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Preface
This thesis entitled “Compaction of siliceous sediments – Implications for basin 

modeling and seismic interpretation” has been submitted to the Department of Geosciences 

at the University of Oslo in agreement with the requirements for the degree of Philosophiae 

Doctor (Ph.D.) The work presented in this study was completed as part of a large research 

project funded by The Research Council of Norway within the PETROMAKS program 

(Program for Optimal Management of Petroleum Resources) entitled “Petrophysical 

properties of mudstones and sandstones and their seismic response”. The study is based on 

results from well log data in natural sediments from the Norwegian continental shelf. The 

derived compaction results have been integrated with results from experimental 

compaction studies performed within the same PETROMAKS project (Mondol, 2007). In 

addition, some of the work presented herein was completed in collaboration with a FORCE 

research project (Norwegian Sea Research Consortium) sponsored by ConocoPhillips, Gaz 

de France, Norsk Hydro and Statoil. 

The thesis comprise of an introduction together with six individual papers. A brief 

scientific introduction to the topic, the main objectives, summary of the papers enclosed, 

and finally some concluding remarks are given in the introduction. Three of the papers 

within the thesis have been published while the remaining three have been submitted to 

international journals. The focus of the work is to understand the controlling factors for 

sediment compaction and how compaction affects rock physical properties in natural 

occurring sediments. The implications of the different compaction factors on techniques 

used for basin analysis and seismic interpretation have also been an important task during 

this study.

 The first enclosed paper investigates natural compaction trends of Cenozoic 

mudstones from the northern North Sea basin in terms of mineralogy, provenance and 

facies. The implications of these compaction trends for basin modeling and seismic 

interpretation is also briefly discussed in this paper, while a more detailed analysis of the 

effect of varying physical properties in mudstones for such analysis is covered in the 

second and third paper. The second paper quantifies the uncertainties introduced in basin 

modeling by changing the compaction trends for mudstones. Paper 3 investigates the effect 

of physical properties in mudstones on the AVO signature of a siliceous hydrocarbon 

reservoir capped by mudstones with different mineralogical compositions. The compaction 
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trend in a well defined lithology is studied in paper 4, while paper 5 and 6 relates 

compaction trends observed from well logs to the mineralogical composition and 

diagenetic development of Tertiary and Cretaceous mudstones from the Norwegian Sea. 
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Introduction 
This thesis presents a multidisciplinary study of sediment compaction utilizing well 

log data, mineralogical and chemical data from cutting samples, petrographic analysis of 

core samples and experimental compaction to understand how sediment compaction affects 

physical properties in natural siliceous sediments. Well log data provide important 

information about rock properties and their dependency with depth. By applying velocities, 

densities and porosities derived from well logs to study compaction trends as a function of 

sediment composition and burial history it is possible to increase the understanding of 

sediment compaction and diagenesis. The Norwegian continental shelf serves as a natural 

laboratory to study these processes since this an intensively studied area due to its great 

hydrocarbon potential. A dense well and seismic coverage enables us to investigate spatial 

changes in physical properties in relation to sediment composition, burial histories and 

seismic response.  

The deposition and composition of sediments in a siliclastic system is controlled by 

factors such as the weathered and eroded host rock material, climate, sea level fluctuations 

creating accommodation space and facies variations. Once deposited, mudstones and 

sandstones have different response to burial which affect their physical properties in 

different ways. Mud and mudstones are generally much more compressible than 

sandstones providing very different rock building framework properties. Physical 

properties observed from well logs depend on bulk rock properties, and these will vary 

from a matrix-supported framework found in mudstones compared to a grain-supported 

framework found in sandstones. The initial textural, mineralogical, and chemical 

compositional differences between fine-grained and coarse-grained sediments will further 

have a great influence on the diagenetic evolution during progressive burial. A better 

understanding of the relationship between the initial composition, diagenetic development 

and rock physical properties in sedimentary rocks will provide important information when 

interpreting a sedimentary basin for commercial and academic purposes. Results obtained 

from this study provide important input data for general studies of sedimentary basins as 

well as for more detailed analysis such as reservoir characterization and quantitative 

seismic interpretation. 
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Scientific Background 

Deposition and composition of siliceous sediments 

Two-thirds of the world’s sedimentary record consists of shales and mudstones (Schieber 

and Zimmerle, 1998), but the mineralogical composition of these sediments may vary 

considerably. The primary mineralogical composition plays an important role for the 

diagenetic development of mudstones during burial (Bjørlykke, 1998). Mudstones consist 

of a mixture of clay minerals and silt-sized particles (mainly quartz). The main clay 

minerals found in marine mudstones are smectite, kaolinite, illite and chlorite (e.g. 

Weaver, 1989), and this initial clay mineral assemblage holds important information about 

source area, depositional environment and paleoclimate (Weaver, 1989; Potter et al., 

2005).  

Kaolinite is a common constituent of well-drained soils in humid climates that may 

be eroded and re-deposited in siliceous sediments. Bjørlykke et al. (1986) also showed that 

authigenic kaolinite formed by meteoric water flushing in sand-rich sediments replacing K-

feldspar and mica may be re-deposited in mudstones. Smectitic mudstones may be a result 

of alteration of volcanic sediments (e.g. Potter et al., 2005). These volcanic sediments may 

be from wind-blown ash-falls or the weathering product from a basic source rock (Pearson, 

1990; Huggett and Knox, 2006). Smectite is also commonly found in desert environments 

where evaporation produces high silica saturations resulting in smectite formation. Detrital 

illite is generally associated with acid or metamorphic rocks, it may also be formed as an 

erosion product from sandstones. Detrital chlorite indicates physical weathering of igneous 

and metamorphic host rocks. Both illite and chlorite may be deposited in mudstones as 

erosion products of diagenetically formed illite and chlorite in sandstones. Detrital chlorite 

is an unstable mineral that will easily be chemically weathered, and the presence of this 

clay mineral in mudstones indicates a dry and cool climate (Karlsson et al., 1979; 

Rundberg, 1989; Pearson, 1990). 

The proximal to distal relationship is also an important factor controlling the 

mineralogical composition of mudstones. Gibbs (1977) showed that coarse-grained clay 

minerals such as kaolinite is concentrated in proximal settings compared to finer-grained 

mudstones with a high smectite content. In addition, a higher content of silt-sized particles 

are likely to be found in mudstones located in a proximal position to the source area 

compared to more distal mudstones (Potter et al., 2005). The silt-sized particles found in 
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mudstones are mainly quartz, feldspar, carbonates and organic matter. The presence of 

these constituents may greatly affect the rock physical properties of the sediments, for 

instance, carbonate cementation will lead to increasing velocities in mudstones due a 

framework stiffening (e.g. Bjørlykke and Høeg, 1997; Bjørlykke, 1999; Nygård et al., 

2004). 

Sandstones also have a wide range of mineralogical and textural compositions due 

to the same controlling factors as for mudstones (provenance, facies and depositional 

environment). Rock framework minerals in sandstones are most commonly quartz, but 

significant amounts of feldspars, clay minerals, rock fragments and carbonate are usually 

important constituents (e.g. Boggs, 1995). It has been shown that the composition of 

sandstones may be tied to the tectonic setting of the source area (Dickinson et al., 1983). 

Reworked sandstones may for instance be dominated by quartz compared to feldspar. 

Initial footprint such as mineralogical and chemical composition of a sandstone together 

with textural properties such as grain-size, pore and grain geometries, sorting, clay content 

and the number of grain contacts are, as for mudstones, all important aspects controlling 

the diagenetic evolution with depth in sandstones (e.g. Giles, 1997). 

Sediment compaction 

Sediment compaction is the process that reduces sediment volume during 

progressive burial. In siliciclastic sediments mechanical compaction is the dominant 

process at shallow depth while chemical compaction becomes increasingly important as 

temperatures are increased during burial (e.g. Bjørlykke et al., 1989; Bjørlykke, 1998). 

These main compaction processes are fundamentally different when it comes to their 

controlling factors (Bjørlykke et al., 1989; Bjørkum et al., 1998), but together they drive 

the sedimentary rocks towards higher mechanical and thermodynamical stability 

(Bjørlykke, 1999). 

Mechanical compaction is controlled by the effective stress generated by the weight 

of the overburden and starts immediately after deposition. The physical processes involved 

during mechanical compaction include sliding, reorientation, bending of ductile grains and 

grain crushing. If the pore fluid is inhibited to escape from the rock during compaction or 

gas is released from source rocks the pore pressure may increase (Swarbrick and Osborne, 

1998). This pore pressure increase will reduce the effective stress, thus retarding 

mechanical compaction. In siliceous sediments mechanical compaction is important at 

depths corresponding to temperatures lower than 60-80�C, at greater depths and 
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temperatures chemical compaction becomes the important porosity reducing process (e.g. 

Bjørlykke et al., 1989; Bjørlykke, 1998). Chemical compaction is controlled by time and 

temperature and includes dissolution and precipitation of minerals (Murphy et al., 1989; 

Walderhaug, 1994b, 1996, 2000). This process leads to a stiffer rock that becomes 

mechanically pseudo-over-consolidated and therefore insensitive to the effective stress 

(Bjørlykke and Høeg, 1997; Storvoll et al., 2005; Bjørlykke, 2006). Quartz cementation is 

the main chemical compaction process in sandstones (Bjørlykke et al., 1986; Ehrenberg, 

1990; Walderhaug, 1994b), with quartz being dissolved along stylolites and re-precipitated 

on quartz grains as cement (Oelkers et al., 1992, 1993; Walderhaug, 1994a; Bjørkum, 

1996; Oelkers et al., 1996; Walderhaug, 1996). Chemical compaction in mudstones varies 

depending on the initial clay mineralogical composition. One important diagenetic reaction 

in mudstones is the transformation from smectite to illite that occurs at temperatures 

between 60-100�C (Hower et al., 1976; Boles and Franks, 1979; Pearson and Small, 1988; 

Pearson, 1990; Bjørkum and Nadeau, 1998; Nadeau et al., 2002; Thyberg et al., 2009). In 

addition to illite formed by alteration of smectite, authigenic illite could be the result of 

alteration of K-feldspar and kaolinite at approximately 130�C (Bjørlykke et al., 1986; 

Ehrenberg and Nadeau, 1989). Authigenic chlorite may also be formed by diagenetic 

transformation of smectite and kaolinite (Hurst, 1985; Primmer and Shaw, 1987). 

Compaction trends in siliceous sediments 

Variations in physical properties in siliceous sediments with depth/temperature 

have in the literature been intensively studied due to its great importance for the petroleum 

industry and to increase the general academic understanding of sediment compaction. A 

large range of compaction trends have been published for siliceous sediments as a response 

to the various compaction processes acting in sedimentary basins (e.g. Giles, 1997; 

Mondol et al., 2007 and references therein). When considering a well defined lithology, the 

velocity and density will always increase and porosity will always decrease with increasing 

burial due to mechanical and chemical compaction (e.g. Giles, 1997). If inversion of these 

properties is observed with increasing burial depth the only explanation can be that there is 

a change in lithology. The compaction trends observed for siliceous sediment therefore 

reflect differences in initial sediment composition and diagenetic histories. Experimental 

compaction studies provide important information about mechanical compaction as a 

function of sediment composition and sorting (e.g. Chilingar and Knight, 1960; Chuhan et 

al., 2002, 2003; Mondol et al., 2007, 2008a), but due to low kinetic reaction rates in 
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siliceous sediments the effect of chemical compaction on velocity, density and porosity is 

difficult to simulate in the laboratory. Natural compaction studies are therefore of great 

importance in order to fully understand the total diagenetic evolution of sedimentary rocks. 

Porosity 

Empirical porosity/depth trends have been published in the literature by the 

application of experimental and natural data. Linear porosity/depth trends have been 

applied by many authors to describe the porosity/depth development in restricted depth 

intervals (e.g. Galloway, 1984; Giles et al., 1992; Ramm and Bjørlykke, 1994). This may 

in some cases be a reasonable description of porosity variations with depth. However, 

linear trend eventually implies negative porosities. Exponential compaction trends are 

therefore frequently used to describe porosities in mudstones and sandstones (e.g. Sclater 

and Christie, 1980). This type of compaction curve does not consider the differences 

between mechanical and chemical compaction and is based on the assumption that the loss 

in porosity is driven by the vertical effective stress (Giles, 1997). Chemical compaction, 

which is controlled by temperature, may lead to a change in the porosity/depth 

relationship. One single exponential compaction curve may therefore fail to describe the 

porosity/depth relationship of a given lithology.  

Both data from natural compaction studies and experimental work show that 

mudstones have initial porosities of about 70-80% which are rapidly reduced during early 

burial while sandstones have lower initial porosities of 45-50% and retain higher porosities 

during the initial stages of burial (Velde, 1996; Giles, 1997; Chuhan et al., 2002; Potter et 

al., 2005; Mondol et al., 2007) (Figure 1).  
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Figure 1. Published porosity/depth trends for shales (a) and sandstones (b). 

 

A compilation of published porosity/depth curves for argillaceous sediments clearly 

demonstrates the wide range of possible porosities found for shales and mudstones at the 

same burial depth (Figure 1a). The rapid loss of porosity during shallow burial evident in 

many of the published curves is due to an open framework consisting mainly of clay 

mineral platelets in newly deposited mudstones. This open structure will relatively easily 
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collapse during the initial stages of burial causing a rapid early porosity reduction. 

Experimental compaction studies of clay mineral aggregates have shown that more than 

50% of the total porosity reduction occurs at stresses lower than 1MPa (~100 meter burial) 

(Mondol et al., 2007). The experimental results also demonstrated the importance of clay 

mineralogy on the compaction trends, with large differences in porosities between kaolinite 

and smectite mixtures. This relationship has also been observed in natural compaction 

studies combining mineralogy and well log data (Rundberg, 1989; Thyberg et al., 2000).  

Due to its great potential as hydrocarbon reservoir rocks the porosity distributions 

in sandstones have been intensively studied in the literature (e.g. Giles et al., 1992; Ramm, 

1992; Ramm and Bjørlykke, 1994). Prediction of porosities with depth in sandstones are 

linked to burial history, effective stress, temperature/depth, and mineralogy and texture 

(e.g. Bjørkum et al., 1998). The initial porosity and early compaction is controlled by 

mineralogy, sorting and clay content (Giles, 1997; Chuhan et al., 2002) and is therefore 

highly influenced by sedimentary facies and provenance (e.g. Atkins and McBride, 1992). 

In contrast to mudstones, a relatively dense packing of rigid grains found in sandstones 

will not collapse under the weight of the overburden, and the early porosity reduction is 

less than for mudstones (Figure 1b).  

Velocity 

The velocity distribution in siliceous sediments is also strongly dependent of the 

mineralogical and textural composition. Natural compaction studies show that very 

different velocity/depth trends are present within a sedimentary basin, and these variations 

are closely linked to the initial sediment composition (e.g. Rundberg, 1989; Thyberg et al., 

2000; Storvoll et al., 2005). Velocity/depth trends are important for pore pressure 

prediction (e.g. Herring, 1973), depth conversion of seismic data (e.g. Al-Chalabi, 1997), 

estimates of uplift (e.g. Bulat and Stoker, 1987) and for identifying lithologies on seismic 

section. Several studies have related velocity to external and internal factors in sedimentary 

rocks. Wyllie et al. (1956; 1958) found a relationship between velocities and porosities in 

sandstones by experimental work, Gardner et al. (1974) related velocities to densities, 

while Nafe and Drake (1957) related velocity to the overburden thickness for marine 

sediments based on seismic refraction data. Other factors such as contact stiffness, clay 

content, clay mineralogy, pore pressure, pore geometry, pore fluid and sorting strongly 

affects the sonic velocities of sedimentary rocks (Mindlin, 1949; Gassmann, 1951; Biot, 

1955; Chilingar and Knight, 1960; Winkler, 1983; Han et al., 1986; Marion et al., 1992; 
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Mondol et al., 2007). Experimental compaction studies may isolate each of these effects, 

but velocities found in well logs and from seismic data is a combination of several of these 

factors making it difficult to separate the contribution from each effect in natural 

compaction studies.  

While the effective stress controls the compaction and velocity distribution in 

siliceous sediments at shallow depth, chemical compaction is very important for the 

velocity/depth distribution in a sedimentary basin. Precipitation of cement during the 

chemical alteration of sandstones and mudstones during burial strongly affects velocities. 

Cement on grain contact in sandstones will lead to a much stiffer material because cement 

will prevent movement between the individual particles (Winkler, 1983; Bernabé et al., 

1992; Vernik and Nur, 1992; Dvorkin et al., 1994). This leads to an increase in velocities 

that is evident from well log data (e.g. Storvoll et al., 2005). Cement at grain contacts will 

not be applicable to mudstones because these sediments are matrix supported in contrast to 

a grain supported framework in sandstones. However, recent studies of quartz cementation 

in mudstones have show that an interconnected micro-quartz network and aggregates in the 

clay matrix may cause a stiffening that leads to increasing velocities (Thyberg et al., 2009). 

Implications of compaction trends 

Basin modeling 

Despite the variations in compaction trends some curves have been adapted as 

standard compaction curves which are used for many basin analysis purposes. Giles (1997) 

analyzed several of the published porosity/depth for sandstones and mudstones and came 

up with average compaction curves for different lithologies. Such analysis may be used in 

areas with small amounts of data, but possible deviations from the applied standard 

compaction curve needs to be kept in mind when extracting porosity information in a 

sedimentary succession. The compaction curves for sand and shale described by Sclater 

and Christie (1980) from the North Sea have been used as a standard compaction trend in 

many studies along the Norwegian continental shelf (e.g. Fjeldskaar et al., 1993; 

Christiansson et al., 2000; Odinsen et al., 2000a, 2000b; Fjeldskaar et al., 2003, 2004). 

Kyrkjebø (1999) used the existing empirical porosity/depth relationships and found that 

there was only small differences in decompacted sediment thicknesses between the sand 

and shale compaction curves of Sclater and Christie (1980). However, from the published 

compaction curves of argillaceous sediments (Figure 1a) it is evident that there are larger 

differences between mudstone compaction curves than what is found by comparing 
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mudstones with sandstones. To constrain the porosity/depth relationship in mudstones is 

especially important because mudstones dominate the sedimentary successions 

(Hermanrud, 1993), but quantitative studies of the uncertainty related to mudstone 

compaction trends in basin modeling is an unaddressed issue in the literature.  

Basin modeling results are affected by the applied compaction trends in several 

ways. Velocity/depth trends may be used for depth conversion, and porosity/depth trends 

are used for geometrical restoration by decompaction and structural restoration. 

Considerable variations in the geometry of a sedimentary basin may therefore be found by 

applying different compaction trends. The large porosity variations found at the same 

burial depth for mudstones will also greatly affect the weight of the sedimentary column 

which has implications for isostatic subsidence estimates. Backstripping uses the 

calculated isostatic subsidence to estimate the contribution of tectonic subsidence by 

subtracting isostatic from total subsidence (Watts and Ryan, 1976; Steckler and Watts, 

1978; Watts et al., 1982; Hendrie et al., 1993; Kusznir et al., 1995; Nadin and Kusznir, 

1995; Roberts et al., 1998; Allan and Allan, 2005). The “observed” tectonic subsidence is 

then used to predict stretching factors which are used as input to calculate paleo heat flow 

development during rifting. Finally, the obtained results from the subsidence analysis may 

be used together with thermal properties of the sediments and kinetic source rock 

properties to study the paleotemperature history and the maturation of hydrocarbons within 

a basin.  

Uplift and exhumation 

Porosity/depth and velocity/depth trends have been used to quantify the amounts of 

uplift and erosion (e.g. Hillis, 1995; Hansen, 1996a; Densley et al., 2000). The 

fundamental assumption when applying this technique is that compaction is an irreversible 

process. This implies that porosities and velocities resemble the maximum burial depth 

(effective stress) the sedimentary rock has experienced. Higher velocities or lower 

porosities than expected for a certain depth of burial can therefore be used to predict the 

difference between present day and maximum burial depth. It is important to consider 

hydrostatically pressured sediment when applying this technique because sediments with 

high pore pressure have higher porosities and lower velocities than expected for the given 

effective stress. 
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Pore pressure prediction 

Abnormal pore pressures are found in rocks in sedimentary basins worldwide. 

Dickinson (1953) was one of the first to study abnormal pressures using data from the Gulf 

of Mexico, and proposed incomplete dewatering as an explanation for the high pore 

pressures encountered. Several other mechanisms, such as thermal effects (Barker, 1972), 

the smectite to illite transformation (Powers, 1967; Bruce, 1984), and osmosis (Marine and 

Fritz, 1981) have been proposed to result in overpressure generation. However, the most 

common explanation is disequilibrium compaction providing higher than expected 

porosities (Bredehoeft and Hanshaw, 1968; Summa, 1993; Swarbrick and Osborne, 1998). 

Hottmann and Johnson (1965) showed that abnormal pressures could be inferred by 

interpreting wireline logs, and Hermanrud et al. (1998) suggested that porosities derived 

from sonic and resistivity logs are directly related to fluid pressures and may be used to 

predict high pore pressures. This technique has been adapted by many authors to predict 

the presence of areas with high abnormal pressures along the Norwegian continental shelf 

(e.g. Herring, 1973; Reemst et al., 1996; Japsen, 1999). Recently, Mondol et al. (2008b) 

combined compaction trends from experimental compaction with well log data from the 

North Sea and Vøring Basin as a tool for pore pressure prediction in mechanically 

compacted sediments. Pennebaker (1968) and Reynolds (1970) proposed that it was 

possible to detect areas of abnormal pressure by analyzing acoustic velocities from seismic 

data. However, Teige et al. (2007) showed that low velocities in shales related to 

overpressure may be found in mudstones without higher than expected porosities, and 

stated that the factors affecting acoustic velocities must be known in order to accurately 

predict pore pressure from seismic data. 

Seismic sequence stratigraphy 

Sequence stratigraphy is a powerful tool to predict facies distributions and 

depositional environments and is commonly applied by the petroleum industry for 

exploration purposes. This methodology applies the concept of correlating sedimentary 

strata bounded by unconformities and/or their correlative conformities (Vail et al., 1977; 

Vail, 1987; van Wagoner et al., 1988). Seismic stratigraphy was developed by the Exxon 

Production Research Company (Vail and Sangree, 1971; Vail, 1975; Vail et al., 1977) and 

is defined as “the study of stratigraphy and depositional facies as interpreted from seismic 

data” (Mitchum, 1977). Mitchum et al. (1977b) defined depositional sequences boundaries 

on seismic data as surfaces defined by onlap terminations, truncation terminations and 
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downlaps induced by global sea level changes. Later studies along the Norwegian 

continental shelf have shown that also the tectonic development have a strong impact on 

the deposition of the various seismic sequences (Jordt et al., 1995, 2000; Faleide et al., 

2002). Within the depositional sequences, seismic facies was defined as mappable units 

composed of groups of reflections characterized by the reflection configuration, continuity, 

amplitude, frequency, or interval velocities different from adjacent units (Mitchum et al., 

1977a). These parameters are very sensitive to changes in physical properties (acoustic 

impedance) within the sedimentary rocks, thus an increased understanding of these 

parameters may help the interpretation of seismic data within a seismic stratigraphic 

framework. Especially the large range in physical properties found for mudstones may 

provide new insight to seismic stratigraphy. 

Quantitative seismic interpretation 

The analysis of seismic data in order to extract information about rock properties is a key 

to successfully describe subsurface rocks in terms of lithology, porosity, fluid content, 

permeability etc. This is important when searching for hydrocarbons because it may be 

possible to interpret a change in seismic response as function of geological processes. Rock 

physics may, when combined with a geological model, provide an important link between 

the interpretation of seismic attributes and geological properties. Many rock physical 

models relate velocity and impedance to mineralogy and porosity in order to interpret 

porosity and lithology. The Voigt (1910) and Reuss (1929) upper and lower bounds, 

respectively, represents the simplest models, but many models for calculating elastic 

bounds have been proposed to describe the elastic properties of rocks (e.g. Hashin and 

Shtrikman, 1963). Velocity/porosity trends have in sedimentary rocks been shown to be 

very dependent on the diagenetic history of the rock during burial (e.g. Dvorkin and Nur, 

1996). These trends tend to be different in sedimentary rocks where porosity is controlled 

by diagenesis (diagenetic trends) compared to sediments in which the porosity is controlled 

by variations is sorting and clay content (depositional trends) (Avseth et al., 2005). The 

interpretation of seismic properties may therefore be done with a higher degree of certainty 

when more information about mineralogy and texture are added to the analysis. Many rock 

physic models for clean sands (Dvorkin et al., 1994; Dvorkin and Nur, 1996; Avseth et al., 

2000), shales and shaly sandstones (e.g. Marion et al., 1992; Dvorkin and Gutierrez, 2002) 

have been developed for this purpose. However, sedimentary rocks with similar porosities 

may have different velocities which make it difficult to distinguish different lithologies and 
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pore fluids. By combining compressional (Vp) and shear wave (Vs) velocity this may be 

possible because the non-fluid effects on Vp and Vs are similar (Castagna, 1993; Avseth et 

al., 2005). 

Amplitude variations on seismic data have proven to be an important exploration 

tool for oil companies. To use amplitudes to predict the occurrence of hydrocarbons from 

seismic data was first proposed by Hammond (1974) who showed that a bright spot on a 

seismic section could indicate gas or oil. Amplitude versus offset (AVO) was later 

introduced by Ostrander (1984) who showed that hydrocarbons in a sandstone lead to 

varying amplitudes as a function of offset between source and receiver. Since then AVO 

analysis has become an important tool for the petroleum industry in their search for oil and 

gas because the amplitude variations on seismic data can be physically explained by rock 

properties (Avseth et al., 2005). The presence of such features on seismic data may also 

represent variations in lithology, rock physics and petrophysics are therefore needed to 

confirm that the amplitude anomalies are due to fluid effects rather than a change in 

lithology. 

Main objectives 
By combining well log data with mineralogical and chemical data, petrographic 

evidence and experimental compaction it is possible to interpret regional variations in these 

properties (that reflect changes in lithology, mineralogy and burial history) in terms of 

sediment composition, facies and provenance. Compaction trends provide information that 

will assist and improve the interpretation of seismic data and results from basin modeling. 

This thesis therefore investigates the controlling factors on compaction trends for siliceous 

sediments and their implications for basin modeling and seismic interpretation. 

Specific objectives 

� To analyze log data from mudstones and sandstones and mineralogical data from 

cutting samples and cores to describe compaction trends in relation to mineralogy, 

provenance, pore pressure and diagenetic development (Papers 1, 4 & 5). The 

petrophysical properties in well defined lithologies were studied by combining well 

logs with mineralogical and chemical data, petrographic analysis and experimental 

compaction (Papers 4 & 6). 
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� To quantify the effect of different mudstone compaction trends in basin modeling. This 

was done along an intensively studied transect from the northern North Sea basin 

where uncertainties in other input parameters are well constrained (Paper 2).  

� The large variations found in densities and velocities in mudstones provide a large 

range of physical properties in cap-rocks to potential hydrocarbon reservoirs. The 

sensitivity of varying cap-rock properties of the AVO response on a reservoir 

sandstone was investigated (Paper 3).  

Main Findings 
This thesis consists in addition to the introduction of six individual scientific 

papers. The following section gives a short overview of the purpose and main findings and 

the conclusions presented in the papers. 

Paper 1 

Physical properties of Cenozoic mudstones from the northern North Sea: Impact of clay 

mineralogy on compaction trends (AAPG Bulletin) 

A statistical analysis of petrophysical properties of Cenozoic mudstones in 42 well 

logs from the northern North Sea basin demonstrated that there are considerable variations 

in velocities and densities as a function of burial depth. This dataset was used to document 

changes in rock physical properties as a function of stratigraphy, lithology and clay 

mineralogy. By combining petrophysical properties from the well logs with clay 

mineralogical data (Berstad and Dypvik, 1982; Rundberg, 1989; Thyberg et al., 2000) it 

was clear that the primary mineralogical composition controlled by provenance controls 

the compaction trends for mudstones. This agreed well with depositional models for the 

northern North Sea (Jordt et al., 1995, 2000; Faleide et al., 2002). Velocity/depth trends 

and porosity/depth trends are important input parameters for basin modeling and seismic 

interpretation, and the results from this paper provide important information that may be 

used as input when analyzing mudstones in a sedimentary basin (papers 2 and 3). 

 

The main findings and conclusions were: 

� The large range of physical properties found for the Cenozoic mudstones is a result of 

the initial mineralogical and textural composition of mudstones. This initial 

composition may vary significantly throughout a sedimentary basin due to changes in 

provenance and facies. 
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� The smectite content is the most important factor controlling the velocity and bulk 

density distribution with depth for Cenozoic mudstones in the northern North Sea 

basin. The high smectite content within Eocene and Oligocene mudstones from the 

northern North Sea cause low velocities and bulk densities. High pore pressure in 

smectite-rich mudstones may partly explain the low values due to a retarded 

mechanical compaction because of a reduced effective stress. 

� Increasing velocities with depth in the smectite-rich Paleocene interval may reflect a 

thermal breakdown of smectite to illite and quartz. A correlation between high 

resistivities and high velocities may be caused by fresh water released by this 

diagenetic reaction, but variations in the primary mineralogical content can also explain 

the increased velocities and restitivites. 

� The coarse-grained and poorly sorted Miocene-Pleistocene mudstones compact more at 

low stresses and have higher velocities and densities than smectite-rich mudstones. 

There are also regional variations in compaction trends for this unit that correlates with 

two different depocentres sourced from different provenance areas.  

� Depth conversion, basin modeling and seismic interpretation require information about 

how velocities, densities and porosities vary with depth. The large variations found in 

these properties in Cenozoic mudstones from the northern North Sea show that 

mudstone heterogeneity should be considered during such analysis rather than applying 

default shale properties. Both seismic facies and the AVO response of a hydrocarbon 

filled sand is influenced by mudstone properties. 

Paper 2 

Mudstone Compaction Trends in Basin Modeling: a study of Mesozoic and Cenozoic 

sediments in the northern North Sea (submitted to Basin Research) 

Rock physical properties of sedimentary rocks are important input parameters to 

basin analysis when modeling the subsidence histories and the paleotemperature 

development of sedimentary basins. Mudstones and shales have normally been considered 

as a uniform lithology during modeling of sedimentary basins and have been assigned 

exponential or linear compaction trends. However, both experimental compaction (Mondol 

et al., 2007) and detailed studies of natural mudstones (e.g. Rundberg, 1989; Thyberg et 

al., 2000; Peltonen et al., 2008) have shown that there are large variations in compaction 

trends between different mudstone lithologies as described in papers 1,5 and 6. 
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This paper presents for the first time a detailed sensitivity analysis on the effect of 

varying compaction trends in mudstones for results obtained from basin modeling. This 

effect was tested on the post-rift succession along a well studied transect from the northern 

North Sea basin (Christiansson et al., 2000; Odinsen et al., 2000a, 2000b; Fjeldskaar et al., 

2004; Rüpke et al., 2008). Different porosity/depth trends with smectitic and kaolinitic 

properties derived from experimental compaction (Mondol et al., 2007) with varying 

thermal conductivities was applied to the Cenozoic succession along the transect. Results 

were compared to those obtained using a standard compaction curve normally applied to 

the North Sea (Sclater and Christie, 1980) with standard thermal properties. 

 

The main findings and conclusions were: 

� There are great variations in physical properties in mudstones as a function of clay 

mineralogy. Well log data from the northern North Sea basin show that smectite-rich 

mudstone may have ~20% higher porosities than kaolinite-rich sediments at the same 

burial depths. This study shows that the clay mineralogical composition of mudstones 

have significant implications for the modeling of basin geometries, subsidence and 

thermal histories of sedimentary basins. 

� Decompaction and geometrical restoration is important outputs from basin modeling 

providing information about the basin geometry through time. Different sediment 

thickness through time was observed when comparing a standard compaction curve for 

shale with porosity/depth trends derived for kaolinitic and smectitic mudstones. 

Maximum differences from the standard compaction curve of 10-15% in decompacted 

sediment thickness for the Cenozoic succession was observed along the modeled 

transect. This shows that laterally varying mineralogical composition and pore 

pressures have the potential of causing differential compaction and tilting of a 

sedimentary basin. 

� One important aspect of basin modeling is to get subsidence estimates in order to 

model the basin evolution with respect to its hydrocarbon potential. The differences in 

isostatic subsidence obtained using the smectite/kaolinite porosity/depth trends 

compared to the standard shale compaction curve was found to be 2.3-4.6% along the 

northern North Sea transect. Corresponding differences in tectonic subsidence of ~3-

8% gave rise to variations of up to 7.8% in stretching factors that will further affect the 

modeled heat flow into the basin during rifting. 



16 

� To get reliable estimates of the temperature development from basin modeling 

assumptions about the thermal properties within the sedimentary layers are essential. 

Differences of 20ºC in present day temperatures of an Upper Jurassic source rock was 

found by varying the thermal conductivites within the Cenozoic sediments along the 

modeled profile. This has implications for the calculated petroleum generation and is 

an important parameter to constrain when analyzing a sedimentary basin. 

Paper 3 

AVO response as a function of cap-rock properties: a case study from the northern North 

Sea (submitted to First Break) 

The impact of clay mineralogy on petrophysical properties in mudstones described 

in papers 1, 5, and 6 may potentially have large implications for the interpretation of 

amplitude variations with offset on seismic data. This paper presents a study on the effect 

of varying petrophysical properties in mudstones on the AVO response of a gas-filled 

sandstone reservoir. Based on well log data from 11 wells and a seismic sequence 

stratigraphic interpretation along a seismic line in the northern North Sea (Faleide et al., 

2002) a detailed geological model across a Paleocene oil/gas field was used as input to 

generate synthetic seismic data. Synthetic data with cap-rock properties resembling a 

smectite-rich and a kaolinite-rich mudstone was generated together with a reference model 

to study the effect of clay mineralogical content in cap-rocks on the AVO response of a 

sandstone reservoir. Results from this study show that the initial composition of cap-rocks 

greatly affects their elastic properties, and these variations proved to have significant 

implications for the interpretation and classification of AVO attributes. 

 

The main findings and conclusions were: 

� The understanding of cap-rock properties is very important for the interpretation of the 

seismic response of a sandstone reservoir. Variations in the initial mineralogical 

composition give rise to very different velocities and densities at the same burial depth. 

These variations have significant implications for the prediction of AVO classes. The 

AVO signature changed from a class I to a class II AVO sand by changing the 

mineralogical content in the cap-rock from a smectite dominated to a kaolinite 

dominated mudstone. The results presented in this study show that not only the elastic 

properties of a reservoir unit affects the interpretation of seismic amplitude variations. 
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� With the application of a geological model it is possible to more properly extract 

physical properties for a cap-rock than applying default shale values. Input of realistic 

cap-rock properties will improve estimates of AVO background trends, and therefore 

improve the interpretation of AVO attributes in terms of fluid content and lithology. 

Paper 4 

Changes in physical properties of a reservoir sandstone as a function of burial depth – the 

Etive Formation, northern North Sea (submitted to Marine and Petroleum Geology). 

This paper presents a detailed investigation of how the compaction trend of a 

relatively homogeneous lithology varies with depth and temperature. The shallow marine 

Etive Formation of Middle Jurassic age from the northern Viking Graben was chosen for 

this purpose. In the study area the Etive Formation is buried from 1600-4000 meter below 

sea floor which enabled us to study the effect of burial diagenesis on rock properties. The 

Etive Formation sandstones are beach/barrier deposits and consist mainly of well sorted, 

medium sized, sand. Petrophysical properties from 21 wells were analyzed and compared 

with experimental compaction of loose Etive sand together with petrographical analysis of 

23 thin sections. Reservoir characterization, basin modeling and quantitative seismic 

interpretation require information about how rock physical properties change with depth 

This study, which combines well log data with experimental compaction and petrographic 

analysis provide important information on the dependency on various diagenetic processes 

on rock properties in sandstones. 

 

The main findings and conclusions were: 

� In a single, well defined lithology such as the Etive Formation the velocity and density 

always increase with increasing burial depth and temperature. 

� At burial depths corresponding to temperatures lower than 70-80�C (<2000-2500 m in 

the northern North Sea) there is a good agreement between velocities, densities and 

porosities derived from well logs and values found by experimental compaction. This 

indicates that the vertical effective stress generated by the weight of the overlying 

sediments is the main porosity reducing agent at shallow depth. 

� From about 2000 meters (>70�C) there is a break in the velocity-depth gradient that 

may represent the onset of chemical compaction, mainly by quartz cementation, as 

observed by the petrographic analysis. This gradient change is observed by a relatively 

marked increase in velocities without a corresponding increase in densities. An 
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explanation for this may be that only a small amount of quartz cement, which will not 

cause a marked volume reduction, may have the potential to stiffen the rock 

framework, thus increasing the velocities. 

� From the onset of chemical compaction there is a strong correlation between 

petrophysical properties and the amounts of quartz cement found by the petrographic 

analysis. This strong dependency of quartz cement on velocities and densities, and the 

fact that these properties deviates from the experimental compaction curves at burial 

depths greater than 2000 meters, indicate that the compaction is a function of 

temperature insensitive to the effective stress after the onset of chemical compaction. 

Furthermore, the petrographic analysis showed no evidence of a reduction in 

intergranular volume after the onset of chemical compaction, which indicates that the 

source of quartz cementation is from dissolution at stylolites. 

Paper 5 

Mineralogical control on mudstone compaction: a study of Late Cretaceous to Early 

Tertiary mudstones of the Vøring and Møre basins, Norwegian Sea (Petroleum 

Geoscience). 

Petrophysical properties from well logs together with more than 300 cutting 

samples from five wells located in the Møre and Vøring basins offshore mid-Norway was 

analyzed. The cuttings samples were analyzed with X-Ray Diffraction (XRD) with respect 

to both whole-rock (bulk) and clay mineralogy. In addition, chemical analysis using X-ray 

fluorescence (XRF) was used for chemical analysis for one well (6505/10-1) together with 

scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS) to 

study the chemical composition of feldspars. Results from the mineralogical and chemical 

analysis showed large compositional variations both as a function of burial depth and the 

geographical position within the basins. The purpose of this study was to identify and 

relate the changes in mineralogical content to the compaction trends observed from 

petrophysical well log data. 

Detailed studies of mudstones are sparse in the literature and this paper provides 

one of the most comprehensive datasets on how variations in mineralogy affect the 

physical properties in fine-grained sediments. Earlier studies have claimed that grain-size 

is the main factor influencing the compaction of mudstones (e.g. Aplin et al., 1995), but the 

data presented in this paper clearly shows the importance on primary clay mineralogy 

composition as a controlling factor for compaction trends in mudstones. The amount of 
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smectite is especially important for the development of physical properties with 

depth/temperature.  

 

The main findings and conclusions were: 

� Variations in compaction trends for Late Cretaceous to Early Tertiary mudstones in the 

Vøring and Møre basins as observed from well logs reflect significant changes in the 

mineralogical compositions. 

� The clay mineralogical assemblage of the studied mudstones consists of smectite, illite-

smectite (I/S), illite, kaolinite and chlorite. Smectite is the dominant clay mineral in the 

Cenozoic succession and has a strong influence on velocities and densities. 

� The Early Tertiary mudstones in the study area have a decreasing smectite content 

from south to north. This change is observed in well logs by an increase in both 

densities and velocities in a northerly direction. An inversion in these properties with 

depth is seen for the southernmost wells with smectite content up to 50% of the bulk 

rock volume. 

� The clay mineralogical data also show a decrease in smectite with increasing burial 

depth which may partly be due to thermal alteration of smectite to illite and chlorite. 

This diagenetic change is observed by the well logs as an increase in both velocity and 

density in all of the studied wells. A change in primary mineralogical composition 

evident from a change in the plagioclase/K-feldspar ratio at the Cretaceous-Tertiary 

boundary may also contribute to this change in physical properties. 

� The mineralogical and petrophysical data presented in this paper clearly demonstrate 

the influence on primary mineralogical composition on compaction trends in 

mudstones. These changes provide important information that may be used in seismic 

interpretation and as input for basin modeling to better understand the evolution of a 

sedimentary basin through time. 

Paper 6 

Clay mineral diagenesis and quartz cementation in mudstones: The effects of smectite to 

illite reaction on rock properties (in press – Marine and Petroleum Geology). 

Borehole petrophysical well logs and 319 cutting samples from five deep-water 

wells in the Vøring and Møre basins in the Norwegian Sea were analyzed to study the 

relationship between sediment composition, diagenesis and physical properties of 

mudstones. Whole-rock and clay fraction (< 2�m) was analyzed using XRD, in addition 
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major elements were analyzed using XRF and SEM was used to study the samples. Results 

from the mineralogical and chemical analyses were used together with petrophysical 

properties from well logs to study the effect of chemical compaction on physical 

properties. 

Special emphasis in this study was on how physical properties change in relation to 

the smectite to illite reaction (S-I). Significant amounts of silica is released during this clay 

mineral reaction (Weaver, 1959; Towe, 1962; Boles and Franks, 1979; Srodon, 1999), but 

there is little evidence on what happens to the silica in the literature. A common 

assumption has been that the released silica in clay mineral reactions is transported from 

mudstones and precipitates in associated sandstones (e.g. Hower et al., 1976; Boles and 

Franks, 1979; Van der Kamp, 2008). However, recent studies (Thyberg et al., 2009) and 

results from this study indicate that the micro-quartz derived from the smectite to illite 

reaction is precipitated within the fine-grained clay matrix in mudstones. In order to isolate 

the effect due to this reaction an interval with relatively constant sediment composition in 

well 6505/10-1 was chosen for more detailed investigations. 

 

The main findings and conclusions were: 

� Analysis of well logs and cutting samples from 5 wells demonstrates that the primary 

mineralogical composition is the most important factor in determining the chemical 

compaction of mudstones. 

� Results from experimental compaction of clay minerals are in good agreement with the 

petrophysical properties from well logs in shallow sediments buried to less than about 

2000 meter (~70�C). At greater depths and temperatures, velocities and densities are 

higher than what is found in the experimental work indicating significant chemical 

compaction. 

� Mineralogical results show that illitization of smectite occurs from depths 

corresponding to 60-80�C that results in a release of silica. The mineralogical analysis 

indicates that the silica remains within the system as locally precipitated quartz. 

Authigenic micro-quartz found within the clay matrix for the same depth interval 

identified by SEM and Cathode luminescence (CL) supports this interpretation. 

� The presence of authigenic quartz cement within the clay matrix corresponds to marked 

increase in velocities (Vp and Vs) without a corresponding increase in bulk density. The 

precipitation of quartz in the micro-porosity of the clay matrix together with the 
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collapse of smectite from the S-I reaction may have lead to significant stiffening of the 

clay mineral framework which would result in an increase in velocities.  

� At depths corresponding to 60-80�C the physical properties of mudstones are 

controlled by chemical compaction, which is mostly sensitive to temperatures. 

However, the potential for authigenic quartz cementation is dependent on the amounts 

of unstable silicate minerals such as smectite and amorphous silica present in the 

mudstone. More stable clay minerals such as kaolinite will be little influenced by 

chemical compaction than smectite-rich mudstones at temperatures below 130�C. 

General Conclusions 
Results from this study document that compaction trends in siliceous sediments 

may vary significantly depending on the initial mineralogical composition controlled by 

provenance, depositional environment and burial history of the basin. The combination of 

petrophysical data from well logs with detailed analysis of the mineralogical and chemical 

composition of the sediments, petrographic studies, experimental compaction and 

depositional models have proven to be a good basis for quantifying changes in physical 

properties in terms of geological processes. It is evident that the amount of smectite in 

mudstones from the Norwegian continental shelf is the most important factor controlling 

the mechanical compaction as observed from the compaction trends in well logs. A bulk 

smectite content of more than about 20% seems to be sufficient to dominate the physical 

properties in these sediments. Low velocities and densities and high porosities observed 

within smectite-rich mudstones may deviate greatly from standard compaction trends 

normally applied to shales. This may be explained by the low compressibility of smectite 

and by the fact that reduced permeabilities in these sediments may cause increased pore 

pressures. The presence of smectite also plays an import role for the diagenetic evolution 

in mudstone as a precursor for diagenetic illite and chlorite and as a source for quartz 

cement. 

This study has also shown that the velocity and density will always increase with 

increasing burial when a single well defined lithology is studied. The inversion in physical 

properties with depth presented in this study correlates with changing lithologies.  

Early compaction of a relatively clean quartz-rich sandstones is controlled by the 

vertical effective stress and experimental compaction can be used to describe velocities and 

porosities with depth. From an excellent correlation between the amounts of quartz cement 



22 

and bulk density it is evident that chemical compaction (quartz cementation) becomes the 

main porosity reducing agent as temperatures are increasing during progressive burial.  

The implications of various mudstone compaction trends for basin modeling proved 

to be significant. Modeling of basin geometries, subsidence, heat flow, temperature and 

hydrocarbon maturation are influenced by the variations in porosity/depth trends for 

mudstones. The results from this study show that mudstones are very heterogeneous and 

this clearly affects results obtained from basin modeling. 

Physical properties in mudstones acting as cap-rocks for hydrocarbon reservoirs 

have significant implications for the interpretation of AVO attributes. By varying the cap-

rock properties from values resembling a smectite-rich mudstone to a kaolinite-rich 

mudstone the AVO response of a gas-filled sandstone reservoir changed from a class I to a 

class II AVO sand. Thus, a sand with identical elastic properties may be interpreted in 

several ways depending on the physical properties within the overlying cap-rock. With the 

application of geological models it is possible to extract information about how the 

physical properties vary within a basin. This will improve the interpretation and 

classification of AVO attributes. 
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