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ABSTRACT

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 the mid-Jurassic sandstones of the Etive Fm. in the North Sea and the Garn Fm. in the
Norwegian Sea.

At shallow burial depths (< 2 km) the changes of the physical properties are governed by
effective stress. A mechanical compaction model is used to describe the porosity loss and the
bulk density increase with depth, whereas the friable-sand theory is used to explain the changes
in elastic moduli and wave propagation velocities. For both formations, the under predictions
by the models in the porosity, bulk moduli and P-wave velocity values from the data suggest
high depositional porosities (0.40) and small amounts of quartz cement at depths of 1.6-2.0 km.

At greater burial depths and temperatures (> 2 km, > 75°C) quartz cementation is the main
controlling factor in the changes of the physical properties. The porosity loss and the bulk
density increase with depth are explained by means of a quartz cement precipitation model, and
the contact-cement theory is used to describe the changes in elastic moduli and wave
propagation velocities. High porosities (> 0.15) at great burial depths (> 4 km) suggest the
presence of higher amounts of clay coatings in both formations, and they may also be a result
of high overpressures. The great variations in porosity and bulk modulus values for Garn
sandstones encountered at same depths, indicate that the Garn Fm. is less well sorted and more
affected by different types of quartz deposition than the Etive Fm. The contact-cement model
main over prediction trend for the bulk modulus of highly overpressured sandstones enlightens
the effects of different pressure regimes in the chemical compaction domain.
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CHAPTER1 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
experimental laboratory measurements, and they may provide information about rock
composition and structure.

In a given basin, a sedimentary package deposited at a certain time may present variations in
its properties depending on where in the basin is being evaluated, in relation to the depositional
environment and the structural evolution of the area. Similarly, the physical 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
effective stress, generated from the weight of the overburden, resulting in volume reduction due
to rearrangement or breaking of grains (Storvoll et al., 2005, Marcussen et al., 2010, Thyberg
and Jahren, 2011). Chemical compaction is controlled by thermodynamics and involves
dissolution and precipitation of solids; in clastic sediments, the most important type of chemical
compaction is caused by the precipitation of quartz, which begins at 70-80°C (Ehrenberg, 1990,
Walderhaug, 1994b).

Storvoll et al. (2005) performed a study where they used well log data from the Norwegian
Shelf (North Sea, Norwegian Sea and Barents Sea) to investigate the velocity-depth trends in
sedimentary rocks. The authors estimated a linear velocity-depth trend from previously
published velocity values, however, the sonic velocity log data showed significant variations
from this trend line. For each velocity-depth plot (associated to a specific study area) they
separated the data in intervals with different trends, for a better illustration of the variations.
The authors concluded that no general velocity-depth function should be used when performing
accurate velocity analyses such as depth conversion of seismic data, pore-pressure prediction,
or basin modelling.

Marcussen et al. (2010) also performed a study of changes in physical properties with depth
for a sandstone Formation in the North Sea (Etive Fm.). The well log data analyzed in their
study is compared with experimental mechanical compaction of a sample prepared using sand
from the same Etive Fm. The authors noticed that the velocity and density from well log data
had an excellent correlation with the results from the experimental mechanical compaction only
until certain depths (about 2 km below sea floor). For greater depths, the difference between
the experimental results and the well logs show that mechanical compaction alone can no longer
explain the depth trends in the Formation (Marcussen et al., 2010). The authors relate the
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1 INTRODUCTION

differences at these depths to the quartz cementation in the sandstone, which is also supported
by petrographic analysis of thin section samples. They also concluded that mechanical
compaction and quartz cementation are fundamentally different, for which is necessary to
model these processes separately when analyzing formations in a basin.

Several compaction trends for different siliciclastic rocks are well documented in the
literature. Walderhaug (1996) published a mathematical relationship to model quartz
cementation in deep buried sandstones as a function of temperature history. Walderhaug’s
model also accounts for the effects of grain size, mineralogy, clay coatings and pre-quartz
cementation porosity, allowing simulations for different scenarios. For the mechanical
compaction domain, Lander and Walderhaug (1999) proposed a model to explain the
intergranular volume loss as a function of effective stress.

To study the changes in elastic moduli and velocities as a result of varying rock
microstructure, Dvorkin and Nur (1996) presented two theoretical models for high-porosity
sandstones. One of the models, the contact-cement model, explained the high velocity values
in cemented sandstones, while the second one, the friable-sand model, explained the velocity
values for unconsolidated sandstones.

In the present study, 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.

The main purpose of this study is to compare the trends of changes in physical properties
with burial depth for the Etive Fm. and Garn Fm., and explain their similarities and possible
differences. The intention behind this study is also to 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.




CHAPTER 2 THEORETICAL BACKGROUND

2.1 Compaction processes

Once sediments are deposited, a series of diagenetic processes start, converting these
unconsolidated sediments into sedimentary rocks through physical consolidation and
compaction, and chemical processes that involve dissolution and precipitation of minerals
(Buller et al., 2005, Bjarlykke and Jahren, 2010). The diagenetic processes change the
composition of the sediments and the properties of the rocks, and they are controlled by the
temperature history (geothermal gradient), lithostatic stress and pore pressure.

Two main diagenetic processes are mechanical compaction and chemical compaction.
Mechanical compaction rearranges the grains to denser packages, resulting in porosity
reduction, and is a process governed by the increase of effective stress during burial (Hantschel
and Kauerauf, 2009). Chemical compaction involves dissolution of minerals and precipitation
of cement, and is controlled by thermodynamics. The precipitation of cement increases the
strength of the grain framework and prevents further mechanical compaction (Marcussen et al.,
2010). Figure 2.1 illustrates both mechanical and chemical compaction of a grain package after
deposition.
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Figure 2.1. Representation of mechanical compaction and chemical compaction after deposition. The
initial package configuration (left) is firstly compacted by mechanical forces (center) and subsequently
by chemical precipitation of quartz cement (right). (From Buller et al., 2005)




2 THEORETICAL BACKGROUND

2.1.1 Mechanical compaction

Before quartz cementation, or other types of cementation, grains compact mechanically by
sliding and reorientation, and may also fracture due to the overburden stress (Marcussen et al.,
2010).

According to Bjgrlykke and Jahren (2010), well-sorted sand is generally still loose (if not
carbonate cemented) during the first part of its burial history, corresponding to depths of 0-2
km; however, experimental compaction of loose sand with initial porosity of 40-42% shows
that the porosity can be reduced to 35-25%, depending on the grain size, at stresses of 20-30
MPa (2-3 km burial for normally pressured rocks) (Chuhan et al., 2002). This confirms that
mechanical compaction can have significant effects on porosity, and therefore in the physical
properties of the rock, such as elastic moduli, bulk density and wave propagation velocities.

The porosity loss by mechanical compaction determines the intergranular volume (IGV) of
the rock at the onset of chemical compaction, which is typically between 25-30% (Marcussen
et al., 2010). In some sandstones from the North Sea, Walderhaug (1996) found that the IGV
varies from 28-38%.

2.1.2 Chemical compaction

In sedimentary basins with normal geothermal gradients (around 30°C/km), quartz cementation
stabilizes the grain framework at about 2 km burial depth (corresponding to 80-100°C), and at
greater depths, temperature is the main controlling factor of the compaction, not effective stress
(Marcussen et al., 2010). Figure 2.2 shows the transition of mechanical compaction to chemical
compaction as a function of stress and depth.

Quartz cementation strengthens the rocks at a faster rate than the increase in overburden
stress. According to Bjerlykke and Jahren (2010), in most cases, only 2-4% of quartz cement
effectively prevents further mechanical compaction in sandstones, and further compaction is
mostly chemically controlled by the rate of mineral dissolution and precipitation.

Once quartz cementation starts and quartz overgrowth is formed, quartz cementation does
not cease until most of the porosity disappears (unless the temperatures decrease below 70-
80°C). At burial depths of around 4 km (120-140°C), the amount of quartz cement can be 10-
15%, and the remaining porosity may be 10-15% (Marcussen et al., 2010).

The amount of quartz cement is primarily a function of the temperature history and the
available grain surfaces for quartz precipitation (Walderhaug, 1994b). In 1996, Walderhaug
published a mathematical model for quartz cementation prediction, controlled by temperature,
time and the grain surface available for quartz precipitation; the most critical parameter for this
model is the clay coating, since it determines the area available for quartz cementation.




2 THEORETICAL BACKGROUND

Strain (Compaction) Porosity

» Stress (MPa)

4

Porosity/depth
curve

Mechanical
compaction

2.5km
X, = Overconsolidation
Rock strength due due to build-up of
\ Y to cementation overpressure.
v X, = Overconsolidation
"‘ due to cementation.
/
\
! \ X
_ D
5 km / \

] \
’ / \ Effective stress (¢,) at

Effective stress hydrostatic pore pressure
at overpressure

Depth

Figure 2.2. Sandstones firstly compact mechanically by grain reorientation and breakage as a response
to the increase in effective stress. At 80-100°C (about 2 km burial depth) sandstones become cemented.
Small amounts of quartz cement make the sandstone stiffer and overconsolidated, meaning that at
greater depths mechanical compaction (strain) becomes almost negligible. (From Bjarlykke and Jahren,
2010)

2.2 Porosity loss models

Both mechanical compaction and quartz cementation are porosity reducing processes.
However, they are controlled by different factors (effective stress and temperature,
respectively) and this should be taken into account to predict porosity loss correctly.

Well log data from sedimentary basins can provide important information regarding
compaction, as seen from the changes in the physical properties of the rocks with burial depth.
In their study of the Etive Formation, Marcussen et al. (2010) concluded that at depths shallower
than 2-2.5 km the compaction trend derived from log data showed good correlation with the
experimental compaction in the laboratory. At greater depths, quartz cementation becomes the
main controlling factor.

Several authors have developed different models that aim to predict porosity reduction in
sandstones (Ehrenberg, 1990, Ramm, 1992, Walderhaug, 1996, Lander and Walderhaug, 1999).
Porosity loss due to mechanical compaction can be greatly influenced by the textural and
mineralogical composition of the rocks. At depths where quartz cementation is the main cause
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of porosity loss, it is important to predict the occurrence of grain coatings that could prevent
further porosity reduction.

2.2.1 Mechanical compaction model

Lander and Walderhaug (1999) proposed a compaction function to explain the intergranular
volume loss as a function of effective stress (Figure 2.3), given by:

IGV = IGV; + (o + mg — IGV} ) Fes (2.1)

where IGV is the sum of pore space, cements and matrix material, and IGVs is the stable packing
configuration, both in volume fraction; ¢o is the depositional porosity (volume fraction), mo is
the initial proportion of matrix material (volume fraction), g is the exponential rate of IGV
decline with effective stress (MPa?), and es is the maximum effective stress (in MPa,
hydrostatic pressure is assumed). This model is useful in predicting the porosity loss due to
mechanical compaction, given that there is no quartz cementation in this domain.
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Figure 2.3. Lander and Walderhaug’s compaction model. The data points are from Texas Eocene
sandstones. (From Lander and Walderhaug, 1999)
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2.2.2 Quartz cementation model

To predict quartz cementation, the model proposed by Walderhaug (1996) estimates the
volume of quartz cement, Vq (in cm?®), precipitated in a 1 cm? volume of sandstone with quartz
surface area A (in cm?) during time t (in s), as:
Vg = MrAt

p
where M is the molar mass of quartz (60.09 g/mole) and p is the density of quartz (2.65 g/cm?3).

The quartz precipitation rate, r (in moles/cm?s), is expressed as a logarithmic function of
temperature:

(2.2)

r = al0PT (2.3)

where T is temperature in °C, and a and b are constants set to 1.98x10%? moles/cm?s and
0.022°C™, respectively, according to Walderhaug’s (1994a) estimates.

If the volume of quartz cement, Vq, is to be calculated from the onset of quartz cementation
for a certain period of time, and the temperature, T, changes with time, Equation 2.2 can be
rewritten as:

Vg =Vap1 + ——— (2.4)

where dt is the time step, and the subscript n = 1,2,...,N indicates the volume of quartz cement
for a corresponding time. When n = 1, the right side of Equation 2.4 deals with the initial values
V(o, ro and Ao. Vo is the volume of quartz cement at the start of quartz cementation, set to zero.
The initial quartz precipitation rate, ro, corresponds to the one at the initial temperature (i.e. the
temperature when the quartz cementation started). The initial quartz surface area, Ao, is
estimated by Walderhaug (1996), and can be expressed as:

6(1-0)f
= 27 2.5
0= (25)
where D is grain size, f is the fraction of detrital quartz, and C represents the fraction of quartz
grains coated by clay (clay coating factor).

At each time, the porosity and the quartz surface area are then given by:

¢bn =P —Van (26)
¢nA0
= 2.7

where, in this case, ¢o represents the porosity at the onset of quartz cementation.

Figure 2.4 illustrates the changes in fraction of quartz cement and porosity as a function of
time for a modeled sandstone without clay coating (C=0), in a setting with a linear temperature
increase of 2°C/Ma.
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Figure 2.4. Fraction of quartz cement and porosity versus time for a sandstone with 65% quartz clasts,
grain size of 0.3 mm, ¢o equal to 0.25, and without clay coating. (m.y=Ma). (From Walderhaug, 1996)

Combining the two previously described models, it is possible to estimate the porosity
reduction in sandstones that have been subjected to mechanical compaction and chemical
compaction.

2.3 Rock physics diagnostics

The models derived from the rock physics diagnostics technique, introduced by Dvorkin and
Nur (1996), allow to relate the elastic moduli of sediments and rocks to their porosity for
different rock and sediment microstructures. Two models are presented: the friable-sand model
and the contact-cement model.

2.3.1 The friable-sand model

The friable-sand model, or the unconsolidated line, describes the elastic moduli-porosity
relation when sorting deteriorates (Figure 2.5). The dry elastic moduli of the well-sorted end
point at critical porosity, Knm and pnw, are given by the Hertz-Mindlin theory:

[ - g0 17
HM l18n2(1 —v)? Pl @8)

(2.9)

_5-4v [32 g0t |
M =50 0 [ 2r2(1 = v)?

where ¢ is the critical porosity (or depositional porosity), P is the effective stress, and p and v
are the shear modulus and Poisson’s ratio of the mineral, respectively. The coordination
number, n, is defined as the average number of contacts that each grain has with surrounding
grains (Mavko et al., 2009).
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Figure 2.5. Schematic of the friable-sand model and corresponding sedimentologic variation. (From
Avseth et al., 2010)

At zero porosity, the elastic dry moduli correspond to those of the mineral. The moduli of
poorly sorted sands with porosities between zero and ¢ are interpolated between the mineral
point and the well sorted point by means of Hashin-Strikman lower bound. At porosity ¢, the
concentration of pure solid phase that reduces the porosity in the rock is 1 — ¢/¢c, and that of
the original sphere pack phase is ¢/¢c (Avseth et al., 2010). The dry bulk modulus, Kary, and
shear modulus, Wary, Of the friable-sand mixture are then defined as:

T
Kary = C4 + 4 ‘ - §.uHM (2.10)
Kym + 3 Ham K+ 3 Uum
PR
b bf _, (2.11)

Hary = oy tz p+z

where K and p are the bulk and shear moduli of the mineral, and z is defined as:

_ Hum (9KHM + 8HHM> 2.12)
6 \ Kym + 2Uppm

The bulk modulus for a saturated scenario, Ksat, can be computed from Gassmann’s fluid
substitution (Mary = Msat), and together with the corresponding density for the given scenario, P-
wave velocity, Vp, and S-wave velocity, Vs, can be estimated.
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2.3.2 The contact-cement model

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) (Figure 2.6). In this model, Kary and pary are defined as:

n(l-— M.S
Kdry — ( (zc) cn (213)
3K, 3n(l — ¢ Hu.S
/Jdry = Sry + ZOC — (214)

where ¢ is the critical porosity and n is coordination number. The P-wave modulus of the
cement material, Mc, is defined as Mc = K¢ + 4c/3, where K¢ and pc are the bulk and shear
moduli of the cement material, respectively. The parameters S, and S, are proportional to the
normal and tangential stiffnesses, respectively, and are defined as:

Sp = Ay (An)az + B,(4p)a + Cp(4Ay) (2.15)
Sy = A (A, ve)a? + B (Ag, v)a + Co(Aq, vg) (2.16)
where An, Bn, Cn, and A,, B,, C; are functions that relate the normal and tangential stiffnesses
(Dvorkin and Nur, 1996), and « is given by:
.5

2 0
_[p@-9 217

1_¢c

Elastic modulus
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Figure 2.6. Schematic of the contact-cement model and the corresponding diagenetic transformation.
(From Avseth et al., 2010)
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GEOLOGICAL SETTING

The study area for this investigation comprises the Norwegian North Sea and the Norwegian
Sea. The extension of both areas is shown in Figure 3.1.
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Figure 3.1. Map of the Norwegian Shelf showing the extension of the Norwegian North Sea and the
Norwegian Sea. The yellow line represents the limit between both areas (North Sea to the South and

Norwegian Sea to the North). The bold gray line denotes the limit of the Norwegian Shelf. (With data

from NPD FactMaps)

3.1 Norwegian North Sea

The structural framework of the North Sea is mainly the result of two major rift episodes, one
during Permian to Early Triassic and a second one during Late Jurassic to Early Cretaceous.
After the rifting ceased, it was followed by thermal subsidence (Deegan and Scull, 1977, Vollset

and Dore, 1984).
11
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At the beginning of the Middle Jurassic, volcanic updoming took place in the North Sea and
deltaic systems built outwards radially from the updomed area, depositing the sands that
comprise the Brent Group in the northern area (East Shetland Basin, North Viking Graben,
Horda Platform) (Vollset and Doré, 1984). As a consequence of the last rifting episode, the
Brent Group sediments are buried to very different depths (Marcussen et al., 2010).

The Brent Group consists of five formations: Broom (base), Rannoch, Etive, Ness, and
Tarbert (top) (Vollset and Doré, 1984), which are considered to be part of a major river-delta
system (Helland-Hansen et al., 1992).

For this study, the Etive Formation is the most relevant in the North Sea area. The Etive
Formation consists mainly of fine to coarse sandstones, and is interpreted as upper shoreface,
barrier bar, mouth bar and distributary channel deposits of Bajocian age (Vollset and Doré,
1984).

3.2 Norwegian Sea

The Caledonian Orogeny and the break-up of the North Atlantic divide the tectonic history of
the Norwegian Sea into three major events (Blystad et al., 1995): 1) Final closure of the lapetus
Ocean during the Caledonian Orogeny (Late Silurian/Early Devonian), 2) A series of
extensional deformation episodes, culminating with the continental separation between Eurasia
and Greenland (Late Devonian to Paleocene), and 3) Active seafloor spreading between Eurasia
and Greenland (Earliest Eocene to Present).

During the Early Jurassic (Sinemurian/Pliensbachian), prominent, NNE trending faults
detached in Triassic evaporites. When the growth faulting ceased, the Fangst Group sediments
were deposited during a quiet episode through the Middle Jurassic (Blystad et al., 1995).

The Fangst Group is a sand-dominated regressive sequence contemporaneous with the Brent
Group of the northern North Sea (Ehrenberg, 1990). The Fangst Group consists of three
formations: lle (base), Not, and Garn (top), and is present over most of the Haltenbanken and
Traenabanken area (Dalland et al., 1988).

In the Norwegian Sea area, the Garn Formation is the most relevant for this study. The Garn
Formation consists of medium to coarse-grained, moderately to well-sorted sandstones, and is
interpreted as progradations of braided delta lobes (Dalland et al., 1988).

Figure 3.2 shows a lithostratigraphic section of Jurassic formations in the Northern North Sea
and in the Haltenbanken.

During the late Cenozoic, mainland Norway and the eastern part of the Norwegian Shelf
experienced uplift and erosion (Hansen, 1996). Figure 3.3 shows the iso-uplift curves for
quantified net uplift and erosion on the Norwegian Shelf south of 66°N, constructed by Hansen
(1996) from sonic transit times of shale.

12
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Figure 3.2. Lithostratigraphic section of Jurassic formations in the Northern North Sea and in the Haltenbanken. (Modified from Storvoll et al., 2005)
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Figure 3.3. Iso-uplift curves (in meters) for quantified net uplift and erosion on the Norwegian Shelf.
(From Hansen, 1996)




CHAPTER 4 DATA AND METHODOLOGY

4.1 Data

15 wells from the northern North Sea and 15 wells from the Norwegian Sea were selected and
analyzed with respect to petrophysical properties available from the logs. In the case of the
North Sea, 7 wells corresponded to the ones studied by Marcussen et al. in 2010. Hansen’s
study (1996) discussed in the previous chapter was taken into account to select wells that were
not in an uplifted area. The studied intervals belonged to the sandstones of the Etive Formation
(North Sea) and the Garn Formation (Norwegian Sea).

Figures 4.1 and 4.2 show the location of the wells in the North Sea and in the Norwegian Sea,
respectively.

Figure 4.1. Location of the studied wells in the North Sea. The black dashed line represents the 0 m iso-
uplift curve from Hansen (1996). (With data from NPD’s FactMaps)
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Figure 4.2. Location of the studied wells in the Norwegian Sea. The black dashed line represents the 0
m iso-uplift curve from Hansen (1996). (With data from NPD’s FactMaps)

To perform an adequate comparison between both areas, the wells were also selected so that
the depths (measured from sea floor) of the Etive and Garn formations were approximately the
same. The top depth, bottom depth and formation thickness for each well analyzed in this study
are summarized in Tables 4.1 (Etive Fm.) and 4.2 (Garn Fm.).

4.2 Temperature calculations

To observe the overall trends of present day temperature as a function of depth for the North
Sea and the Norwegian Sea, the bottom hole temperature (BHT) versus depth was plotted for
all the wells (Figure 4.3).

The bottom water temperature (BWT) was calculated for each well and, subsequently, the
temperature gradient according to Equation 4.1:

_ BHT — BWT

- 4.1
T TV Dysr (4.1)

where TVDwsr is the total true vertical depth of the well measured from sea floor, and Gr is the
temperature gradient in °C/km. The temperature gradients of the studied wells ranged between

16



4 DATA AND METHODOLOGY

24-48°C/km. Figure 4.4 shows the temperature/depth trend for a well computed from its
temperature gradient.

BHT (°C)
40 60 80 100 120 140 160 180 200

® North Sea
® Norwegian Sea

N

TVD/MSF (km)
w

Y

6 1 1 1

Figure 4.3. Bottom hole temperature (BHT) versus final vertical depth for all the studied wells in the
North Sea (red) and the Norwegian Sea (blue). Similar trends are observed for both areas.
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Figure 4.4. Temperature versus depth for well 30/6-11 with a temperature gradient of 33°C/km.
Formation/Group tops are indicated.
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Table 4.1. Top depth, bottom depth and thickness of the Etive Fm. from the Table 4.2. Top depth, bottom depth and thickness of the Garn Fm. from the
wells studied in the North Sea (with information from the Norwegian wells studied in the Norwegian Sea (with information from the Norwegian

Petroleum Directorate’s FactPages). Petroleum Directorate’s FactPages).
Well Top Depth Bottom Depth Thickness Well Top Depth Bottom Depth Thickness
(mRSF) (mRSF) (m) (mRSF) (mRSF) (m)
34/10-9 1609 1640 31 6507/12-3 1706 1749 43
34/10-3 1813 1837 24 6507/8-6 1717 1741 24
34/7-12 2036 2053 17 6507/11-3 2096 2141 45
30/6-10 2409 2443 34 6608/10-2 2181 2214 33
30/3-4 2686 2762 76 6507/8-7 2464 2492 28
34/10-17 2774 2777 3 6507/11-6 2715 2762 47
34/10-2 2912 2925 13 6507/5-1 3033.5 3087.5 54
33/12-7 3072 3085 13 6507/2-2 3266 3291 25
30/6-11 3313 3415 102 6407/1-3 3285 3389 104
34/8-6 3324.5 3357.5 33 6406/3-6 3353 3470 117
34/10-21 3332 3338 6 6506/12-3 3499 3585 86
30/2-2 3918 3923 5 6506/12-6 3933 3978 45
34/10-23 4079 4123 44 6406/6-1 3936 4007 71
34/11-4 4120 4135 15 6406/2-7 4241 4257 16
34/8-7 4341 4356 15 6406/2-3 4233 4320 87
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4.3 Stress calculations

For each well, the lithostatic stress, o, and the hydrostatic pressure, pn, were calculated
according to Equations 4.2 and 4.3:

A

0@ =g [ podz (4.2)
0

P = g [ pudz 43)

0

where g is gravity, assumed to be 9.81 m/s?, py, is the bulk density from the density log, pw is
the water density, set to a constant value of 1.03 g/cm?, and Z is the final vertical depth below
sea floor.

A differential stress was then computed as:
Oaifr = 0(2) — pr(2) (4.4)

Figure 4.5 shows the lithostatic stress, the hydrostatic pressure and the differential stress for
one of the wells in the North Sea.
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Figure 4.5. Lithostatic stress (red), hydrostatic pressure (blue) and differential stress (green) for well
30/6-11.
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4.4 Porosity calculations

Considering that several of the studied wells contained gas or condensate, the porosity was
estimated from density and neutron logs. The aim of this was to reduce uncertainties related to
the unknown fluid density, which is an input for standard porosity calculations from bulk
density.

Equation 4.5 gives the estimated porosity, ¢, using density and neutron measurements:

b= ’¢f1 42‘ b5 (4.5)

where ¢n is the neutron porosity corrected for the appropriate lithology (in this case sandstone),
and ¢p is the density porosity calculated as:

Pma — Pp
= 4.6
d)D Pma — Pri ( )

where pma is the matrix density, in this case 2.65 g/cm? (quartz density), pp is the bulk density
read from the log, and p# is the density of the fluid, which is assumed to be water, with a value
of 1.03 g/cm?.

4.4.1 Porosity loss modeling

Mechanical compaction and quartz cementation was simulated in order to model the porosity
loss with depth for the Etive and Garn formations, and compare it with the resulting trends from
the previous porosity calculations.

The mechanical compaction simulation was performed using the compaction function
proposed by Lander and Walderhaug (1999), presented in section 2.2.1.

The values of IGV; for the Etive and Garn sandstones were assumed to be 0.28 and 0.26,
respectively, in accordance with the values documented by Marcussen et al. (2010) and
Ehrenberg (1990). The depositional porosity, ¢o, was set to be 0.40 as a reasonable value for
sandstones (Nur et al., 1998), and mo was set to 0, the sum of these two variables constitutes
the initial IGV (i.e. IGV at zero effective stress). The value of g was fixed to 0.06 MPa!, as that
documented by Lander and Walderhaug (1999) to provide good correspondence between model
predictions and measurements in sandstones. The effective stress (in this case, the differential
stress assuming hydrostatic pressure) ranged between 0-55 MPa, with a step of 0.1 MPa.

The quartz cementation was simulated by means of the model proposed by Walderhaug
(1996), discussed in section 2.2.2.

Both for the Etive and Garn sandstones, the temperature at the start of quartz cementation
was set to 75°C, given that previous studies for the same sandstones have shown that quartz
cementation takes place when temperatures reach 70-80°C (Walderhaug, 1994b, Marcussen et
al., 2010). These temperatures correspond to a burial depth around 2 km for the studied areas
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(Ehrenberg, 1990, Storvoll et al., 2005, Marcussen et al., 2010). The fraction of detrital quartz,
f, ranged between 0.64-0.65, and a clay coating factor, C, of 0.1 was assumed. Grain sizes, D,
varied between 0.2-0.6 mm for the Etive sandstones, and between 0.2-0.4 mm for the Garn
sandstones, according to the studies performed by Marcussen et al. (2010) and Ehrenberg
(1990), respectively.

The temperature history for each Formation was assumed from temperature versus time
curves proposed by Walderhaug (1994b) (Figure 4.6). For different periods of time, the
temperature increase rates varied between 0.4-5°C/Ma and 0.3-6°C/Ma for the Etive Fm. and
the Garn Fm., respectively.

Additionally, Walderhaug’s model indicates the quartz cementation and the porosity loss as
a function of time. To express the porosity loss as a function of depth, burial history curves
presented by Walderhaug (1994b) were used to convert the geological time to depth below sea
floor (Figure 4.7). The burial rates varied between 15-75 m/Ma and 5-220 m/Ma for the Etive
Fm. and the Garn Fm., respectively.
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Figure 4.6. Temperature versus time curves for the Etive Fm. (red) and the Garn Fm. (blue). (Modified
from Storvoll et al. (2005) with data digitized from Walderhaug (1994b))
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Figure 4.7. Burial history curves for the Etive Fm. (red) and the Garn Fm. (blue). Depth is in meters
below sea floor. (Modified from Storvoll et al. (2005) with data digitized from Walderhaug (1994b))

It is important to note, however, that these curves (temperature history and burial history)
were constructed with data from a specific well where the given Formation was encountered,
and might not be representative for the same Formation deposited in a different area further
away from the reference well. Because of this, and due to the lack of further information about
temperature and burial history for the studied sandstones, the temperature and burial were
assumed to increase linearly and with a constant rate from the start of chemical compaction
until present day. From the curves in Figures 4.6 and 4.7, this resulted in temperature increase
rates of 0.65 and 0.82°C/Ma, and burial rates of 22 and 25 m/Ma for the Etive and the Garn
formations, respectively.

4.5 Formation water resistivity

Gelius and Wang (2008) expressed the brine conductivity, ow, as a function of temperature and
salinity given by:

22



4 DATA AND METHODOLOGY

O-W(S’ T) = O-W(SO’ TO) + Aoy, (47)
with

Ao, = 0.0958(s — sy) + 0.00462(T s — Ty - Sp) — 0.26-1075(T2 - s — TZ - 50)

2.24-1073(236 + 0.099T) ,,  2.24-107°(236 +0.099Ty) 5,  (48)
- S S
(1.0 + 2.8+ 10-2Vs) (1.0 +28-10"2/sy) °

where ow(S0,To) represents the brine conductivity at initial salinity (so) and temperature (To). For
this study, these initial values are assumed to be 35 kppm for salinity, 20°C for temperature,
and 5 S/m for conductivity.

The values of temperature, T, are those calculated in section 4.2 by means of the temperature
gradient. In the case of salinity, s, the formation water salinities from four wells in the North
Sea were available from water analysis reports in NPD’s FactPages, and these values ranged
between 31.5-45.3 kppm (Table 4.3). For the rest of the wells, a constant value of 34 kppm was
used.

Table 4.3. Formation water salinities from wells where water analysis reports were available.

Well Formation water salinity (kppm)
34/10-3 42.3
34/7-12 315
34/10-17 33.2
34/10-2 45.3

Once brine conductivity was calculated by means of Equation 4.7, formation water
resistivity, Rw, was computed as:

R, = 1/0, (4.9)

4.6 Clay volume calculations

The clay volume was calculated from the gamma ray log and the neutron-density logs. The clay
volume (fractional) from neutron and density measurements is given by:

v — ¢

o= D
N-b ¢Ncl - ¢Dcl
where ¢n is the neutron porosity corrected for the appropriate lithology (in this case, sandstone),

and ¢p is the density porosity calculated as in Equation 4.6. ¢ne is the neutron log reading in
100% clay, set to 0.40, and ¢pci is the apparent density porosity in clay, set to 0.

V. (4.10)

From gamma ray measurements, the clay volume (fractional) can be expressed as:
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GRlog - GRmin

v = 4.11
cloR GRmax - GRmin ( )

where GRiog is the gamma ray log reading in the zone of interest, GRmin is the gamma ray log
reading in a clean zone having no clay, and GRmax is the gamma ray log reading in a zone
composed by 100% clay. The values of GRmin and GRmax Were adjusted for each well at the
depths of interest (corresponding to Jurassic formations). For the North Sea wells, the GRmin
and GRmax values ranged between 15-60 and 85-150, respectively. For the Norwegian Sea wells,
the GRmin and GRmax Vvalues ranged between 15-35 and 100-150, respectively.

The final clay volume was computed as an average from the two previously described
methods:

= Lo el @.12)
The main reason for this approach is that Vecr is affected by the presence of other minerals
commonly find in sandstones and that are heavier than quartz (e.g. mica), meaning that the
volume of clay could be overestimated. On the other hand, Veon-p is affected by the presence of
gas, given the greater separation of the neutron and density curves, and can result in an

underestimation of the clay volume.

Of interest for this study are the sandstones from the Etive and Garn formations with V¢ less
than 0.05.

4.7 Water saturation

Since the interest of this study are clean sandstones, water saturation was computed from
Archie’s equation (1952):

1

S, = ( a Ry )z (4.13)
¢™ R,

where the constant a is the tortuosity factor (usually close to 1), Rw is the formation water

resistivity, ¢ is porosity, m is the cementation exponent, R is the true resistivity of the formation,

and n is the saturation exponent.

The values of a, mand nwere setto 1, 2 and 2, respectively, as those that can be representative
for sandstones (Archie, 1952). The values of porosity, ¢, and formation water resistivity, Rw,
are those calculated in sections 4.4 and 4.5, respectively. The readings from the deep resistivity
log, R4, were assumed to be representative of the true resistivity of the formation, R:.
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4.8 Fluid properties — Density and bulk modulus

Most of the studied wells contained hydrocarbons, either gas or oil, or a combination of both.
Only one well from the North Sea and three wells from the Norwegian Sea did not encounter
hydrocarbons according to the information available from NPD’s FactPages.

Before performing fluid substitution to a water saturated scenario for the wells containing
hydrocarbons, the densities and the bulk moduli of the involved fluids were calculated for the
intervals of interest (Etive and Garn formations). These calculations are based on those from
Batzle and Wang (1992) to predict the seismic properties of pore fluids.

These calculations also take into account the pressure and temperature conditions. For this
purpose, the pore pressure was assumed to be equal to the mean hydrostatic pressure in the
interval of interest. The temperature values corresponded to the mean temperature (from section
4.2) of the corresponding interval. Additionally, there are other key input properties to calculate
the densities and the bulk moduli of the fluids: salinity for brines, gravity for gases, and API
gravity and gas-oil ratio for oils.

The brine salinities were the same used in section 4.5. For some of the gas wells, the gas
gravity was available from completion reports, or it was calculated from the fluid composition
analyses; these values ranged between 0.645 and 0.770. For the wells where this information
was not available, an average gravity of 0.695 was used. The API gravity was available (from
NPD’s FactPages and completion reports) for some of the studied wells containing oil, and the
values ranged between 28 and 48. If not available, a constant value of 40 API was used.

Appendix A summarizes the pore fluid properties from the intervals of interest (Etive Fm.
and Garn Fm.) in the studied wells from the North Sea and the Norwegian Sea, respectively.
The average formation water resistivities calculated in section 4.5 are also included.

4.9 Fluid substitution

To perform a sensible comparison and correlation with the data from all the wells, it is important
to take them to the same scenario, a 100% water saturated scenario in this case. Fluid
substitution was carried out for all the wells with hydrocarbon content.

Following the calculations of the bulk moduli of the involved fluids, the bulk modulus of the
fluid mixture, Kmix, was calculated for each well, according to:

_ -1
_ (1 Sw S_W) (4.14)
KHC KB

mix
where Sy is an average of the water saturation (section 4.7) in the intervals of interest,
corresponding to the Etive and Garn formations.

Before proceeding with the fluid substitution, a change of domain from bulk modulus to P-
wave modulus was necessary. The reason for this was the lack of shear wave velocity
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information; only four wells in the Norwegian Sea had S-wave velocity logs. Without shear
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.

On the other hand, the saturated P-wave modulus of the formation, Msa, in GPa, can be
computed as:

Msqe = .ObVP2 (4.15)
where py is the bulk density from the density log in g/cm?®, and Vp is the P-wave velocity from

the acoustic log in km/s.

The P-wave modulus of the fluid mixture, Mmix, is the same as the bulk modulus of the fluid
mixture, Kmix, given that there are only fluids involved (assuming zero shear modulus for the
fluids). Similarly, the P-wave moduli of the individual fluids are the same as their respective
bulk modulus, i.e. Mg = Kg, Mg = Kg, Moil = Koil.

For the P-wave modulus of quartz (matrix), Mo, a constant value of 95.4 GPa was used,
assuming 2.65 g/cm? for the density and 6.0 km/s for the P-wave velocity.

With the values of P-wave modulus, Mavko et al. (1995) approximation of the Gassmann’s
relation (Equation 4.16) was used to perform the fluid substitution.

M M M

sat ~ dary + fl (4.16)
MO - Msat MO - Mdry d)(MO - Mfl)
Firstly, the P-wave modulus of the dry rock, Mary, was computed as:
Mo 3y =5~ T
My—M

Mdry 0 - sat ¢( OM fl) (4.17)

sat fl

1+ —
[ MO - Msat d)(MO - Mfl)

where ¢ is the Formation’s porosity calculated in section 4.4, and Ma = Mmix. With this value of
Mary, the relationship in Equation 4.16 was used once again, this time to calculate the P-wave

modulus of the rock for a 100% water saturated scenario, Msat:

[ Mgy + £l

0[Mo— My ¢(Mo — My))

Msat Mdry i ! (418)
1+ |
[ MO Mdry ¢(M0 Mfl)

where, in this case, My is the P-wave modulus of the brine, Mg.

The P-wave velocity of the rock for a 100% water saturated scenario can then be calculated

as.:
Msat5W100
VPSw1oo = p (4'19)
\} bswio0
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where Msat swioo 1S the P-wave modulus of the rock when is 100% water saturated, calculated in
Equation 4.18, and pb swioo is computed as:

Pbswioe — 1- ¢)pma + ¢pp (4.20)

where ¢ is the Formation’s porosity calculated in section 4.4, pma IS the quartz density (2.65
g/cm?) and pg is the brine density calculated in section 4.8. Figure 4.8 summarizes the workflow
for the fluid substitution.

Hydrocarbon

Dry rock Water
saturated rock saturated rock
*Po Vo, Mpie v/ *M, v * Pswioos Mg v/

* Mg = Ve?py = Compute M,,, from » Compute Mg,
Mavko et al.?1995) from Mavko et al.
relationship (19935) relationship

. Vp — MSWIDD

Pswioo

Figure 4.8. Fluid substitution workflow. The notation is the same as in the text.

Figure 4.9 shows a comparison between the P-wave velocity from the acoustic log and the
P-wave velocity for a 100% water saturated scenario in one of the studied wells.

4.10 S-wave velocity estimation

From the previously calculated P-wave velocity at 100% water saturation, the S-wave velocity
for the same scenario was estimated for the wells without S-wave velocity measurements.
Greenberg and Castagna’s relation (1992) was used:

L N; L i
1 J J
Vs == le a;Vp | + ZXi ZaUVP
i=1 j=0 i=1 j=0 (4'21)
L
ZXi =1
i=1

where L is the number of pure monomineralic lithologic constituents, X; are the volume
fractions of lithological constituents, Nj is the order of polynomial for constituent i, and a;j are
the empirical regression coefficients (Table 4.4) (Mavko et al., 2009). Vp and Vs are in km/s.
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Figure 4.9. P-wave velocity from acoustic log (red) in well 30/3-4 and P-wave velocity for a 100%
water saturated scenario after performing fluid substitution (blue) within the Etive Fm. The well
originally contained oil. The bold blue line represents the P-wave velocity of water (1.5 km/s).
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Table 4.4. Regression coefficients for the pure lithologies of interest, sandstone and shale.
(From Mavko et al., 2009)

Lithology ai2 ai1 aio
Sandstone 0 0.80416 -0.85588
Shale 0 0.76969 -0.86735

For the wells with S-wave velocity information and hydrocarbon content the approach was
different. With the S-wave velocity computed from the logs (in km/s) and the bulk density from
the density log readings (in g/cm?®), the shear modulus, psat (in GPa), was calculated as:

Usat = Pb VSZ
(4.22)

Usat = Hary = U
Assuming that psat remains the same regardless of fluid content, and calculating the bulk density
of the rock for 100% water saturation as in Equation 4.20, the S-wave velocity for a 100% water
saturated scenario can be computed as:

’ U
V55w1oo - Db
Sw100

Figure 4.10 shows a comparison of the S-wave velocity from log measurements and the S-
wave velocity computed with Greenberg and Castagna’s relation for a dry well (Figure 4.10.a)),
and a comparison between the S-wave velocity from log measurements, the S-wave velocity
calculated from Equation 4.23, and the S-wave velocity computed with Greenberg and
Castagna’s relation for a well originally containing hydrocarbons (Figure 4.10.b)).

(4.23)

4.11 Dry elastic moduli calculations — Dry bulk modulus and shear modulus

For all the wells, the dry shear modulus was calculated following Equation 4.22. If the S-wave
velocity was obtained using Greenberg and Castagna’s relation, the involved bulk density is the
one corresponding to 100% water saturation (Equation 4.20).

The dry bulk modulus, Kary, in GPa, was then computed following the relationship:

4
Kdry = Mdry - §U (4.24)

where the dry P-wave modulus, Mary, is the one calculated in section 4.9 (Equation 4.17).
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Figure 4.10. a) S-wave velocity from log (black) and S-wave velocity computed with Greenberg and
Castagna’s relation (green) for a dry well (6507/8-7) in the Norwegian Sea; the red curve is P-wave
velocity from log. b) S-wave velocity from log (black), S-wave velocity calculated from Equation 4.23
(cyan), and S-wave velocity computed with Greenberg and Castagna’s relation (green) for a well
containing gas (6507/11-6) in the Norwegian Sea; the red curve is P-wave velocity from log and the
blue curve is P-wave velocity at 100% water saturation. In both graphs the bold blue line represents the
P-wave velocity of water (1.5 km/s).
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4.12 Dry elastic moduli and velocities modeling

The dry elastic moduli were modeled by means of the friable-sand and contact-cement models
presented in section 2.3, and then compared with the data obtained for the Etive and Garn
sandstones. For both models, a constant coordination number, n, of 9 was used as a good
representative for sandstones with 0.40 porosity. The bulk modulus and shear modulus of the
mineral (quartz) were set to 36.9 and 44, respectively.

The choice of these two models is based on an attempt to model the diagenesis processes
after deposition. As the friable-sand model assumes the porosity loss is only due to sorting
deterioration, it can be used to describe the mechanical compaction domain, where grain
packing can look very similar to the effect of sorting (Avseth et al., 2010). Similarly, as the
contact-cement model assumes the porosity loss occurs only due to cementation, it is herein
used to describe the chemical compaction domain. Figure 4.11 shows a schematic of the
proposed modeling.

Elastic modulus
//
Yaosh

Inltlal
- Friable % sand 1
pack

0.30 0.35  —/0.40
Porosity (volume fraction)

Figure 4.11. 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)

The friable-sand model, however, is defined for a given effective stress (see Equations 2.8
and 2.9). To make the model consistent with the mechanical compaction process where the
effective stress increases with burial depth, the friable-sand model was computed for stresses
ranging from 1-25 MPa (with a step of 1 MPa), assuming these values are representative for the
mechanical compaction domain. From the porosity modeling for the mechanical compaction
(section 4.4.1), porosity and stress are related, and from this relation it was possible to identify
the dry elastic moduli at certain porosity at certain stress. Figure 4.12 illustrates the model for
mechanical compaction for the dry bulk modulus.
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The friable-sand model was also tested with the Walton model for effective elastic moduli
for smooth spheres (Walton, 1987). It results from replacing the effective elastic moduli from
the Hertz-Mindlin model (Equations 2.8 and 2.9) with those defined by Walton for smooth
spheres (1987). The reason for this is that the Hertz-Mindlin model defined in section 2.3.1 is
related to infinite friction between the grains, whereas Walton model for smooth spheres is
related to zero friction between the grains. The friction between the grains changes with
effective stress, and is most likely to be closer to the zero friction limit at low stresses and closer
to the infinite friction limit at higher stresses.

3.5 T T

== \lechanical compaction model
s |s 0-pressure lines for FS model

(GPa)

Kdry

0.3 0.32 0.34 0.36 0.38 0.4 0.42
Porosity (fr.)

Figure 4.12. Mechanical compaction model for the dry bulk modulus (black) from the friable-sand
model (gray). The friable-sand model is computed for stresses ranging from 1-25 MPa with a step of 1
MPa. FS = Friable-sand.

In the case of the contact-cement model, the model is originally defined to start at a porosity
of 0.36. The model was firstly computed starting at 0.36 porosity until about 0.30 porosity. To
take the model to start at the desired porosity (the porosity at the onset of quartz cementation),
the values of stiffness moduli obtained previously were introduced in Hashin-Strikman lower
bound relationship (Equations 2.10 and 2.11) as Kum and pxm, While the critical porosity (4c)
varied from 0.36 to about 0.30. Figure 4.13 illustrates these proceedings. From the lowest
porosity reached with the modified contact-cement model, the corresponding values of elastic
moduli were used constantly as Kum and pnm in Hashin-Strikman lower bound relationship to
continue the model until zero porosity.
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Once Kgry and pary were modeled, Gassmann fluid substitution relation was used to compute
Ksat for a 100% water saturated scenario (similarly as in Equation 4.16 but replacing M with K),
and the density at each porosity was also calculated for the same scenario (Equation 4.20), to
model the P- and S-wave velocities and compare them with the data obtained in sections 4.9
and 4.10.

15 T T T T T
-— Km_y Contact-cement @ 0.36

— Kdry Chemical Compaction
— S @ 25 MPa

125

10

(GPa)
/

K
dry
/

/

25 \J 1

| | | |
0.25 0.275 0.3 0.325 0.35 0.375 0.4
Porosity (fr.)

Figure 4.13. Modified contact-cement model to start at the onset of quartz cementation. The friable-
sand model at 25 MPa is shown for reference.

From the porosity-depth relationships derived in section 4.4.1, the dry elastic moduli and the
100% water saturated velocities were converted to functions of depth instead of porosity.
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CHAPTER S RESULTS

The results presented in this chapter are representative for the sandstones of the Etive and Garn
formations with less than 5% of clay content, taken to a 100% water saturated scenario,
according to the calculations presented in Chapter 4. For the graphs where different properties
are plotted against depth, the depth is given as true vertical depth measured from sea floor.

The properties of the Etive sandstones are presented together with those of sandstones from
the Utsira Fm. (Middle to Late Miocene in age) encountered in one of the studied wells (34/7-
12), with the purpose of analyzing how the trends fit shallower sandstones.

5.1 Porosity-depth trends

As discussed in previous chapters, studying the porosity loss of a rock with burial depth is
fundamental to understand the compaction processes, and how do these affect other physical
properties of the rock. Figures 5.1 and 5.2 show the relationships between porosity and burial
depth derived from the well data for the Etive and Garn sandstones, respectively, together with
the porosity loss trends modeled in section 4.4.1.

For the Etive sandstones, the porosity loss modeling in the mechanical compaction domain
shows good agreement with the shallower Utsira Fm. at about 0.8 km burial depth, however, it
slightly under predicts the porosities for the Etive sandstones at around 1.5-2.0 km burial depth.
At burial depths greater than 2 km, the porosity loss cannot be longer explained by the loss of
the rock’s IGV. At the start of the chemical compaction modeling (2 km burial depth) the
porosity is near to 0.31. The chemical compaction modeling at burial depths greater than 2 km
can explain the porosity loss in most of the sandstones within a range of different grain sizes
representative for the Etive Fm. For three wells, however, the porosities of the Etive Fm. are
not explained by the chemical compaction models. At about 2.7 km burial depth, the Etive
sandstones encountered in well 30/3-4 have an anomalous higher temperature than those in their
surroundings, and lower porosities than those predicted by the models. For two wells at around
4.1 km burial depth (34/10-23 and 34/11-4) the sandstones porosities are in fact higher than the
ones predicted by the models.

In the case of the Garn sandstones, the porosity loss modeling in the mechanical compaction
domain slightly under predicts the porosity in sandstones about 1.7 km burial depth encountered
in well 6507/12-3, similarly as for the Etive sandstones at comparable depths. However, the
only point representative of Garn Fm. with less than 5% clay in well 6507/8-6, at about the
same depth as Garn Fm. in well 6507/12-3, has a significant lower porosity (0.26) than the one
predicted by the model (0.30) at the same depth. At burial depths greater than 2 km, the porosity
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Figure 5.1. Porosity-depth trends in the mechanical and chemical domains for the sandstones of the

Etive Fm. color-coded by Formation temperature. D = grain size.
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Figure 5.2. Porosity-depth trends in the mechanical and chemical domains for the sandstones of the

Garn Fm. color-coded by Formation temperature. D = grain size.
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loss is not explained by the modeling for the mechanical compaction domain (IGV loss),
however, some points at depths between 2.1-2.7 km seem to maintain high porosities. At the
start of the chemical compaction modeling (2 km burial depth) the porosity is about 0.29. The
chemical compaction modeling at burial depths greater than 2 km can explain the porosity loss
in most of the sandstones within a range of different grain sizes representative for the Garn Fm.
Similarly as for the Etive Fm., the porosities of the Garn Fm. encountered at depths between
4.0-4.3 km are considerably higher than the ones predicted by the models. It is also noticeable
that at depths corresponding to the chemical compaction domain, the porosities of the Garn Fm.
encountered in one same well can vary considerably. In relation to this, the Garn sandstones in
wells 6507/11-3 (~2.1 km burial depth) and 6507/11-6 (~2.7 km burial depth) appear to have
porosities ranging from 0.1-0.3.

Appendix B shows the median values of porosity versus burial depth for the sandstones
encountered in each well, together with the models presented in Figures 5.1 and 5.2.

Figure 5.3 shows the density values obtained for a 100% water saturated scenario in the Etive
and Garn formations, together with density-depth trends derived from the porosity trends. The
behavior of the curves is consistent with those presented in Figures 5.1 and 5.2.

a) Lo b) Lo
Density (g/cm”) Density (g/cm~)
2 2.2 24 2.6 2 2.2 2.4 2.6
0 T T T T
mc mc 70
CC.D=0.2mm 40 CC. D=0.2 mm
0.5 CC.D=0.4 mm | | CC.D=0.3 mm| |
* CC. D=0.6 mm = CC. D=0.4 mm 80
1 g 60
90
15 " 100
- 80
a» o o
t 2l o ; 5 E 1110 3
= { = = 2
< 1 © < ©
2 \ @ 1100 3 - _ &
Q L | i o @ 120 o
a 25 ; £ a £
.Q ﬂ £
130
37 ] 4120
140
2.,51% 140 150
4r N\,
LN 160
1 1 “\1 160 1 1
4.5 4.5

Figure 5.3. Density-depth trends for the Etive Fm. (Figure 5.3.a)) and for the Garn Fm. (Figure 5.3.b)).
MC = mechanical compaction, CC = chemical compaction.
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5.2 Dry elastic moduli- and velocities-porosity trends

The dry elastic moduli (Kary and Hary) calculated for both the Etive and Garn formations in
sections 4.10 and 4.11 are presented together with the models for dry elastic moduli-porosity
discussed in section 4.12. Figures 5.4 and 5.5 correspond to the data for the Etive Fm. and
Figures 5.6 and 5.7 correspond to the data for the Garn Fm.

The mechanical compaction curves, both for infinite friction and zero friction, over predict
the dry bulk modulus for the Utsira Fm. and under predict the dry bulk moduli for the shallower
Etive sandstones (Figure 5.6). In the case of the dry shear modulus, however, the zero friction
curve follows the values of the Utsira Fm. and the infinite friction limit is closer to explain the
shallower Etive sandstones, although is still under predicting the values of pary (Figure 5.5).
The results for the Garn Fm. in the mechanical domain are similar to those of the Etive Fm.;
Kary s significantly under predicted by the models while pary modeled with infinite friction is
closer to the data values (Figures 5.6 and 5.7).

The chemical compaction curve continues from the mechanical compaction curve for the
infinite friction model, arguing that at the onset of quartz cementation the behavior of the rock
will be closer to the infinite friction limit than to the zero friction limit. The quartz cement is
assumed to increase along the chemical compaction curve.
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Figure 5.4. Dry bulk modulus versus porosity for the Etive Fm. with compaction models. The data
points with the lowest Kqry values correspond to the Utsira Fm. (z.f. = zero friction).

37



5 RESULTS

50 T T T T T T
w Mechanical Compaction
451 == = Mechanical Compaction (z.f.)| | 40
wem= Chemical Compaction
| 60
180
7 o
= o
g 0
o 2
‘-E‘ l -1 100 g
(DB E.
[0
B ]
1120
140
0 I 1 1 I I 1 1 _— 1 160
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Porosity (fr.)

Figure 5.5. Dry shear modulus versus porosity for the Etive Fm. with compaction models. The data
points with the lowest pary Values correspond to the Utsira Fm. (z.f. = zero friction; Gary = Hary).
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Figure 5.6. Dry bulk modulus versus porosity for the Garn Fm. with compaction models. (z.f. = zero
friction).
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Figure 5.7. Dry shear modulus versus porosity for the Garn Fm. with compaction models. (z.f. = zero
friction; Gary = Mary).

The chemical compaction curve follows the increasing bulk modulus with reducing porosity
trend from the data (for both the Etive and Garn formations), although it mostly over predicts
the values, especially for the hotter (and deeper) sandstones in both formations (Figures 5.4 and
5.6). From the data, it can also be observed that same values of porosity can result in different
values of bulk modulus, and these differences are greater in the Garn Fm.

In the case of the dry shear modulus, for both the Etive and Garn sandstones, the model
significantly over predicts the values, especially for the Etive Fm. (Figures 5.5 and 5.7). What
is also noticeable from the data points, is that the values of dry shear modulus at a given porosity
vary less than those of the dry bulk modulus.

Figures 5.8 to 5.11 show the correspondent trends for P- and S- wave velocities for the Etive
and Garn formations at 100% water saturation as a function of porosity. In the mechanical
compaction domain, the data of the Utsira Fm. mostly aligns with the zero friction model
(Figures 5.8 and 5.9), while the shallower Etive and Garn sandstones are still not explained by
the models. In the chemical compaction domain, both Ve and Vs models over predict the data,
as expected from the over predictions in Kgry and Hary.
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Figure 5.8. P-wave velocity at 100% water saturation versus porosity for the Etive Fm. with compaction
models. The data points with the lowest Vp values correspond to the Utsira Fm. (z.f. = zero friction).
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Figure 5.9. S-wave velocity at 100% water saturation versus porosity for the Etive Fm. with compaction
models. The data points with the lowest Vs values correspond to the Utsira Fm. (z.f. = zero friction).
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Figure 5.10. P-wave velocity at 100% water saturation versus porosity for the Garn Fm. with
compaction models. (z.f. = zero friction).
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Figure 5.11. S-wave velocity at 100% water saturation versus porosity for the Garn Fm. with
compaction models. (z.f. = zero friction).
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5.3 Dry elastic moduli- and velocities-depth trends

The models for dry elastic moduli and velocities presented in the previous section were
converted to a depth domain from the relationships porosity-depth shown in section 5.1. Figures
5.12 to 5.15 show the data for dry elastic moduli and velocities as a function of burial depth for
the Etive and Garn formations, together with the derived models for mechanical and chemical
compaction. In this case, the data is color-coded with porosity to illustrate better the changes in
these rock physical properties for sandstones encountered in a same well, but with varying
porosity.

The mechanical compaction trend is only shown for the infinite friction model. From this, it
can be observed that the model over predicts the properties for the Utsira Fm. (Figures 5.12 and
5.13). For both the Etive and Garn formations, the mechanical model under predicts the values
of Kary and Vp, but it does explain the data for pary and Vs.

In the chemical compaction domain, the models can fairly explain the dry bulk modulus data
for both Etive and Garn sandstones up to about 3.5 km burial depth, at larger depths the models
greatly over predict the data. In the case of the dry shear modulus, the models mainly over
predict the data, with the over prediction increasing with depth. From these results for elastic
moduli, it is expected that the velocity models will mostly over predict the data, with the over
prediction being larger for Vs than for Vp, as seen in Figures 5.13 and 5.15.
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Figure 5.12. Dry elastic moduli versus depth for the Etive Fm. with compaction models. The data is
color-coded with porosity. (MC = mechanical compaction, CC = chemical compaction; D = grain size).
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Figure 5.13. P- and S- wave velocities (Sw=100%) versus depth for the Etive Fm. with compaction
models. The data is color-coded with porosity. (MC = mechanical compaction, CC = chemical
compaction; D = grain size).
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Figure 5.14. Dry elastic moduli versus depth for the Garn Fm. with compaction models. The data is
color-coded with porosity. (MC = mechanical compaction, CC = chemical compaction; D = grain size).
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Figure 5.15. P- and S- wave velocities (S,=100%) versus depth for the Garn Fm. with compaction
models. The data is color-coded with porosity. (MC = mechanical compaction, CC = chemical
compaction; D = grain size).

Appendix C shows the median values (for each well) of all the physical properties presented
in this Chapter versus burial depth. For each property, the values of the Etive Fm. and the Garn
Fm. are presented together. Linear regressions for each Formation are included.
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CHAPTER 6 DISCUSSION

6.1 Porosity modeling

The porosity modeling in the mechanical compaction domain is mainly controlled by the
depositional porosity and the final intergranular volume. The under prediction in porosity for
sandstones shallower than 2 km burial depth can be a result of variations in these values. Figure
6.1 shows a comparison between two different schemes of IGV-Depth modeling for the Etive
sandstones, together with IGV data from Marcussen et al. (2010). The solid line corresponds to
the same model presented in this study (section 4.4.1 and Figure 5.1), while the dashed line
represents a model with depositional porosity of 0.45 and final intergranular volume of 0.29.
The later shows a better agreement with the IGV measurements, possibly indicating that the
Etive Fm. has depositional porosities greater than 0.4, which is also supported by the
measurements indicating IGV values of about 0.4 at burial depths around 2 km. Although IGV
values as low as 0.28 had been measured, the sandstones show high IGV values (0.3-0.4) at
burial depths around 4 km.

A similar reasoning can explain the under predicted porosity for the Garn sandstones
encountered in well 6507/12-3. In the case of well 6507/8-6, where the sandstone porosity is
considerably lower than the modeled one, only one point might not be representative for the
entire Garn Formation. If it does, however, correspond to the true Formation porosity, the low
porosity can be a result of carbonate cementation.

Another reason for the high porosity values at around 1.5-2.0 km burial depth both in the
Etive and Garn formations can be overpressure, where high pore pressure results in higher
porosities. Wells 34/10-3 and 34/10-9 in the North Sea are drilled in the Gullfaks field, which
is known to have overpressured areas (NPD’s FactPages: Gullfaks field). The pressure
prediction report for well 34/10-3 stated a pore pressure gradient higher than the hydrostatic
gradient at the top of the Brent Group. The completion report for well 34/10-9 indicated that
the pore pressure was close to the formation integrity. For well 6507/12-3 in the Norwegian Sea
normal values of formation pressure are stated.

In the chemical compaction domain, the porosity loss is a consequence of quartz cementation,
and the amount of cemented quartz is greatly controlled by grain size, clay coating and
temperature history. From Figures 5.1 and 5.2 it is clear that varying grain sizes result in
different porosities, and therefore, given the model’s definition, in varying amounts of
cemented quartz; a difference of 0.1 mm in grain size can result in a difference up to 0.05
(fraction) of quartz cement. Smaller grain sizes lead to greater quartz surface areas and,
therefore, higher amounts of quartz cement are precipitated.
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Figure 6.1. IGV versus depth models together with IGV measurements for the Etive Fm. from
Marcussen et al. (2010). Higher depositional porosities and final intergranular volumes show better
agreement with the data. (Modified from Marcussen et al. (2010))

Figure 6.2 shows the amounts of quartz cement in the Etive sandstones quantified by
Marcussen et al. (2010) from several samples in seven different wells (which are also analyzed
in this study), together with the quartz cement trends corresponding to the porosity modeling
shown in Chapter 5. Marcussen et al. (2010) report small values of quartz cement (~0.07) in
well 34/10-3 at about 1.82 km burial depth. This can explain the mismatch between the models
and the data for the shallower wells (34/10-3 and 34/7-12), and for some points of wells 30/6-
10 and 34/10-17. In the two deepest wells (30/2-2 and 34/10-23), however, the amounts of
quartz cement are mostly over predicted, which is in consistency with the under prediction in
porosity (Figure 5.1). From the quartz cement quantification, it can also be observed that
sandstones encountered in a same well can have different amounts of quartz cement, which can
explain the varying porosity values in sandstones that have suffered chemical compaction (see
the greater spread in porosity values for the Etive sandstones buried deeper than 2 km in Figure
5.1, and also for the Garn sandstones in Figure 5.2).

Quartz cement quantification for the Garn sandstones encountered in four of the studied wells
was available from Ehrenberg (1990). Figure 6.3 shows the values documented by Ehrenberg
together with the quartz cement trends corresponding to the porosity modeling in the Garn Fm.

46



6 DISCUSSION

Quartz Cement (fr.)

0 0.05 0.1 0.15 0.2 0.25
15 T T T T
70
D=0.2 mm
34/10-3 D=0.4 mm
b D=0.6 mm
34/712 i 80
2
90
2.5 .
341017 1100 —~
- g o $
£ :
= =1
£ 3r 7 41110 ®
Q @
; :
30/6-11 8
© 1120
351
30
30/2-2
4l e °
3411023 o 0 140
4.5 1 150

Figure 6.2. Quartz cement quantification for Etive sandstones encountered in seven wells (from
Marcussen et al. (2010)) together with quartz cement models. Observe how for well 30/2-2 the amount
of quartz cement varies between 0.07-0.15. D = grain size.
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Figure 6.3. Quartz cement quantification for Garn sandstones encountered in four wells (from
Ehrenberg (1990)) together with quartz cement models. D = grain size.
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Although Ehrenberg presented averaged values of quartz cement, they can be explained by the
models, except for the deepest well (6406/6-1), where the amount of quartz cement is over
predicted, similarly as for the Etive Fm. in wells at around 4 km burial depth. From Ehrenberg’s
study (1990), there were no wells with quantified quartz cement in the Garn Fm. at burial depths
shallower than 2 km, therefore, it is difficult to say anything about quartz cementation occurring
at these depths. Since the values of quartz cement are averaged, it is an unknown if for the
sandstones encountered in a same well the amount of quartz cement varies considerably,
however, this would explain the great variations in porosity for the Garn sandstones that
suffered chemical compaction (Figure 5.2). The larger variations in porosity values of the Garn
Fm. at same depths, in comparison with the Etive Fm., is also an indicative that the Garn Fm.
is less well sorted than the Etive Fm.

As seen from Figures 6.2 and 6.3, grain size is a variable there is control on provided values
that are representative for the formations. Clay coating and temperature history, however, have
higher uncertainties, especially when constant values of each variable are set to explain
sandstones encountered in different wells, and therefore, that have been deposited in different
areas. In the modeling presented in this study, the rate of porosity loss (or quartz cementation)
for the Garn Fm. is higher than the one for the Etive Fm. because the estimated temperature
increase rate in the Garn Fm. is also higher than the one for the Etive Fm. (section 4.4.1).
Although for the Etive Fm., the models significantly over predict the porosity for the sandstones
encountered in well 30/3-4, which might be a result of its anomalous high present day
temperature, indicating a possibly higher temperature increase rate for these sandstones and
therefore a higher quartz cementation rate.

For both the Etive and the Garn formations, the sandstones encountered in the deeper wells
seem to preserve their porosity (with the exception of well 34/8-7 in the North Sea). All these
sandstones have present day temperatures greater than 140°C, therefore, the preservation of
porosity is not likely to be a result of lower temperature increase rates. Nevertheless, higher
amounts of clay coating inhibit quartz cementation, and can possibly explain the observations.
At Haltenbanken, the Garn Fm. has abundant chlorite coatings and also illite coatings
(Ehrenberg, 1993, Storvoll et al., 2002). Similarly, Walderhaug (2000) documented abundant
clay coatings in the sandstones from the Brent Group in the northern North Sea.

Another reason for porosities higher than expected at these great burial depths might be
overpressure. Ehrenberg (1990) concluded that overpressure seemed to be favorable for
porosity preservation in Garn sandstones below 3 km burial depth. The two deepest wells that
encountered Garn sandstones studied herein (6406/2-7 and 6406/2-3) reported very high pore
pressures in the Garn Fm., reaching gradients of about 1.97-1.99 g/cm? in equivalent mud
weight (NPD’s FactPages), and their median porosity values are about 0.22 and 0.16 (Appendix
B). In the case of the Etive sandstones, well 34/8-7 (deepest well encountering the Etive Fm. in
this study) reported 1.82 g/cm? for the drilling mud weight at the Etive Fm. interval (NPD’s
FactPages), indicative of significant overpressure. For wells 34/10-23 and 34/11-4 (Valemon
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field) at about 4.1 km burial depth, the reports indicate mud weights of about 2.00 g/cm? for the
Etive Fm. interval (NPD’s FactPages), corresponding to even higher overpressures. The Etive
Fm. in wells 34/10-23 and 34/11-4 is about 200 m shallower than the Etive Fm. in well 34/8-7,
yet for the first wells the porosity values are significantly higher than those in the later one
(Figures 5.1 and B.1).

There were no available measurements of quartz cement volume in the Etive and Garn
sandstones encountered in the deepest wells (34/8-7, and 6406/2-3 and 6406/2-7, respectively)
to compare them with the quantifications in slightly shallower wells (34/10-23 and 6406/6-1,
for example), however, based on the previous arguments, greater amounts of clay coatings and
higher pore pressures could together explain the preservation of porosity at large burial depths
(> 4 km burial depth).

6.2 Dry bulk moduli and velocities modeling

The model’s under prediction of dry bulk modulus and P-wave velocity in the mechanical
domain, for both the shallower Etive and Garn sandstones, is most likely a result of these
sandstones already having a minor amount of quartz cement stiffening the rock. From
Marcussen et al. (2010) it is known that the Etive Fm. in wells 34/10-3 and 34/7-12 (at present
day temperatures of about 60-80°C) has small amounts of quartz cement (Figure 6.2). Although
there was no available information about quartz cement in the shallower Garn sandstones (in
wells 6507/12-3 and 6507/8-6), small amounts of quartz cement would also explain the under
prediction in Kgry and Vp.

From the dry elastic moduli-porosity graphs, it can be observed that the dry shear modulus
model has a steeper slope than the dry bulk modulus model, which indicates that pary increases
more rapidly with increasing stress than Kary. This steeper slope also explains why the values
of Mary, and subsequently Vs, are less under predicted than those of Kary and Vp.

In the case of the Utsira Fm., although the mechanical models over predict the dry bulk
modulus data, the fact that the zero friction model can explain the dry shear modulus and
velocities data is consistent with the thinking that at shallower burial depths, and therefore lower
effective stresses, the sediments and rocks are closer to the zero friction limit.

In the chemical compaction domain, the difference in values of dry bulk modulus for the
same values of porosity (Figures 5.4 and 5.6) can be a result of different types of cement
deposition (Figure 6.4.a)). In their study of two different groups of North Sea sandstones
encountered at the same well, in the same porosity range, Dvorkin and Brevik (1999) interpreted
the dry P-wave modulus (Mary) differences as a result of the difference in the position of the
quartz cement. They concluded that in the stiffer rocks the cement was located predominantly
at the grain contacts, whereas in the “softer” rocks the cement was predominantly located away
from these contacts.
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Figure 6.4. a) Schematic of types of cement deposition. b) All cement deposited at grain contacts. ¢)
Cement deposited in uniform layer around grains. (From Mavko et al., 2009)

The chemical compaction models presented herein follow the scheme of cement deposited in
uniform layers around grains for the contact-cement model (Figure 6.4.c)). The all cement
deposited at grain contacts scheme (Figure 6.4.b)) results in higher values of elastic moduli,
and therefore higher velocities (Dvorkin and Nur, 1996), indicating that the rock becomes stiffer
by this type of cement deposition. This different scheme of quartz cement deposition might
explain some of the great values of Kary in Garn sandstones with about 0.25-0.30 porosity in
comparison with lower values, at the same porosity, that follow the chemical compaction trend
(Figure 5.6). However, this great difference in dry bulk modulus values is not observed for the
dry shear modulus (Figure 5.7).

From the Kqry data versus porosity, it can also be observed that the values from the deeper
and highly overpressured wells are usually the ones that are more over predicted by the model.
Changes in the pressure regimes might also explain the variations in dry bulk modulus values
at same porosities. In their study of velocity-depth trends in sediments from the Norwegian
shelf, Storvoll et al. (2005) suggest that lower velocities in overpressured Jurassic sediments
from Haltenbanken at 4-5 km burial depth (in comparison with equivalent hydrostatically
pressured sequences) is a direct response to lower effective stresses and, therefore, reduced
elastic compaction.

One of the main shortcomings of the Dvorkin-Nur contact-cement model is that it is not
pressure sensitive (Avseth et al., 2010), however, in their application of the model to describe
the Oseberg sandstones, they subjected the samples to different confining pressures and it can
be observed that at lower confining pressures (< 30 MPa) the dry velocities from the samples
fall below the theoretical model (Dvorkin and Nur, 1996).

In the case of dry shear modulus, the chemical compaction model greatly over predicts most
of the values for the Etive and Garn formations, especially for the Etive Fm. In a previous study,
Avseth et al. (2010) comment on the fact that the Dvorkin-Nur contact-cement model often
over predicts shear stiffnesses in cemented sandstones. What is also to note from the data, is
that the dry shear modulus values vary less at same values of porosity than the dry bulk modulus
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values, which can be an indication of Kqry being more sensitive to the type of cement deposition,
or to the pressure regime, than pary.

The over prediction by the chemical compaction model in the 100% water saturated
velocities, both for the Etive and Garn formations, follows from the over predictions in the Kary
(and subsequently, Ksar) and pary models. The over predictions continue in the dry elastic
moduli- and velocities-depth domain, especially at burial depths greater than 3.5 km, where the
over predictions in the dry elastic moduli- and velocities-porosity domain combine with those
from the porosity-depth domain.

Dvorkin and Nur (1996) rock physics diagnostics were initially presented to describe the
velocity-porosity relationships in two different sets of samples, one made with slightly
cemented quartz sands and the second one being almost completely uncemented, with two
different models (the contact-cement model and the friable-sand model), and not to describe
the continuous changes in the velocities (or elastic moduli) of sediments and rocks resulting
from the diagenetic processes after deposition. This fact, together with the results presented in
this study, enlighten the importance of well-defined models to describe and predict the changes
in rock physical properties with burial depth, as a result of the mechanical and chemical
compaction processes.
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CHAPTER 7 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.
These processes are greatly affected by rock microstructure, pressure regimes and temperature
history

The mechanical compaction governs up to about 2 km burial depth, corresponding to
temperatures around 75°C. The general under prediction 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 under
prediction 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. From temperature history curves, the Garn Fm. has slightly
higher temperature increase rates than the Etive Fm., which is consistent with the porosity
modeling in the chemical compaction domain. 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 (the porosities remain around 0.15-
0.20). These high porosities at great burial depths (> 4 km) suggest the presence of significant
amounts of clay coatings inhibiting the quartz cementation. The high overpressures reported in
these sandstones indicate 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 suggests that they are more affected by different quartz
deposition schemes than the Etive sandstones. For both formations, the values of dry bulk
modulus for the highly overpressured sandstones are usually under predicted by the models.

From the general over predictions 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 pressures in the chemical compaction domain.
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APPENDIX A

Tables A.1 and A.2 summarize the pore fluid properties in the intervals corresponding to the
Etive Fm. and the Garn Fm. in the studied wells from the North Sea and the Norwegian Sea,
respectively. The fluids densities and bulk moduli were calculated according to Batzle and
Wang (1992) relationships (section 4.8). Gas gravities, oil API gravities, and gas-oil ratios were
available from NPD’s FactPages and completion reports. The average formation water
resisitivities calculated in section 4.5 are also included.

Abbreviations used in the tables:

PB Brine density

Ks Brine bulk modulus
PG Gas density

Ko Gas bulk modulus
poil Oil density

Koil Oil bulk modulus
G Gas gravity

API Oil API gravity

GOR Gas-oil ratio

Rw Formation water resistivity
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APPENDIX A

Table A.1. Pore fluid properties in the Etive Fm. in the studied wells from the North Sea. When gas gravity or API gravity data were not available
(N/A) values of 0.695 and 40 were used, respectively.

* Dry well

** Wells with both gas and oil content in the Etive Fm. (see GOR) resulting in low oil densities and bulk moduli.

*** \\ells with oil shows, GOR set to 20 m*/m®,

Well pe (g/cm’)  Kg(GPa)  pc(g/em®)  Kg(GPa)  poil (9/cm®)  Koi (GPa) G API (rf:/)r;) Ru (2.m)
34/10-9 1.0162 2.6392 - - 0.7949 1.1086 N/A 31.9 62 0.1066
34/10-3 1.0173 2.6935 - - 0.7926 1.0341 0.656 29.2 70 0.0794
34/7-12 1.0037 2.6496 - - 0.7481 0.8561 0.722 36.8 68 0.0861

30/6-10** 1.0127 2.6967 - - 0.3100 0.0849 0.673 47.2 1595 0.0959
30/3-4 0.9693 2.4536 - - 0.6945 0.5539 0.770 38.0 80 0.0564
34/10-17 0.9940 2.6414 - - 0.6117 0.3848 0.740 35.0 246 0.0721
34/10-2** 0.9786 2.5194 - - 0.2314 0.6926 0.645 43.0 3800 0.0507
33/12-7* 0.9897 2.6288 - - - - - - - 0.0657
30/6-11*** 0.9853 2.6098 - - 0.7483 0.9259 N/A N/A N/A 0.0647
34/8-6*** 0.9874 2.6368 - - 0.7859 1.0753 N/A N/A N/A 0.0619
34/10-21 0.9944 2.6741 0.2043 0.0828 - - 0.650 - - 0.0609

30/2-2 0.9628 2.4492 0.2262 0.0977 - - 0.734 - - 0.0533
34/10-23 0.9626 2.4549 0.2045 0.0974 - - 0.650 - - 0.0549
34/11-4 0.9596 2.4289 0.2182 0.1005 - - N/A - - 0.0630
34/8-7 0.9540 2.3940 0.2268 0.1109 - - 0.695 - - 0.0500
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Table A.2. Pore fluid properties in the Garn Fm. in the studied wells from the Norwegian Sea. When gas gravity or API gravity data were not
available (N/A) values of 0.695 and 40 were used, respectively. Note that most of the wells containing oil have higher gas-oil ratios than those in
the North Sea, resulting in lower oil densities.

* Dry wells

** \Well with both gas and oil content in the Garn Fm. where GOR was not available, and set to 700 m%/m?.

*** \Well with oil shows, GOR set to 20 m3/m?,

Well  po(glem’) Ks(GPa) po(glom’) Ko (GPa) poi (glom®) Koi(GPa) G API (ES;) Ru (€2.m)
6507/12-3* 10119 2.6561 : : : : : : : 0.0982
6507/8-6* 00046  2.6637 : : : : : : : 0.0944
6507/11-3 10060 26766 01783  0.0539 : : 0.670 : : 0.0801
6608/10-2 09803 25249 01532  0.050 : : 0.645 : : 0.0709
6507/8-7% 00046 26394 : : : : : : : 0.0663
6507/11-6 00949 26535 02026  0.0717 : : N/A : : 0.0678

6507/5-1 09725 25039 : : 02167 11381 0670 549 4164 0.0613
6507722 09728 25183 01864 00828 : : 0.630 : : 0.0556
6407713 09821 25020 : : 02315 08058 0655 508 3458 0.0594
6406/3-6** 09713 25071 : : 04091 02226  NA  NA N/A 0.0546
6506/12-3 00603 24972 : : 05054 02847 0781 400 408 0.0557
6506/12-6 00639 24657 02432  0.1063 : : 0.765 : : 0.0519
6406/6-1%* 09552 23890 : : 07030 0738  NA  NA N/A 0.0510
6406127 09524  2.3753 : : 04041 03702  NA 441 731 0.0492
6406123 0949  2.353 : : 03953 04025 0720 472 744 0.0475
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Porosity (fr.)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0 T T T T T T T T 0
m——— Mechanical Compaction 40
= Chemical Compaction. D=0.2 mm -5
0.5 [ | s Chemical Compaction. D=0.4 mm 7
Chemical Compaction. D=0.6 mm 34/7-12 (U) 10
1 A 60
- 15
1.5 i . —_
@ 34/10-9 Lop B 150
@ 34/10-3 % E;
_E 2- © 34/7-12 1 25 @ ‘E’
— = =
£ 2 £
o a0 E 1100 g
a25- 7 € £
30/3-4 o 5 A
-35 E
3 1 4120
40
3.5 »
45 140
’ Stz f
° ® 341114 S0
4.5 : : : 55 160

Figure B.1. Porosity-depth trends in the mechanical and chemical domains for the sandstones of the
Etive Fm. color-coded by Formation temperature. The porosity values correspond to the median porosity
value for each well. Well names are indicated. U = Utsira Fm., D = grain size.

-58 -



APPENDIX B

Porosity (fr.)
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Figure B.2. Porosity-depth trends in the mechanical and chemical domains for the sandstones of the
Garn Fm. color-coded by Formation temperature. The porosity values correspond to the median porosity
value for each well. Well names are indicated. D = grain size.
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The median values of porosity, bulk density at 100% water saturation, dry stiffness moduli, and
wave propagation velocities at 100% water saturation versus burial depth are presented for the
Etive Fm. and the Garn Fm. (the values from the Utsira Fm. are not included). For each of these
properties, the data from the Etive and Garn sandstones are presented together.

For each Formation, linear regressions are included for every property. Note how the linear
regressions result in unphysical values at zero burial depth.
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Figure C.1. Median values of porosity versus burial depth for the Etive Fm. and the Garn Fm. Linear
regressions for the data from each Formation are included.
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Figure C.2. Median values of bulk density (Sw=100%) versus burial depth for the
Garn Fm. Linear regressions for the data from each Formation are included.
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Figure C.3. Median values of dry elastic moduli versus burial depth for the

Linear regressions for the data from each Formation are included.
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Figure C.4. Median values of wave propagation velocities (Sw=100%) versus burial depth for the Etive
Fm. and the Garn Fm. Linear regressions for the data from each Formation are included.
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