addition
to log data, directmicroscopic observations from the core slabs show an
apparent high TOC which is more typical of the Tau Formation than the
rained Mid-Jurassic intervals tied with a number of key wells in the study area.
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Sauda Formation which is relatively a lean interval in the type section.
Accordingly, in this study, samples from well 9/11-1 were attributed
to the Tau Formation instead of the reported Sauda Formation.

2.3. Temperature

Kalani et al. (in press) presented a thermal gradient map based on
bottom-whole temperatures reported in the NPD factpages (NPD,
2014). The map shows large local variations in the geothermal gradient
in the area. This is at least partly due to the different exhumation
histories in blocks 9/2 and 9/4. Geothermal characteristics of wells
9/11-1 and 9/8-1 are similar to those of block 9/2. Oil and gas shown
in these wells also suggest thermal maturity of the Jurassic organic
rich sediments. Possibly due to the more marginal setting (cf. Ritter,
1988; Ritter et al., 1987) of these sediments economically high quanti-
ties of hydrocarbons have not been produced (NPD, 2014). Vertical
compensation of log-derived Vp values such that they fit Vp values of
lab measured representative synthetic or natural aggregate mixtures
promises a relatively reliable estimation of exhumation (NPD, 2014).
Using Vp changes of a 50:50 silt–kaolinite aggregate mixture (Mondol,
2009) the maximum exhumations in blocks 9/2 and 9/4 were estimated
to be around 700 and 200 m, respectively (Kalani et al., in press). Using
the same reference curve (Mondol, 2009), the exhumation in wells
9/8-1 and 9/11-1 was estimated to be around 500 m which is in overall
agreement with the literature (Jensen and Michelsen, 1992; Jensen and
Schmidt, 1993). The temperatures were corrected accordingly with re-
gard to the estimated exhumation values and the present day thermal
gradients.

3. Materials and methods

This study is based on description and interpretation of microscopic
and mineralogical analyses carried out on selected samples from
the Egersund Basin and the Åsta Graben in the Central North Sea.
Petrophysical and geochemical data were utilized to establish a
suggested level of kerogen maturity and oil expulsion.

Samples were prepared out of core slabs and cuttings of the most
organic rich lower part of the Sauda Formation and the Tau Formation
collected from the Norwegian Petroleum Directorate (NPD, 2014).
Thin sections were prepared from the core slabs which belong to the
lowermost part of the Sauda Formation in the well 9/11-1 (sample
depth 1894–1900 m below the sea floor, m BSF). The thin sections
were prepared from both normal and parallel to bedding cuts. Epoxy
molded polished thick sections, which may be referred to as thick
sections through the text for simplicity, were prepared out of cuttings
from wells 9/4-5 to 9/2-A-5. To provide both normal and parallel to
bedding cuts, cuttings were mutually fixed in the molding tubes, before
adding the epoxy. Although restoration of the original position of shale
cuttings before they were drilled within the well is not possible, identi-
fication of the direction of the cut thin/thick section with respect to
layering/lamination particularly in shales in which platy clay minerals
tend to deposit and get compacted with a preferred orientation parallel
to bedding is possible. Preparation of thin and polished thick sections
proved difficult and failed in parts of the section due to the softer nature
of the organic matter compared to the non-organic matrix of the
mudrocks. Microscopic analyses included optical and scanning electron
microscopy (SEM). Transmitted and reflected white light optical micros-
copy was done using a Nikon Eclipse, E 400 pol microscope equipped
with a portable monitoring camera. Reflected ultra-violet (UV) fluores-
cence microscopy was done using a Nikon Microphot-SA microscope.

X-ray diffraction (XRD) patterns of both bulk (whole sample) and
orientedmounts of clay fraction (b2 μm)were collected and interpreted

Fig. 4. Lithostratigraphic correlation through a number of wells. a) Transect A passes throug
9/8-1 and 9/11-1 was modified according to the log response.
following a partly modified standard procedure developed by the US
Geological Survey (Poppe et al., 2001). Oriented clay aggregates were
prepared in the forms of Mg saturated air dried samples which were
subsequently treated with ethylene glycol, heating to 400 °C and
heating to 550 °C as suggested by Poppe et al. (2001).

XRD mineralogy quantifications were done using the BGMN soft-
ware (Bergmann et al., 1998). With the BGMN approaches, smectite
quantification (Ufer et al., 2008) is based on a supercell fitting of the
turbostratic disorder related asymmetric peaks of smectite (Ufer et al.,
2004). I/S structures are based on a Rietveld refinements of simulated
patterns of non-basal (hk) reflections of illites with different degrees
of disorder and a model describing rotational disorder (n · 120° and
n · 60° rotations) (Ufer et al., 2012). I/S structure files were provided
by the developer (Ufer, personal communication). Other structure files
were available directly from the BGMN setup package and/or the
BGMN website (Bergmann et al., 2014).

Petrophysical analyses include interpretation of conventional well
log data of 13 wells from the Egersund Basin: 6 wells from block 9/2, 5
wells from block 9/4 and one well each from blocks 9/8 to 9/11. The
petrophysical analyses in this study were performed on the organic
rich fine grained dominated successions of the Upper Jurassic intervals
(Egersund, Tau and Sauda formations). Volume of shale (Vsh) was esti-
mated using the Gamma ray index (IGR) corrected after (Larionov,
1969) for Tertiary and pre-Tertiary stratigraphic intervals.

Geochemical data including Rock-Eval pyrolysis and TOC wt.% data
were mainly adapted from the NPD factpages (NPD, 2014) and partly
from Ritter et al. (1987). Rock-Eval and TOC wt.% data were available
for one sample (i.e. sample from well 9/4-5) out of seven samples
which were petrographically analyzed. For six remaining samples,
geochemical analyses including Rock-Eval pyrolysis and TOC wt.%
were carried out at Applied PetroleumTechnologyAS (apt) laboratories.
Rock-Eval pyrolysis measurements were conducted using a Rock-Eval 6
instrument. For pyrolysis, the ovenwas held initially at 300 °C for 3min,
and ramped from 300 to 650 °C at a rate of 25 °C min−1. TOC wt.% was
measured using a Leco SC-632 instrument. For intervals with no TOC
data TOC % was calculated based on the Δ log R approach of Passey
et al. (1990). The method is in principle based on separation of forma-
tion resistivity and sonic transit time logs.

4. Results
4.1. Rock-Eval pyrolysis

Table 1 lists the Rock-Eval data measured in this study or adapted
from the literature (Ritter et al. (1987) and NPD factpages (NPD,
2014)). Fig. 5a and b shows the hydrogen index (HI) as a function
of the oxygen index (cf. Espitalié et al., 1977; Peters, 1986) and Tmax

(cf. Mukhopadhyay et al., 1995), respectively. The Tau Formation
shows the overall higher HI values (~ HI N 300 mg/g TOC vs.
HI b 220 mg/g TOC) compared to the Sauda and Egersund formations.
However, relatively higher HI values in the Egersund Formation
(e.g. in well 9/2-3) and lower HI values in the Tau Formation (e.g. in
wells 9/2-1 and 9/2-2) were also observed. Tmax shows a range between
400 and 445 °C (Roeqv of 0.04–0.85%) with most of the data points
between 420 and 440 °C (Roeqv of 0.4–0.76%). Tmax of the Tau and
Egersund formations is relatively higher (i.e. ~≥430 °C, Roeqv of
0.58%) compared to those of the Sauda Formation. Fig. 5c shows S2
versus TOC (wt.%) (cf. Langford and Blanc-Valleron, 1990; Passey
et al., 1990). Lower S2 values are in accordance with lower organic
contents in the Sauda Formation. The Egersund and particularly the
Tau Formation show higher S2 and TOC values.

e Egersund Basin, b) transect B passes through the Åsta Graben. Lithostratigraphy in wells



Table 1
Rock-Eval pyrolysis data, measured in this study (wells 9/2-A-5, 9/11-1) and adapted from Ritter et al. (1987) (well 9/4-4) and NPD (other wells).

Fm Upper depth BSF (m) Lower depth BSF (m) S1 (mg/g) S2 (mg/g) S3 (mg/g) HI (mg HC/g TOC) OI (mg CO2/g TOC) Tmax (°C) TOCa (%)a Ro (%)

9/2-A-5
Tau 3008 42.08 34.27 1.62 350 17 431 9.78

3028 44.58 28.78 1.1 369 14 432 7.81

9/11-1
Tau 1894.6 0.6 4.66 0.73 222 35 431 2.1

1895.8 0.29 6.1 0.81 231 31 430 2.64
1896.4 3.25 24.27 3.02 424 53 333 5.73
1897.6 0.35 6.68 0.99 242 36 429 2.76

9/2-1 (NPD)
Sauda 2435 0.15 1.11 0.98 121 107 426 0.92

2453 0.11 1.25 0.39 133 41 430 0.94
2471 0.14 1.17 0.42 136 49 431 0.86
2489 0.32 1.36 0.23 148 25 427 0.92 0.4
2516 0.15 1.04 0.21 127 26 429 0.82
2534 0.17 1.57 0.16 162 16 429 0.97
2561 0.2 1.44 0.18 157 20 429 0.92
2588 0.17 0.95 0.42 125 55 428 0.76
2624 0.12 0.96 0.19 119 23 427 0.81 0.42
2660 0.14 1.12 0.18 149 24 424 0.75
2669 0.1 1 0.61 114 69 428 0.88
2696 0.18 0.96 0.16 126 21 427 0.76
2723 0.11 0.86 0.18 126 26 426 0.68 0.44
2741 0.11 0.62 0.13 102 21 424 0.61
2759 0.14 0.7 0.15 92 20 427 0.76
2777 0.05 0.41 0.27 68 45 422 0.6
2804 0.1 0.68 0.16 103 24 429 0.66
2822 0.11 0.82 0.18 117 26 429 0.7 0.46
2840 0.17 1.17 0.5 148 63 433 0.79

Tau 2867 0.17 1.43 0.21 163 24 432 0.88
2876 0.8 9.7 0.41 396 17 430 2.45
2885 0.85 13.57 0.38 443 12 432 3.06
2894 1.57 22.84 0.45 531 10 430 4.3
2903 1.17 17.7 0.48 562 15 431 3.15
2912 1.4 19.61 0.59 494 15 431 3.97
2921 1.02 14.46 0.34 455 11 432 3.18 0.46
2930 0.62 6.21 0.23 300 11 440 2.07
2948 0.18 1.78 0.21 173 20 442 1.03
2957 0.18 1.72 0.15 143 13 439 1.2
2966 0.17 1.63 0.14 141 12 443 1.16

Egersund 2984 0.13 2.11 0.36 188 32 441 1.12 0.5
2987 0.16 2.05 0.05 178 4 439 1.15
2989 0.13 1 0.05 108 5 435 0.93
2989.75 0.17 1.79 0.21 158 19 436 1.13
2995 0.18 2.13 0.13 213 13 441 1 0.49
3002 0.2 1.73 0.38 148 32 443 1.17
3020 0.2 1.81 0.45 150 37 442 1.21
3046.3 4.9 1.4 0.06 212 9 411 0.66

9/2-2 (NPD)
Tau 2836 1.35 14.42 0.55 358 14 433 4.03 0.58

2856 2.72 23.15 0.64 332 9 429 6.97
2859 4 37.1 0.7 567 11 430 6.54
2864 3.6 29.81 1.05 369 13 434 8.07
2866 0.42 4.67 1.44 72 22 426 6.46
2874 2.17 21.77 0.68 375 12 432 5.81 0.55
2889 1.33 15.52 0.64 363 15 434 4.27
2894 1 5.38 0.38 206 15 437 2.61
2904 0.65 5.18 0.59 202 23 439 2.57
2924 0.4 3.05 0.65 187 40 436 1.63 0.61
2931 0.32 1.26 0.33 81 21 438 1.56
2939 0.27 1.99 0.36 111 20 440 1.79 0.53

Egersund 2954 0.19 1.75 0.14 97 8 440 1.8 0.61
2963 0.3 2.95 0.24 88 7 439 3.36

9/2-3 (NPD)
Sauda 2956 0.2 1.2 435 0.58

2976 0.4 3 436 0.62
2986 0.8 5.8 434

Tau 2996 1.6 13.5 411 433 3.3 0.72
3001 4.6 32.6 525 431 6.2
3004 4.7 33.1 531 435 6.2
3011 5.1 41 619 435 6.6 0.58
3014 5.5 34.1 499 438 6.8
3016 6.9 46.2 596 437 7.8
3018 4.7 21.3 401 431 5.3
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4.2. Thermal maturity indicators Furthermore, the level of organic metamorphism (LOM; Hood et al.,
1975) was adapted to provide a single continuous numerical scheme to

Table 1 (continued)

Fm Upper depth BSF (m) Lower depth BSF (m) S1 (mg/g) S2 (mg/g) S3 (mg/g) HI (mg HC/g TOC) OI (mg CO2/g TOC) Tmax (°C) TOCa (%)a Ro (%)

3021 6.7 41.8 594 436 7
3025 10.7 59.9 628 436 9.5
3026 8.9 46.4 609 437 7.6 0.71
3031 8.2 42.3 583 435 7.3
3035 5 26.6 410 437 6.5
3036 6 33 508 436 6.5
3039 14.3 91.3 697 442 13.1
3041 8.6 53 628 436 8.4
3046 6.3 37.4 577 433 6.5
3051 5.6 44.7 614 436 7.3
3056 4 30.4 535 437 5.7
3061 3 23.9 501 433 4.8
3066 1.7 15.3 412 438 3.7
3071 2 18.7 484 435 3.9
3076 1.9 16.2 427 435 3.8

Egersund 3081 2.1 17.8 433 433 4.1
3086 1.3 11.1 361 435 3.1
3091 2.4 11.3 352 436 3.2
3096 1.3 8.1 306 436 2.6 0.67
3101 1.1 6.3 266 436 2.4
3106 1.2 7.3 305 436 2.4

9/4-1 (NPD)
Sauda 1957 1976 1.404 72 72 427 1.95 0.55

1997 2015 58 1.21
2058 2076 59 1.7

Tau Fm 2119 2137 19.2372 276 37 431 6.97
2140 2159 15.0396 249 47 404 6.04

Egersund 2162 2177 6.3648 153 74 418 4.16 0.52
2180 2198 9.1256 187 32 412 4.88

9/4-4 (Ritter et al., 1987)
Sauda 25b 2.4 168.1 1.4

24 2.5 168.3 1.5
23 3.6 187.9 1.9
22 4.8 188.2 2.5

Tau 21 21.7 743.3 2.9
20 22.6 743.5 3.0
19 28.9 659.9 4.4
18 16.6 389.2 4.3
17 16.8 389.4 4.3
16 13.8 421.9 3.3

Egersund 15 15.7 428.6 3.7
14 8.1 280.5 2.9
13 7.4 280.7 2.6
12 10.6 448.7 2.4

9/4-5 (NPD)
Tau 2461 2488 10.16 40.43 0.99 460 11 425 8.78 0.49

2488 2516 7.94 25.8 0.57 422 9 423 6.12 0.45
2516 2543 6.79 3.94 0.6 167 25 434 2.36 0.52

a TOC of wells 9/2-A-5 and 9/11-1 which were measured in this study was obtained from Leco.
b Numbers represent intervals. Each interval equals 10 m.
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A number of thermal maturity indicators including vitrinite reflec-
tance, Rock-Eval derived Tmax, and thermal alteration index (TAI)
were utilized in this study. Table 2 shows the correspondence between
the different thermal maturity indicators. Tmax conversion to vitrinite
reflectance equivalent (Roeqv)was carried out using following equation
proposed by Jarvie et al. (2001):

Roeqv ¼ 0:0180ð Þ Tmaxð Þ–7:16:

The equation gives reasonable results for many of type II and type II
kerogen and average maturities (Peters et al., 2005) which as described
belowmatch the ranges of the kerogen of this study. According to theHI
versus Tmax cross plot (Fig. 5b) kerogen from the Tau and Egersund
formations is within a narrow zone of early maturity regardless of the
kerogen types.
describe thermal maturity with regard to oil generation related
microfracturing (cf. Vernik and Landis, 1996). In this study the Rock-
Eval S2 values versus TOC cross-plot relationships (Passey et al., 1990)
are used to estimate the LOM. Data from the Tau and Egersund forma-
tions plot in the zones with LOMs around or greater than 7 although
LOMs as low as 4 are also inferred. This is in general agreement with
the HI versus Tmax cross plot (Fig. 5b).

4.3. XRD mineralogy

Subtle clay mineralogical changes can cause substantial changes in
rock physical properties (Marcussen et al., 2009). The claymineralogical
composition controls post-depositional alterations of the rock including
compaction (Marcussen et al., 2009; Peltonen et al., 2008) and/or over-
pressure (Mondol et al., 2008b) which can notably change the physical
properties of the rock. Fig. 6 shows the mineralogical composition of



selected samples from six different wells. Mineralogical composition
found in the different formations studied in different wells is summa-

and k-feldspar except for the disappearance of smectite in the middle
of the formation. At the same level a distinct increase in I/S is seen.

Fig. 5. Rock-Eval pyrolysis and TOC data for a number of wells in the study area. Plots are in general agreement with each other and suggest early stages of hydrocarbon generation.

50 M. Kalani et al. / International Journal of Coal Geology 143 (2015) 43–67
rized below (also see Table 3 for detailed mineralogical composition).

4.3.1. Sauda Formation

In the EgersundBasin, the Sauda Formation is themost smectite rich.
In well 9/2-1 smectite content shows an overall increasing trend with
maximum close to the top of the Sauda Formation and minimum close
to the base. A general increase in I/S content with increasing depth is
also observed. K-feldspars are also increasing upwards in the Sauda
Formation. Quartz content is on average somewhat higher toward the
top of the formation but no definite trend can be delineated. Chlorites
are less notable and usually less than 3% of the bulk mineralogy (except
well 9/4-3 of which data were adapted from the NPD factpages and
hence not directly comparable). In the middle part of the Sauda Forma-
tion carbonates increase although the amount of total carbonates is
generally low. Pyrite content follows no special trend.

In well 9/2-2 the variability in kaolinite is the most striking feature.
Most other mineral contents appear to be quite stable albeit scaled by
the kaolinite variability. The Sauda Formation in well 9/4-5 is similar
to the Sauda Formation in well 9/2-1 with respect to smectite, quartz

Table 2
Correspondence of thermal maturity indicators used in this study.
TAI
1.5 2.3 2.5 2.7 2.8 3.0 3.5 3.6 3.7

Ro
0.2 0.4 0.5 0.75 0.8 1 1.5 1.7 2

Tmax
a

409 420 426 439 442 453 481 492 509

LOM
0.0 5.5 7.2 9.5 10.0 10.8 12.0 12.6 13.2

a Calculated from equation 1, proposed by Jarvie et al. (2001)
Kaolinite variability in well 9/4-5 is less pronounced than in well 9/2-2
except for one sample. An overall increase in I/S, chlorite and carbonates
is seen with increasing depth.

In well 9/4-3 trends are similar to those observed in the other wells
particularly with respect to the nearby 9/4-5 well. However due to the
different measurements and quantification approaches (i.e. a semi-
quantitative approach based on intensity of selected peaks), themineral
quantities differ somewhat.

4.3.2. Tau Formation
Fewer samples were available from the Tau Formation compared to

the Sauda Formation in this study. Smectite is found in three out of four
samples in the 9/2-1 well being absent in the deepest sample taken
from 2960 m BSF. Most minerals like quartz and albite show minor
changes in amounts only. No trend is seen in the I/S content. Muscovite
is distinctly lower in the sample taken near the base of the Tau Forma-
tion compared to higher up in the formation. Kaolinite shows a steady
increase with increasing depth. Similar trends were observed as in the
9/2-1well inwell 9/4-3 (Fig. 6, Table 3). No sample from the Tau Forma-
tion was available from well 9/2-2 in this study.

In well 9/11-1, samples from the Tau Formation (note the modified
lithostratigraphy) showed high amounts of smectite and relatively
low amounts of kaolinite. The smectite content comprises more than
20% of the bulk mineralogy in the analyzed samples. Quartz content is
somewhat variable. The amount of chlorite is notably higher than in
the EgersundBasin but chlorite is still aminor phase. The otherminerals
are found in quantities similar to the amounts found in the samples
from the Egersund Basin.

4.3.3. Egersund Formation
No samples from the Egersund Formation were available in this

study from wells 9/2-2, 9/4-5 and 9/11-1. No smectite was detected in
the Egersund Formation inwell 9/2-1. The formation is totally dominated



by I/S and kaolinite. About equal amounts of I/S and kaolinite are found in
the top samples while the lowermost sample is totally dominated by

microscope couldwell characterize the internal fabric of such laminated
organic rich aggregates. Due to the stiffer nature of the clay minerals

Fig. 6. Mineralogical composition of selected samples in selected wells.
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kaolinite. All other minerals except quartz were found in relatively
small amounts. Smectite is reported in two samples from the Egersund
Formationwell 9/4-3 (NPD, 2014). Similar trends in claymineral changes
as in well 9/2-1 are seen in well 9/4-3. In addition higher carbonate
content is recorded.

4.4. Petrography

4.4.1. Kerogen occurrence in the source rocks
The appearance of the organic matter observed in the thin and thick

sections can be divided into two distinct textures: 1) relatively dense
lenticular and/or laminated and 2) patchy aggregates distributed rather
randomly in the matrix of the studied source rocks.

4.4.1.1. Lenticular to laminated organic matter. This texture was particu-
larly developed in the samples obtained from well 9/11-1 core slabs.
Normal to bedding may comprise millimeter scale laminations of
kerogen. At their terminations, the laminations are narrower which
give a lenticular shape to the organic matter. The laminar/lenticular
kerogen aggregates were observed both in SEM and optical microscopy.
The dark blue to golden colors seen in the UV fluorescence light
compared to the organic matter found in between the clay minerals
sample preparation often removed these particles (Fig. 7). Parallel to
bedding the organic matter was often found as relatively laterally
extensive.

4.4.1.2. Patchy aggregates. Inmost of the studied samples, organicmatter
was found as aggregates in between rock forming minerals/fragments.
Normal to the bedding many black kerogen particles were found
in the inter-particle porosity of the rock (Fig. 8a-c). Organic matter
occurring between the particles likely could facilitate preferred orienta-
tion of rock forming minerals/fragments particularly clay minerals
(cf. Kanitpanyacharoen et al., 2012). Parallel to bedding larger
aggregates occur as patches or bands of limited sizes (Fig. 8d, e) in
which allochems/allochtems could be found as floating particles.

4.4.2. Microfractures
Microfractures are observed both normal and parallel to bedding.

Microfractures may occur as organic filled or those not filled with the
organic matter. Organic matter filled microfractures will be addressed
in details. A number of microfractures, however, were not filled with
organic matter. These microfractures occur both normal and parallel



to bedding. On the mounted sample which was not impregnated with
epoxy, they were evident as open fractures (Fig. 8c). The polished
thick and thin sections were impregnated with epoxy and thus this

developments they were categorized as secondary microfractures in
this paper.

A more significant fracture category observed in this study were

Table 3
Mineralogical composition of selected samples in selected wells of the study area.

FM Depth (m-BSF) Smec K-Fld Qtz I/S Kaol Chol Mus Alb Calc Dol + Ank Sid Py

9/2-1
Sauda Fm 2441 14.7 3.6 13.6 25.3 33.7 0.2 2.9 2.7 0.6 1.7 0.6 0.4

2483 10.3 5.8 16.2 25.7 30.5 0.2 2.3 1.8 3.1 3.0 1.0 0.1
2537 18.5 5.7 20.3 25.7 15.6 0.2 3.4 5.3 0.5 3.6 0.8 0.4
2585 10.6 3.2 14.6 16.8 42.2 0.1 5.6 3.5 0.9 1.7 0.4 0.4
2612 9.2 4.6 17.1 27.1 24.8 0.6 5.5 3.4 3.1 3.6 0.5 0.4
2654 10.7 4.8 17.0 25.8 15.9 2.7 4.7 5.3 1.4 4.2 6.6 0.9
2663 5.7 4.8 17.2 26.5 20.7 1.3 5.3 5.4 2.1 4.4 5.7 0.8
2687 6.7 3.8 15.5 31.6 27.9 1.1 4.6 3.3 1.8 2.7 0.6 0.5
2771 7.0 1.4 11.1 36.1 28.0 2.6 4.0 3.7 1.7 3.6 0.6 0.2
2783 5.4 1.6 12.6 36.3 27.9 1.6 4.8 2.9 1.5 4.2 0.8 0.3
2837 5.9 0.7 10.7 25.0 42.9 1.5 4.5 3.0 0.8 4.1 0.8 0.3

Tau Fm 2873 8.6 3.1 14.5 36.0 22.6 0.7 5.8 2.6 1.4 3.1 0.7 0.9
2903 10.5 3.4 10.2 32.9 27.9 0.8 5.3 2.1 2.8 2.5 0.6 0.8
2933 14.1 3.7 11.2 21.4 34.7 1.4 6.0 1.8 2.0 3.0 0.4 0.4
2963 0.0 3.2 9.9 29.9 46.8 1.3 2.1 2.2 0.7 2.4 0.8 0.6

Egersund Fm 2972 0.0 3.0 10.6 38.8 34.0 1.4 3.6 2.6 1.4 3.7 0.9 0.0
3005 0.0 3.9 11.5 35.0 35.0 1.1 2.4 2.3 3.1 4.3 0.8 0.5
3020 0.0 2.1 9.5 17.1 62.7 0.7 2.8 2.3 0.9 0.7 0.8 0.4

9/2-2
Sauda Fm 2342 11.5 3.2 16.2 20.9 33.1 2.6 6.7 1.8 1.1 1.2 0.9 0.9

2369 15.8 2.5 12.0 12.9 45.6 2.3 4.7 1.1 1.1 0.9 0.6 0.6
2414 14.6 3.2 15.5 18.4 31.2 2.2 7.2 2.1 1.8 2.5 0.4 0.9
2447 9.1 2.9 10.9 15.6 47.8 1.7 3.8 0.8 1.8 1.5 3.1 0.9
2474 12.9 3.0 17.9 15.2 36.4 2.0 6.0 2.5 0.7 2.2 0.5 0.7
2510 4.3 2.7 14.1 15.6 50.8 1.2 2.2 2.8 3.0 2.1 0.3 0.9
2549 15.1 3.9 18.3 18.7 27.3 2.4 6.6 2.8 1.4 2.5 0.3 0.8
2585 18.8 3.4 22.5 24.0 10.0 1.1 8.6 3.8 1.9 3.5 0.7 1.8
2624 12.1 3.6 16.9 18.4 30.5 2.3 6.8 2.3 2.9 2.2 0.4 1.8
2651 10.9 3.8 20.0 19.1 25.4 2.5 7.2 3.0 3.5 3.1 0.6 0.8

9/4-5
Sauda Fm 2287 14.9 2.7 21.8 18.2 21.6 2.1 9.0 4.3 0.5 3.9 0.6 0.3

2323 9.8 5.1 16.8 22.9 26.4 2.1 7.1 4.2 1.7 2.9 0.7 0.3
2351 7.6 2.8 12.4 10.7 54.6 2.0 4.4 2.0 1.0 2.1 0.3 0.1
2397 0.0 3.5 13.1 27.5 37.5 3.0 5.8 3.6 2.2 2.8 0.8 0.2
2433 0.0 4.7 13.7 33.6 24.4 2.9 7.9 4.8 1.9 2.7 2.7 0.7
2473 8.2 3.5 9.8 26.7 33.3 1.3 6.1 2.6 3.2 3.6 1.0 0.6

Tau Fm 2516 13.5 2.9 11.5 26.3 32.3 1.0 5.0 2.1 3.4 0.4 0.4 1.3

9/11-1
Tau Fm 1894.6 20.0 4.9 24.3 17.8 16.8 3.2 4.8 3.9 0.0 2.9 0.0 1.4

1895.8 20.5 2.4 19.4 20.2 10.8 8.7 10.9 3.2 0.0 2.9 0.0 1.1
1896.4 20.7 3.7 26.8 19.6 10.0 5.1 4.7 4.3 0.0 3.6 0.0 1.3
1897.6 22.3 2.8 15.2 21.1 24.1 2.1 4.7 2.3 1.8 2.3 0.0 1.3

9/2-A-5
Tau Fm 3008 15.9 4.0 13.6 15.8 35.5 1.4 7.8 1.4 1.7 1.0 0.4 1.5

3028 8.1 2.6 10.1 13.0 54.9 1.8 3.5 0.5 2.4 1.1 0.8 1.1

Depth (m-BSF) Smec Qtz I/S + Mus Kaol Chol Alb Calc Dol + Ank Sid Py

9/4-3 (NPD)
Sauda Fm 2162 16.5 30.7 20.9 11.1 3.7 2.5 2.8 3.2 0.0 6.5

2186 16.1 25.0 24.1 17.5 3.7 2.4 3.1 0.0 0.0 6.2
2219 14.3 25.5 27.3 14.9 4.2 2.4 2.9 1.9 0.0 6.0
2247 7.4 28.8 34.6 10.9 3.7 2.4 1.9 3.2 1.4 3.5
2278 10.0 30.5 34.0 10.5 4.6 2.0 2.7 2.8 0.0 2.5
2296 8.2 26.6 36.4 12.7 4.1 2.4 2.8 2.8 1.7 2.4

Tau Fm 2314 0.0 22.0 40.4 16.5 5.3 2.1 6.8 2.4 0.0 4.8
2330 0.1 17.4 37.5 23.1 3.8 0.0 6.1 2.6 2.8 6.6

Egersund Fm 2342 7.3 16.7 36.9 16.1 4.4 0.0 3.6 3.0 1.5 10.4
2360 0.0 22.3 29.1 26.9 3.1 0.0 4.1 0.2 11.4 2.9
2388 6.2 20.2 22.2 9.6 2.8 0.0 5.2 0.0 30.8 2.9
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fracture type could be characterized by the Cl peak from the epoxy
when examined by EDS (Fig. 9). Such microfractures can be related to
the unloading during drilling or sample preparation and are particularly
developed in cutting samples. Regardless of the mechanisms of their
microfractures filled with organic matter. Organic filled suggested that
microfractures are foundbothnormal andparallel to bedding. Theorganic
matter within the fractures illuminates under UV fluorescence light and
can be readily differentiated from secondary microfractures due to the



differentUVfluorescence illuminations. In the caseswhere epoxy invaded 1—moderatemicrofracturing, 2— Strongmicrofracturing, and 3— inten-

Fig. 7. a) UV fluorescence light micrographs showing organic matter occurring in a relatively condensed laminar/lenticular fabric. b and c) Organic matters in the laminations are found in
between delicate clay flakes.
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the margins of organic filled microfractures, differentiation was challeng-
ing. However, different UV fluorescence illuminations at the margins
compared to the center of microfractures facilitate a differentiation.
Similarly under SEM, the different EDS responses at the margins
(with Cl peak) compared to the center of the microfractures (with-
out a Cl peak) were used to differentiate the primary microfractures
filled with organic matter from secondary microfractures. The
microfractures filled with organic matter observed in this study
show apparent both horizontal/sub-horizontal components and
vertical/sub-vertical components.

Thepetrographic analyses showed (Figs. 10–14) thatmoveable organ-
ic matter was found both normal and parallel to bedding. Fig. 15 concep-
tually illustrates the relationships between horizontal and vertical
components of microfractures. Horizontal/sub-horizontal component of
microfractures includes cross-cutting pairs of microfractures which are
generally more readily detectable using optical and scanning electron
microcopy techniques. Vertical component, however, is generally less de-
veloped. In order to characterize the development of the features contain-
ing the suggested migrated organic matter (petroleum) these features
(microfractures, etc.) were categorized into 3 groups based on intensity:
Fig. 8. Back-scattered SEM images of the patchy kerogen fabric in the sample obtained from wel
examples of patchy kerogen fabric parallel to bedding see Fig. 10.
sive microfracturing.

4.4.2.1. Moderate microfracturing is the class of microfracturing with
notable parallel/sub-parallel to bedding components. These are either
relatively long individual or arrays of relatively short oriented
microfractures (Fig. 10). The short oriented microfractures may be
interconnected through microfractures possibly too small to be
detectable by conventional back scattering SEM analyses. Parallel to bed-
ding, microfractures are found in cross-cutting parallel pairs. Each
microfracture or microfracture array cut the other at an angle of 60–90
(Fig. 10). It is speculated thatmost likely a normal to bedding short ver-
tical microfracture component may exist. The use of cutting samples
and the inherent difficulties preparing microscopic sections from such
samples complicates this interpretation.

4.4.2.2. Strong microfracturing. Microfracturing with regular parallel
pairs of horizontal components (Fig. 11a, c, e, f) and fairly detectable ver-
tical components (Fig. 11b, d, g) was classified as strong microfracturing.
Parallel to beddingmicrofracture iswell developed in all samples. Similar
to those mentioned earlier (moderate microfractures) they were found
oriented in two prominent directions which cross cut each other.
l 9/4-5 (2516m BSF). a, b, and c) Normal to bedding, d and e) parallel to bedding. For more



However, in this case fracture is rather long (hundreds of μm) and
cross cuts each other at a relatively sharper angle (around 30°).

bedding (Figs. 11c, d and 12). Such long vertical components of
microfractures should be treated cautiously; particularly due to the

Fig. 9. Back-scattered SEM image of an example of secondary fracture filled with epoxy during sample preparation with a characterizing Cl EDS peak (Spectrum 1). Spectrum 2: detrital
quartz grain, Spectrum 3: smectite rich I/S (quantified in this study as smectite).
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Parallel to bedding minor variations were observed with regard to
the intensity of microfracturing. More developed horizontal compo-
nents of microfractures were also coexistent with more developed
vertical components as well.

Such fractures were particularly observed in samples from well 9/11-
1. Organic matter in these samples is found in a lenticular/laminated fab-
ric. Such a fabric could possibly contribute to the development of
microfracture with longer vertical components which could even inter-
connect the organic matter (Fig. 11d, g). Despite relatively short intervals
between the samples and comparable Rock-Eval and TOC values, they
show obvious differences with regard to microfracturing. In samples
1895.8 and 1897.6, well developed cross-cutting pairs of horizontal com-
ponents of microfractures were observed (Fig. 11c, f) whereas in sample
1894.6 and particularly sample 1895.8 m BSF, microfractures are less de-
veloped parallel/sub-parallel to bedding (Fig. 11a, e). Similarly, normal to
bedding vertical components of microfractures were best developed in
samples 1895.8 and 1897.6 m BSF (Fig. 11d, g).

4.4.2.3. Intensive microfracturing. Parallel to bedding, microfractures
were developed similar to those observed in the previous section.
Commonly they comprise pairs of microfractures which cut each other
at an angle of 30° (Fig. 11a, b) although individual microfractures
were also observed (Fig. 11a). However, in this case more developed
vertical components of microfractures were observed normal to
cutting nature of the samples to avoid over-interpretation of possibly
secondary sample preparation related microfractures (note the differ-
ent microfractures in Fig. 11c). Impregnation of the samples in vacuum
may partly contribute to the development of microfractures. However
petrographic evidences observed in this study suggest that these
vertical microfractures are primary. They are very narrow and irregular.
Furthermore, under UV fluorescence light it is obvious that they pass
through illuminating kerogen particles.

5. Discussion

5.1. Factors controlling microfracturing

Results show that different factors may control hydrocarbon gener-
ation induced microfracturing.

5.1.1. Tectonic setting
Tectonic setting controls the local tectonic stresses which can

notably contribute to microfracturing, particularly the development of
a vertical component. In practice, in extensional tectonic regimes
where vertical stress is up to 40% higher than horizontal stress the
vertical effective stress is expected to have the greatest impact on the
microfracturing which can hardly overcome by less important factors.



In otherwordswe acknowledge the enormous effect of vertical effective
stress on the microfracturing in extensional tectonic regimes. Clear

personal communication). The overpressure generated locally around
maturing organic components within the source rock will be a function

Fig. 10. Back-scattered SEM images showing patchy kerogen fabric and moderate microfracturing parallel to bedding in the sample obtained from well 9/4-5. Note that microfractures
widely tend to occur as long oriented or arrays of short oriented ones. The orientations of microfractures are highlighted with black arrows. The individual or arrays of microfractures
cut each other at an angle of 60–90°. a) Bird-eye viewmicrofractures, b) zoomed in viewof individual long oriented microfractures shown in (a), c) zoomed in view of (a), showing arrays
of short oriented microfractures cut each other at an angle of ~90°, d) zoomed in view of individual long microfracture shown in (b), e) arrays of short oriented microfractures cut each
other at an angle of ~60°, f) zoomed in view of (e).
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petrographic evidences of the development of vertical component of
microfracturing particularly in well 9/11-1 where core slabs exist sup-
port the hypothesis that hydrocarbon induced microfracturing should
have a vertical component even if in some cases they might be too
small to be detectable in a micrometer-scale (i.e. possibly nano-scale
petrographic implications). In addition to this work, vertical hydrocar-
bon generation induced fracturing was addressed by a few researchers
(e.g. Littke et al., 1988; Sonnenberg et al., 2011 and references therein).

5.1.2. Organic carbon content and maturity
Microfractures filled with organic matter may indicate petroleum

generation induced microfracturing (Jahren et al., 2013; Lash and
Engelder, 2005; Leythaeuser et al., 1988; Littke et al., 1988). It is widely
accepted that increasing TOC increases the hydrocarbon generation
potential of the source rock. The conversion of “solid” kerogen to
bitumen/oil, and subsequent lower density of the product results in an
~30% volume increase over the kerogen volume. Higher TOC will result
in a larger net expansion of rock + fluid, with maturation (Passey,
of overall mudstone permeability. In addition to the percent organic car-
bon per unit rock mass, the quality of the organic carbon, usually
expressed in the terms of HI and S2, is a main factor that controls
the potential mass of generated oil (e.g. Palciauskas, 1991;
Schwarzkopf, 1992). Adapted Rock-Eval pyrolysis data (Fig. 5a,
b) suggests that the Sauda Formation in the Egersund Basin com-
prises type III kerogen (gas prone). The Egersund Formations com-
prise both kerogen types II (oil prone) and III.

The Tau Formation shows the highest diversity with regard to the HI
values (Table 1). However, with respect to kerogen types according to
the HI values (Peters, 1986) it involves type II (oil prone) to type III
(gas prone) kerogen (Fig. 5b, c). Nevertheless, it is possible that due to
early CO2 generation, the oxygen index is reduced and so on the HI vs.
OI plot, type II kerogen may move over into the type I kerogen line
(Passey, personal communication). Higher TOC and the type of kerogen
found in the Tau Formation make this formation more susceptible to
hydrocarbon generation (cf. Hermanrud et al., 1990; Ritter, 1988;
Ritter et al., 1987) and consequently microfracturing than the other



formations in the study area. Among wells for which Rock-Eval pyroly-
sis data exists well 9/2-3 shows higher TOC and HI values compared to
wells 9/2-1 and 9/2-2. Furthermore, the Tau Formation shows different

In well 9/2-A-5 samples from 3008 to 3028 m BSF show high TOC
contents of 9.8 and 7.8 wt.% of type II kerogen, respectively. High
TOC (wt.%) could possible play a critical role particularly in the

Fig. 11. Examples of strongmicrofracturing in the sample obtained fromwell 9/11-1. A condensed lenticular/laminar fabric could possibly contribute to the development of organicmatter
interconnecting vertical components of microfractures. a) Back-scattered SEM image parallel to bedding showing a pair of cross-cutting microfractures in sample 1894.6 m BSF, b) back-
scattered SEM image normal to bedding showing short verticalmicrofractures in sample 1894.6mBSF, c) UVfluorescence lightmicrograph parallel to bedding showingmicrofractures cut
each other at angle of ~40° in sample 1895.8 m BSF, d) UV fluorescence light micrograph normal to bedding showing short vertical microfractures interconnecting laminated organic
matter in sample 1895.8 m BSF, e) back-scattered SEM image parallel to bedding showing pairs of microfractures cut each other at angle of ~30° in sample 1896.4 m BSF, f) back-scattered
SEM image parallel to bedding showing pair of cross-cuttingmicrofractures in sample 1897.6mBSF, g) back-scattered SEM image normal to bedding showing short verticalmicrofractures
in sample 1897.6 m BSF.
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kerogen types at different levels. In well 9/4-5 the interval from
which polished thick sections and mounted sample were made shows
2.36 wt.% TOC of type III kerogen.
developments of vertical component of microfractures. Samples
from well 9/11-1 show type II/III kerogen (Fig. 5) which is in agree-
ment with shallower depositional setting in this well compared to



wells in blocks 9/4 and particularly 9/2 (cf. Creaney and Passey,
1993). TOC in samples of well 9/11-1 ranges 2.1–5.7 wt.%. The

facilitated by maturation induced pressure build up within the source
rock (cf. Mann, 1990). Primary migration of hydrocarbons using the

Fig. 12.UVfluorescence lightmicrographs of intensivemicrofracturing in sample 3008 obtained fromwell 9/2-A-5 (3008mBSF). a) Oriented pair and individual microfractures parallel to
bedding. b) Pairs of relatively long oriented microfractures parallel to bedding. c) Relatively long vertical component of microfractures normal to bedding. Note the green arrows which
highlight a likely secondarymicrofracture. d) A developed network ofmicrofractures normal to bedding:where organicmatter lamination is close enoughand fracturing is intense enough
that microfractures can interconnect the organic matter and/or oil rich lamination.
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highest TOC wt.% is found in sample 1986 m BSF where relatively
lower level of microfracturing was developed. This shows that
higher TOC (wt.%) does not necessarily result in higher level of
microfracturing.

Increasing organic content potentially increases the interconnectiv-
ity of organic filled pores. Particularly, sample 2516 of well 9/4-5 where
microfractures were less developed may reflect a more interconnected
organic network. 2D thin/thick section connectivity of intra- and inter-
particle organic filled porosity is usually low (Fig. 13). However, there
are some sites where the organic matter is aligned and interconnected.
The fact that migrated petroleum passed through the crushed bioclastic
fragment (Fig. 13) suggests that the fracture permeability likelywas de-
veloped before maturation of the organic matter. Subsequently further
connectivity of the pores parallel and normal to bedding was possibly
existing parallel to bedding organic carbon network (Stainforth and
Reinders, 1990) would reduce the overpressure build-up in the rock
and hence decrease hydrocarbon generation induced microfractures
parallel to bedding.

Fabric of the organicmatter also played a role in increasing of hydro-
carbon induced microfractures. In samples obtained from well 9/11-1,
dense laminations of organic matter are linked with microfractures
normal and parallel to bedding. This is mainly because the fractures
developed on the surface of organic matter; the larger the organic
fragments, the more intense the fracturing. Passey et al. (2010) showed
that organic matter completely surrounded/encapsulated by diagenetic
silica is non-stress bearing. This is because the stress is carried by the
diagenetic silica. Based on this argument one may expect less hydrocar-
bon generation induced microfracturing linked with sparse organic



carbon fabrics in the cemented formations. However, as other factors
including high smectite content exist in these samples, to what degree

inferred LOM in well 9/2-A-5 is in agreement with the observed
higher degree of microfracturing compared to well 9/4-5 and well

Fig. 13. Examples of intensive microfracturing in sample 3008 obtained from well 9/2-A-5 (3028 m BSF). a) SEM back-scattered image of organic matter and/or hydrocarbon rich
laminations interconnecting with sub-vertical and small vertical microfractures. b) White rectangle in Fig. 13a under UV fluorescence light. c) Vertical microfractures interconnect the
organic matter and/or oil rich lamination under UV fluorescence light.
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the fabric of TOC is facilitating the microfracturing is unclear.
Overpressure in the formation is a function of the rate of petroleum

generation in relation to permeability. If petroleum generation is faster
than pressure dissipation overpressurewill build up to fracture pressure
since overpressure build up is a function of both the rate of
petroleum generation and permeability. A fixed relation between
microfracturing and LOM is difficult to estimate in natural systems
but a LOM of 7 may give rise to microfracturing in for example sam-
ple 2516 of well 9/4-5 (Ro = 0.52) where moderate microfractures
were observed. Based on previous studies LOMs representing the
main oil generation stage have been inferred for and the formation
of microfractures corresponding to LOMs between 9 and 11 (Hood
et al., 1975; Vernik and Landis, 1996). Rock-Eval pyrolysis maturity
indicators (Table 1, Fig. 5) show early maturity levels (Roeqv =
0.6%) whereas, with respect to relatively low S2 (mg/g) values,
LOM of 9.5 can be assigned to the samples (Fig. 5c). The difference
between the S2 and Tmax (Fig. 5b, c) derived maturity levels could
be caused by the oil saturated nature of the samples which could
play a role as oil contaminations. In such a case relatively lower
Tmax values might be expected. LOM of 9.5 however is in agreement
with petrographic observations including fluorescence response
and log-derived physical properties particularly higher resistivi-
ties. The samples from well 9/11-1 show Rock-Eval pyrolysis Tmax

of ~ 430 °C which indicate an early maturity level (Fig. 5b). Consider-
ing mixed nature of kerogen types in these samples, S2 (mg/g) vs.
TOC (wt.%) plot to infer LOM should be used cautiously. However,
with regard to a TAI of 2.5 (Roeqv = 0.5) a LOM of 7 can be assigned
to these samples which is in overall agreement with Fig. 5c. Higher
9/11-1.
The relatively higher LOMs inferred for wells 9/2-3 and 9/4-4

(Fig. 5c) may suggest a higher level of microfracturing in these wells
compared to the other wells of blocks 9/2 and 9/4, respectively.

5.1.3. Mineralogical composition
In addition to the organic content, the mineralogical composition

controls the petrophysical and rock physics properties of the rocks.
Clay minerals comprise 50 or more percent of the bulk mineralogy of
the rocks investigated in this study. Clay minerals are fine grained and
due to their high surface area, increasing amounts of clay minerals
decreases the permeability notably particularly during deep burial
(Mondol et al., 2008a and references therein). The most pronounced
permeability reducing clay mineral is smectite. The smectite content
will therefore be very important in order for the hydrocarbon genera-
tion induced pressure build-up to reach fracture pressure producing
microfractures. Experimental mechanical compaction of pure smectite
and kaolinite aggregates showed that smectites are as much as 5 orders
less permeable than kaolinite which is the most abundant clay minerals
in most of the samples studied. Based on mechanical compaction
experiments a relatively high smectite content is the main cause of
overpressure build up (Mondol et al., 2008b; Swarbrick and Osborne,
1998). Marcussen et al. (2009) showed that 20% smectite of the total
bulk mineralogy is the threshold for such pressure build up at interme-
diate burial depth (b2000 m). In this study samples from well 9/11-1
show smectite contents higher than 20%. This might be at least partly
due to the shorter distance of well 9/11-1 to the Central North Sea
Mid Jurassic volcanic province (Latin, 1990; Latin et al., 1990; Smith



and Ritche, 1993; Underhill and Partington, 1993). The amount of smec-
tite found represents a minimum with respect to amount present at the
time of deposition. A threshold of 20% smectite of the bulk mineralogy

1998). Very low permeability and possibly consequent overpressuring

Fig. 14. Back-scattered SEM images from one site at different magnitudes in sample 2516
ofwell 9/4-5, showing interconnectedpore spaces. The interconnect porosity is inferred to
increase fluid transport in the source rock and decrease the overpressure and induced
microfracturing.

Fig. 15. Schematic illustration of the relationship between horizontal and vertical
components of microfractures. Also note that the organic matter fabric may play a role
in the development of vertical component of microfractures. Nevertheless, increasing
TOC wt.% may not necessarily affect hydrocarbon induced microfracturing.
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was found to hinder compaction (Marcussen et al., 2009) resulting in
overpressure build up (Mondol et al., 2008b; Swarbrick and Osborne,
in these samples may facilitate microfracturing.
In addition to smectite effect on permeability and overpressuring,

Lewan et al. (2014) recently documented a lower expulsion efficiency
of smectite dominated source rocks using hydrous-pyrolysis experi-
ments. They argued that the bitumen is impregnated in smectite
interlayers and consequently thermally crack to pryrobitumin rather
than oil. They argued that this changes the wettability of the rock
from a water-wet porosity to a bitumen-wet one. Such a change in
wettability may have contributed to that more hydrocarbon was
retained in the rocks studied resulting in local overpressure build up
at lower maturity levels than expected such as in the samples of well
9/11-1 (TAI = 2.5, Roeqv =0.5%). Alternatively the changed wettability
could have resulted in, below fracture pressure, petroleum connectivity
parallel to bedding. Itwould be difficult to distinguish between themigra-
tion produced parallel to bedding petroleum layers and microfracturing
generated petroleum layers parallel to bedding. Fracture pressure would
first reach normal to bedding in sediments of normally subsiding basins
like the formations studied herein. This may have prevented further
pressure build up indicating that it would be difficult to reach fracture
pressure parallel to bedding.

Mica, I/S and the neo-formation of I/S and illitewill also contribute to
low permeabilities. In samples 1894.6, 1895.8, and 1896.4 m BSF of well
9/11-1 the clay minerals, particularly smectite are comparable. In
sample 1895.8, however, where more microfractures were observed,
the mica content is roughly twice compared to the other samples
(Table 2). The increased mica content and low quartz content in this
sample may have contributed to a more anisotropic sediment (Fawad
et al., 2010) resulting in enhanced parallel to bedding migration.

Quartz in fine grained rocks is mostly found as fine silt or sand. Ex-
perimental compaction of silt–kaolinite mixtures shows that increasing
of silt content increases the permeability (Mondol, 2009). This can be
seen in the samples from well 9/11-1 where microfractures were less
developed in sample 1896.4 m BSF which had the highest quartz/clay
and quartz/smectite ratios and most developed in sample 1897.6 m
BSF with the lowest quartz/clay and quartz/smectite ratios (Table 4).

Carbonates do not occur in large quantities in the studied samples
and their contribution to the brittleness of the studied shale intervals
is not notable. Evidences of minor carbonate cementation have been
cited elsewhere (Kalani et al., in press). However, even minor amount
of carbonate cementation and/or re-precipitation could possibly
decrease the permeability significantly.

5.1.4. Chemical compaction
The most important chemical compaction process in the intervals

studied is illitization. Illitization plays a significant role in rock stiffening
and may cause increased rock brittleness (Storvoll and Brevik, 2008;
Thyberg et al., 2010). The mobilized water generated by the illitization
process (Boles and Franks, 1979) may also play a significant role in



overpressure generation (Nadeau, 2011; Nadeau et al., 2002) and compaction is enhanced (Kalani et al., in press). However the effect of

Table 4
Quartz, smectite, total clay, and total clay + mica quantities (wt.%), quartz ratios with clay, clays + mica and smectite, TOC (wt.%) and LOM or inferred LOM.

Well Depth BSF (m) Quartz Smectite Total clay Clays + mica Quartz/clays Quartz/clays + mica Quartz/smectite TOC LOM or inferred LOM

9/11-1 1894.6 24.3 20.0 57.8 67.5 0.4 0.4 1.2 2.1 7
1895.8 19.4 20.5 60.2 73.5 0.3 0.3 0.9 2.64 7
1896.4 26.8 20.7 55.5 63.9 0.5 0.4 1.3 5.73 7
1897.6 15.2 22.3 69.6 77.1 0.2 0.2 0.7 2.76 7

9/4-5 2516 11.5 13.5 73.1 81.0 0.2 0.1 0.9 2.4 7
9/2-A-5 3008 13.56 15.9 68.6 80.4 0.2 0.2 0.9 9.78 9.5–10

3028 10.08 8.1 77.8 83.9 0.1 0.1 1.2 7.81 9.5–10
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consequently microfracturing of the source rocks. Chemical compaction
process in the Egersund Basin (i.e. block 9/2 and 9/4) has been investi-
gated by Kalani et al. (in press). The results showed that chemical
compaction processes were initiated in the Lower Cretaceous units
(the Cromer Knoll Group) at around 2 kmBSF including the exhumation.
Chemical compaction processes increase close to the top of the Sauda
Formation.

In this study petrographic observations provided evidences of chem-
ical compaction in well 9/11-1. Microscopic observations document
the transition of smectite rich flaky I/S to rather fibrous illite rich I/S as-
sociated with micro-quartz crystals suggesting an authigenic origin of
the micro-quartz crystals (Fig. 16). This represents incipient chemical
compaction only since the smectite content is still quite high and few
authigenic micro-quartz crystals were observed. The onset of chemical
compaction has a paleotemperature implication (around 70 °C) which
is agreement with the estimated temperature in well 9/11-1.

Intense chemical compaction may cause overpressure (Nadeau,
2011; Nadeau et al., 2002). The main overpressure ramp (as inferred
from mud weight) is coincident with the level at which chemical
Fig. 16. Illitization in the sample obtained from well 9/11-1 (1986 m BSF). a) SEM back-scatter i
scatter image of a single micron sized quartz crystal parallel to bedding. c) EDS spectrum of sm
background of an illitic clay matrix. Note that spectrums d and e are almost the same except fo
smaller size of the quartz crystal.
chemical compaction related to overpressure on the oil generation re-
lated to microfracturing is unclear. The onset of peak oil generation
may occur at depths above, within or below the zone of smectite to
illite transition (Bruce, 1984). Different kinetics of oil generation and
illitization is due to the fact that chemical compaction processes are
not only dependent on thermal and burial history butmore significantly
on the availability of reactive materials, particularly K+ (Boles and
Franks, 1979; Hower et al., 1976).

Hover et al. (1996) suggested that at low levels of organic matura-
tion (Ro ≈ 0.5%), the smectite to illite transition is expected to proceed
or to be coincidentwith early onset of hydrocarbon generation and well
before higher maturation levels (Ro ≈ 0.7–1.0%). In this study, higher
levels of thermal maturation in samples of wells 9/2-A-5 and 9/4-5 cor-
respond to higher levels of illitization.Whereas, in well 9/11-1 the most
initial stages of illitization, as implied by Fig. 16 which shows transition
of smectite rich I/S to illite rich ones surrounding micron sized quartz
crystals, are inferred to occur concurrently or slightly before the earliest
stage of organic matter maturation (TAI ≈ 2.5, Roeqv = 0.5). Possible
reduced expulsion efficiency may have contributed to the observed
mage showing transition of smectite rich I/S illite rich I/S normal to bedding. b) SEM back-
ectite rich I/S. d and e) EDS spectrums of micron sized quartz crystals associated with a

r the relatively larger illite related peaks (K, Al and O) in spectrum d” due to the relatively
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development of microfractures found in this well at an apparent low
thermal maturity level.

Illitization involves quartz cementation and stiffening of the
mudrocks. More intense organic filled microfracturing both normal
and parallel to bedding in samples of well 9/2A-5 might at least
partly result from quartz and illite stiffening. No direct evidence of the
nature or to what degree stiffening contributes to the developments of
microfractures was obtained.

5.2. Log-derived petrophysical implications of microfracturing

Microfracturing occurs on the scales of tens ofmicro-meters to a few
millimeters which are well below well log vertical resolution which is
not typically better than 0.5 m. Therefore, microfracture quantification
on conventional well logs is not possible. However microfractures as
discussed earlier are controlled by a number of factors which have
direct impact on the well logs. Different authors have established tech-
niques and relationships to investigate organic content and/or level of
thermal maturation from a variety of well logs or well log combinations
(Herron, 1991 and references therein). Vp (i.e. sonic transit time)
and resistivity have been documented as the most straight forward
log-derived physical property reflecting organic carbon richness and
thermal maturities (Meyer and Nederlof, 1984; Passey et al., 1990).
Vp as function of resistivity was considered in the Upper Jurassic
stratigraphic intervals: the Sauda, Tau, and Egersund formations. In
spite of similarities, these formations have quite different petrophysical
properties. A prominent controlling factor is likely the TOC values.

Vp in the Sauda Formation increases predominantly linearly with
increasing burial depth and resistivity. The linear trend is particularly
evident in the wells from blocks 9/4, 9/8 and 9/11. Nevertheless, in
wells 9/4-4 and 9/4-5, in addition to the prominent linear trend there
Fig. 17. Cross-plot relationship of Vp and formation resistivity in the study wells. a) The Sauda F
was applied.Overlay lineswere added to highlight the trends in selectedwells. In the Sauda Form
function of increasing resistivity and burial depth which represents a drop in Vp values at certa
is a negligible end of decreasing Vp as function of increasing resistivity
and burial depth which represent a drop in Vp values at certain depths
(Fig. 17a). Such a reverse trend corresponds to the lowermost parts of
the Sauda Formation and is well developed in wells of block 9/2 except
well 9/11-2 which is obviously shallower compared to other wells in
this block.

The Tau FormationVp is decreasing a function of increasing resistivity.
This relationship is well developed in all study wells except well 9/11-1
and partly 9/8-1 (Fig. 17b).

In the Egersund Formation Vp predominantly increases linearlywith
increasing resistivity. The exception is wells 9/2-1 and 9/2-A-5 located
in the central part of the Egersund Basin where the Vp in the Egersund
Formation decreases as a function of resistivities (Fig. 17c).

Deviation from the expected linear increasing trend of Vp (Faust,
1953; Hacikoylu et al., 2006) as function of resistivity (Fig. 17b) and
burial depth (Fig. 18d) in the Tau Formation coincides with increasing
TOC and thermal maturity (Figs. 17b and 18). Increasing TOC and de-
creasing bulk density of the rock result in a Vp decrease (Fig. 18a–c).
Lower Vp values in wells with higher mean TOC wt.% are notable (e.g.
inwells 9/4-1, 9/4-2 and 9/4-3). Furthermore organicmatter anisotropy
(Sayers, 2013; Vernik and Liu, 1997; Vernik and Milovac, 2011; Vernik
and Nur, 1992) was observed particularly in well 9/11-1 where a lentic-
ular to laminated fabric of organic matter may be the cause for the
observed sharper decrease in Vp (Fig. 17b) compared to other wells.
The resistivity of organic matter is high and hydrocarbon generation
may cause a notable increase of this resistivity (Herron, 1991; Mann,
1989; Meissner, 1978). Comparable Vp from blocks 9/2 to 9/4 coinci-
dent with notably different formation resistivities can be explained by
level of thermal maturity (Fig. 18). Geochemical data clearly show
that the studied formations in block 9/2 are thermally more mature
than in block 9/4 (Fig. 5b, c). Higher maturities suggest a higher amount
ormation, b) the Tau Formation, c) the Egersund Formation. A shale volume cut-off of 75%
ation in addition to theprominent linear trend there is a negligible end of decreasing Vpas
in depths.



of hydrocarbon generation resulting in the generally higher resistivities
seen in the block 9/2 wells particularly well 9/2 (Figs. 17b, 18). A good
agreement between geochemically based maturities and both thermal

lower Vp values found in well 9/4-1 are in agreement with a higher
modeled and measured TOC compared to well 9/4-4 where higher Vp
values are in agreement with a lower modeled and measured TOC. In ad-

Fig. 18. Cross-plot relationship of Vp and formation resistivity in the Tau Formation color coded with: a) adapted measured TOC, b) modeled TOC, c) bulk density, d) depth of occurrence,
and e) gamma ray response. Open circles: block 9/4, filled squares: block 9/2, filled diamonds: well 9/8-1 and filled triangles: well 9/11-1. A shale volume cut-off of 75% was applied.
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gradients and exhumation differences in blocks 9/2 and 9/4 indicates
that the higher resistivity values found in the sampled intervals of
well 9/2-A-5 must be related to microfracturing.

If this suggestion holds, petroleum generated microfracturing may
be predicted based on log information only. If the above is applicable,
microfracturing is more intense in well 9/2-3 where higher resistivities
coincidewith lower Vp values compared towell 9/2-A5. In block 9/4 the
dition well 9/4-4 shows higher resistivities compared to well 9/4-1 in
agreement with a higher maturity level in well 9/4-4 compared to well
9/4-1 (Fig. 17b). Based on this a relatively strong microfracturing is in-
ferred for well 9/4-4 compared to microfracturing intensity in well 9/4-
5 and well 9/2-A-5. Nevertheless in addition to hydrocarbon filled frac-
tures, fractures which are filled with ~0 porosity calcite and those not
filled with conductive water also cause high resistivities. The calcite filled



fractures (possibly linked to illitization process) are also highly resistive
due to absences of formation water in the calcite, except in non-
connected fluid inclusions. Although as discussed above, these might be

resistivities (Figs. 19 and 20). Minor deviations from the linear trends
found in the lower part of the Sauda Formation correspond to bulk den-
sities ranging between 2.25 and 2.50 g/cm3 which are slightly lower

Fig. 19. Cross-plot relationship of Vp and formation resistivity in the Sauda Formation color codedwith: a) adaptedmeasured TOC, b)modeled TOC, c) bulk density, d) depth of occurrence,
and e) gamma ray response. Open circles: block 9/4, filled squares: block 9/2, filled diamonds: well 9/8-1 and filled triangles: well 9/11-1. A shale volume cut-off of 75% was applied.
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related to petroleum generation, high resistivities are not necessarily
due to the current presence of hydrocarbons, but rather they are due to
the current lack of formation water (Passey, personal communication).

5.2.1. Sauda and Egersund formations
The Sauda and Egersund formations show that Vp values predomi-

nantly change linearly as a function of increasing burial depth and
than linearly increasing expected values of 2.5–2.75 g/cm3. This is coin-
cident with minor increase in measured and log-derived TOC. General-
ly, the Sauda Formation is not favorable for notable microfracturing.

The Egersund Formation shows a lower linear increasing Vp trend as
a function of formation resistivity compared to Sauda Formation. This is
at least partly due to a higher TOC content. In a number of wells the TOC
increases more significantly in the Egersund Formation compared to the



Sauda Formation. This results in a decreasing Vp trend as function of
increasing resistivity in the Egersund Formation. The trend reversal
results in more scattered data for the Egersund Formation compared

resistivities from the shale intervals in this study are rather close to
those expected with respect to burial depth. In the Tau Formation resis-
tivities are in the order of a few tens of ohm. Such change in resistivity is

Fig. 20. Cross-plot relationship of Vp and formation resistivity in the Sauda Formation color codedwith: a) adaptedmeasured TOC, b)modeled TOC, c) bulk density, d) depth of occurrence,
and e) gamma ray response. Open circles: block 9/4, filled squares: block 9/2, filled diamonds: well 9/8-1 and filled triangles: well 9/11-1. A shale volume cut-off of 75% was applied.
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to the Sauda Formation. Such Vp reversals as a function of resistivity
correspond to higher TOC and higher maturation, and may also suggest
microfracture formation.

5.3. Effect of clays on Vp-resistivity cross-plot relationships

Hydrocarbon generation displaces conductive pore water which
causes resistivity increase notably. Except the Tau Formation, however,
in accordance with the typical resistivity response of the Kimmeridgian
Clay Formation (Herron, 1991; Pepper, 1991). Clay minerals in these
shale units comprise more than 50% of the bulk rock. Therefore, the
low resistivities found in the Tau Formation, even with the formation's
proven hydrocarbon generation potential, are linked with high clay
content (Fig. 21).

Clays have high surface areas and cation exchange capacities (CECs)
(Borden and Giese, 2001; Kahr and Madsen, 1995). Theoretical



calculations have shown that increasing the amount of clays with any
given CEC can notably decrease the resistivities in unconsolidated sedi-

Fig. 21. Clay minerals notably decrease formation resistivities in the studied source rock
units. Relatively higher resistivities highlighted in gray rectangle are likely linked to higher
level of hydrocarbon generation and induced microfracturing for example in wells 9/2-1
and 9/2-A5. Note that lower resistivities in smectite rich zone of well 9/11-1 compared
to other wells are predominantly a factor of depth of occurrence (cf. Figs. 17b and 18d).
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ments (Shevnin et al., 2007). Different clay minerals show a wide range
of CEC and surface areas (Borden and Giese, 2001; Kahr and Madsen,
1995). CEC and surface areas in kaolinites are much smaller than
smectites. Increasing CEC and the surface area of the sediment, assum-
ing water-wet, is expected to result in a decrease in the formation resis-
tivities. In smectite rich intervals, however, CEC as a resistivity decreasing
indicator is controversial (cf. Conin et al., 2011; Henry, 1997; Josh et al.,
2014;Matsui et al., 2000): because both high resistivity and low resistiv-
ity smectite rich zones are found. At shallow depths CEC is linearly corre-
lated with the bound water of smectites (Conin et al., 2011; Henry,
1997). At deeper levels and higher temperatures the illitization process
may significantly compensate for this effect. The smectite rich I/S identi-
fied within the studied intervals occurs below the onset of smectite to il-
lite indicating that a major portion of the bound water may already have
been released. As can be seen in Fig. 21 lower resistivities in the smectite
rich zone of well 9/11-1 compared to other wells may predominantly be
a factor of depth (Figs. 17b and 18d).

6. Conclusions

Microfracturing in the Upper Jurassic source rock units in the
Norwegian sector of the Norwegian–Danish Basin was investigated
based on petrographic observations, Rock-Eval and TOC data, and log-
derived petrophysical properties. Microfractures filled with moveable
organicmatterwere coincidentwith organicmatter thermalmaturation.
The level of microfracturing, however, was inferred to be controlled by a
number of factors including organic carbon content and fabric, LOM
and mineralogy. Log-derived petrophysical properties may have contain
information related to hydrocarbon induced microfracturing in the
source rocks. Based on the study herein the following observations are
highlighted:

• Petrographic analyses show petroleum filled features interpreted
partly as microfractures both normal and parallel to bedding.
• We acknowledge the enormous effect of overburden stress on the
microfracturing. Clear petrographic evidences of the development of
vertical component of microfractures.

• Strong and intense microfracturing reveals vertical microfractures.
With the similar local tectonic stresses, longer vertical microfractures
are primarily facilitated by higher TOC, laminated organic matter
fabric and higher thermal maturity levels.

Accordingly the following conclusions can be made:

• In the case of relativelymoderatemicrofracturing, the vertical compo-
nent of microfractures might be too small to be detectable using
conventional SEM techniques.

• High smectite content reduces permeabilities thereby likely increas-
ing hydrocarbon generation induced microfracturing.

• Log-derived petrophysical properties, particularly Vp and formation
resistivity, are influenced by microfracturing. A reverse trend of
increasing resistivity with decreasing Vp is linked to higher hydrocar-
bon saturation and TOC and/or laminated fabric of organic matter
which favors microfracturing.

• Vp and resistivity changes assumed to be resulted frommicrofracturing
are consistent with other log-derived petrophysical properties
including bulk density and gamma ray response, and in agreement
with organic geochemistry analyses and direct petrographic observa-
tions.

• For intervals where no petrographic observations are available (e.g.
the Sauda and Egersund formations in this study) the Vp-formation
resistivity cross-plot relationship can be used to infer hydrocarbon
generation induced microfracturing potential.
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