
Burial induced changes in physical sandstone properties: A case-study of North Sea and 

Norwegian Sea sandstone formations 
Lara A. Blazevic V.*, Kenneth Duffaut, and Per Avseth, Norwegian University of Science and Technology 

(NTNU) 

 
 

Summary 

 

The changes in physical properties of sandstones with 

burial depth are a result of mechanical and chemical 

compaction processes. These processes are affected by rock 

microstructure, pressure regimes and temperature history. 

Data from 30 wells have been used to investigate and 

compare the changes in porosity, bulk density, elastic 

moduli and wave propagation velocities between mid-

Jurassic sandstones in the North Sea and the Norwegian 

Sea. Mechanical compaction and quartz cementation 

models are used together with rock physics diagnostics to 

describe these changes. 

 

Introduction 

 

The physical properties of rocks are fundamental for the 

study of sedimentary basins and the characterization of 

hydrocarbon reservoirs. Properties such as porosity, bulk 

density and wave propagation velocities of the rock can be 

obtained or derived from well log data and they may 

provide information about rock composition and structure. 

 

The properties of a formation change with depth due to 

compaction. The compaction processes drive the sediments 

towards higher mechanical and thermodynamic stability 

(Thyberg and Jahren, 2011). Mechanical compaction starts 

immediately after deposition and is governed by increasing 

net stress, generated from the weight of the overburden, 

resulting in volume reduction due to rearrangement or 

breaking of grains (Marcussen et al., 2010; Thyberg and 

Jahren, 2011). Chemical compaction is controlled by 

thermodynamics and involves dissolution and precipitation 

of solids; in sandstones, the most important type of 

chemical compaction is caused by the precipitation of 

quartz, which begins around 70-80°C (Ehrenberg, 1990; 

Walderhaug, 1994a). 

 

The changes in physical properties with burial depth of two 

time equivalent sandstone formations from the North Sea 

(Etive Fm.) and the Norwegian Sea (Garn Fm.) are 

modeled and analyzed with information from 15 wells from 

each basin. To achieve this, the changes in porosity, bulk 

density, elastic moduli and wave propagation velocities are 

studied separately for the mechanical and chemical 

compaction domains. Combinations of Lander and 

Walderhaug’s model (1999) and the friable-sand model, 

and of Walderhaug’s model (1996) and the contact-cement 

model, are used to describe the changes in these physical 

properties in the mechanical compaction domain and in the 

chemical compaction domain, respectively. 

 

We investigate how different factors related to rock 

microstructure, pressure regimes and temperature history 

can affect the mechanical and chemical compaction 

processes, and how the deviations from the trends can 

provide further information about these factors. 

 

Theory and Method 

 

Porosity Modeling 

Lander and Walderhaug (1999) proposed a compaction 

function to explain the intergranular volume loss as a 

function of effective stress, given by: 

 

IGV = IGVf + (ϕ0 + m0 - IGVf) e-βσes (1) 

 

where IGV is the sum of pore space, cements and matrix 

material, and IGVf is the stable packing configuration, both 

in volume fraction; ϕ0 is the depositional porosity (volume 

fraction), m0 is the initial proportion of matrix material 

(volume fraction), β is the exponential rate of IGV decline 

with effective stress (MPa-1), and σes is the maximum 

effective stress (in MPa, hydrostatic pressure is assumed). 

 

This model was used to simulate the porosity loss due to 

mechanical compaction. From previous studies on core 

samples of the Etive and Garn formations (Ehrenberg, 

1990; Marcussen et al., 2010), the values of IGVf were set 

to 0.28 and 0.26, respectively. We assumed a depositional 

porosity, ϕ0, of 0.40 and m0 was set to 0; the sum of these 

two variables constitutes the initial IGV (i.e. IGV at zero 

effective stress). The value of β was fixed to 0.06 MPa-1, as 

that documented by Lander and Walderhaug (1999) to 

provide good correspondence between model predictions 

and measurements in sandstones. 

 

To predict quartz cementation, Walderhaug (1996) 

estimated the volume of quartz cement, Vq (in cm3), that 

precipitated in a 1 cm3 volume of sandstone with quartz 

surface area A (in cm2) during time t (in s), as: 

 

Vq = MrAt/ρ (2) 

 

where M is the molar mass of quartz (60.09 g/mole), r is 

the quartz precipitation rate (in moles/cm2s), and ρ is the 
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Burial induced changes in physical sandstone properties 

density of quartz (2.65 g/cm3). The quartz precipitation rate 

is dependent on temperature, while the quartz surface area 

is dependent on grain size, fraction of quartz and clay 

coatings. At any time, the porosity is given by the porosity 

at the onset of quartz cementation minus the volume of 

quartz cement at that given time. 

 

Quartz cementation was simulated by means of this model. 

The temperature at the start of quartz cementation was set 

to 75°C, corresponding to about 2 km burial depth in the 

studied areas in accordance with bottom hole temperature 

data, which was also consistent with previous authors 

observations (Ehrenberg, 1990; Storvoll et al., 2005; 

Marcussen et al., 2010). The fraction of detrital quartz was 

set to 0.65 based on Marcussen et al. (2010) petrographic 

analysis. The clay coating was assumed to be 0.1. Grain 

sizes varied between 0.2-0.6 mm for the Etive sandstones 

(Marcussen et al., 2010), and between 0.2-0.4 mm for the 

Garn sandstones (Ehrenberg, 1990). Temperature and 

burial history curves for each formation (Walderhaug, 

1994b) were used to derive temperature increase rates and 

to express the porosity loss (quartz cementation) as a 

function of depth. 

 

For this study we focused on “clean” sandstones with less 

than 5% clay. The clay volume was computed as an 

average of clay volume from gamma ray log and clay 

volume from neutron-density logs. Considering that several 

of the studied wells contained gas or condensate, the 

porosity was estimated from density-neutron logs. The aim 

of this approach was to reduce uncertainties related to the 

unknown fluid density. The resulting porosity loss trends 

from the mechanical compaction and quartz cementation 

models were compared with the data derived from the wells 

(Figure 1). 

 

Elastic Moduli and Velocities Modeling 

The models derived from the rock physics diagnostics 

technique, introduced by Dvorkin and Nur (1996), allow us 

to relate the elastic moduli of sediments and rocks to their 

porosity for different rock and sediment microstructures. 

Two models were presented: the friable-sand model and the 

contact-cement model. 

 

The friable-sand model, or the unconsolidated line, 

describes the elastic moduli-porosity relation when sorting 

deteriorates (Avseth et al., 2010). The dry elastic moduli of 

the well-sorted end point at critical porosity are given by 

the Hertz-Mindlin theory. At zero porosity, the elastic dry 

moduli correspond to those of the mineral. The moduli of 

poorly sorted sands with porosities between zero and 

critical porosity are interpolated between the mineral point 

and the well sorted point by means of Hashin-Strikman 

lower bound. 

In contrast, the contact-cement model assumes that porosity 

reduces from the initial porosity of a sand pack as result of 

the uniform deposition of cement on the surface of the 

grain (Avseth et al., 2010).  

 

A combination of the friable-sand and contact-cement 

models was used to model the diagenesis processes after 

deposition (Figure 2). Following Gassmann’s fluid 

substitution for the bulk modulus, P- and S-wave velocities 

at 100% water saturation were estimated and also modeled.  

 

From the well log data, water saturation in the formations 

of interest was computed from Archie’s equation (1952). 

Most of the studied wells contained hydrocarbons, either 

gas or oil, or a combination of both. The densities and the 

bulk moduli of the involved fluids were calculated 

following Batzle and Wang’s (1992) calculations. 

    

 

Figure 1: Porosity-depth trends in the mechanical and chemical 

compaction domains for the sandstones of the Etive Fm. (top) and 
the Garn Fm. (bottom). The data is color-coded by formation 

temperature. The depth is given as true vertical depth measured 

from sea floor. D = grain size. 
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Burial induced changes in physical sandstone properties 

 

To perform a sensible comparison and correlation with the 

data from all the wells, fluid substitution to a 100% water 

saturated scenario was carried out for the wells with 

hydrocarbon content. The fluid substitution was performed 

following Mavko et al. (1995) approximation of the 

Gassmann’s relation for the P-wave modulus, given that S-

wave velocity logs were not available. Without S-wave 

velocity measurements, the shear modulus of the 

formations remains unknown, and therefore, the bulk 

modulus of the saturated rock in situ cannot be estimated. 

After obtaining the P-wave velocity at 100% water 

saturation, the S-wave velocity for the same scenario was 

estimated from Greenberg and Castagna’s relation (1992). 

Knowing the P-wave and shear moduli we then estimated 

the bulk modulus.  

  

Figures 3 and 4 show the dry bulk modulus and the 100% 

water saturated P-wave velocity of the Etive and Garn 

formations, respectively. The data is plotted together with 

the combination of the friable-sand and contact-cement 

models. These models were converted to a depth domain 

from the porosity-depth relationships shown in Figure 1, 

and they are plotted together with the data in Figure 5.   

 

Discussion of Results/Conclusions 

 

In both the Etive Fm. and Garn Fm. the changes in physical 

properties with burial depth result from two different 

compaction processes: mechanical compaction and 

chemical compaction.  

 

The mechanical compaction governs up to about 2 km 

burial depth, corresponding to temperatures around 75°C. 

The general underprediction of porosity values for the 

shallower sandstones (< 2 km burial depth) by the 

mechanical compaction model suggests that both Etive and 

Garn Fm. have high depositional porosities (> 0.40). On the 

other hand, the model’s underprediction of dry bulk 

modulus and P-wave velocity in the same sandstones (at 

1.6-2.0 km burial depth) suggests that these might be 

slightly cemented, with little amounts of quartz cement 

stiffening the rocks but not affecting their porosities 

significantly. 

 

 

At burial depths greater than 2 km, chemical compaction is 

the main controlling process in the changes of physical 

properties. The greater variations in porosity values for the 

Garn sandstones at the same depth suggest that they are less 

well sorted than the Etive sandstones, and that the quartz 

cement also distributes less evenly. For both formations, 

there is a steep decrease in porosity from 2-3.5 km burial 

depth, and at greater depths there is, generally, no further 

significant reduction in porosity values. These high 

porosities at great burial depths (> 4 km) suggest the 

 

Figure 2: Schematic of the combination of the friable-sand and 

contact-cement models to follow the diagenetic processes after 

deposition. (Modified from Avseth et al., 2010). 

 

 

Figure 3: Dry bulk modulus (top) and  P-wave velocity at 100% 

water saturation (bottom) versus porosity for the Etive Fm. with 

compaction models. 
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Burial induced changes in physical sandstone properties 

presence of significant amounts of clay coatings inhibiting 

the quartz cementation. The well completion reports state 

high overpressures in these sandstones, indicating that the 

porosity preservation might also be influenced by low 

effective stresses. 

 

In the dry bulk modulus-porosity domain, the greater 

variations in bulk modulus values for Garn sandstones with 

the same porosity may suggest that they are more affected 

by different quartz deposition distributions than the Etive 

sandstones.  

 

 

From the general overpredictions of dry elastic moduli and 

velocities at greater burial depths, it is recommended to use 

or develop models that take into account the effects of 

varying effective stresses in the chemical compaction 

domain (e.g., Vernik and Kachanov, 2010). Cracks can 

occur at greater depths, which are not modeled with the 

contact cement model and can cause variability in elastic 

moduli and velocities. Avseth et al. (2014) used the 

differential effective medium to capture cracks at greater 

depths. At the presence of overpressure, the cracks will 

open and have a larger effect on velocities. 
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Figure 4: Dry bulk modulus (top) and  P-wave velocity at 100% 

water saturation (bottom) versus porosity for the Garn Fm. with 

compaction models. 

 

 

Figure 5: Dry bulk modulus and P-wave velocity (Sw=100%) 

versus depth for the Etive Fm. (top) and the Garn Fm. (bottom) 

with compaction models. The data is color-coded by formation 

temperature. 
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