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Abstract

Overpressure estimation methods that use sonic velocity as a proxy for porosity only
account for excess pressure due to disequilibrium compaction; the influence of unloading
processes in generating larger excess pressure observed in most basins is ignored. Wireline log
data and pore pressure measurements from wells across the Central Graben and the East Shetland
Basin, North Sea, have been used to find out whether velocity is sensitive to the contribution of
unloading processes to observed overpressures. The approach was to focus on fine-grained
sediments, chalk and mudstones, and establish a relationship between sonic velocity and other
petrophysical parameters, necessarily including porosity and vertical effective stress, when the

latter variables are treated as independent.

Investigation of the Chalk in the Central Graben has shown that velocity has no
detectable dependence on vertical effective stress when porosity and effective stress are treated as
independent variables. The significance is that velocity in Chalk cannot be used to detect the
presence of any overpressure caused by unloading. It is suggested that the absence of an

observable velocity reduction in unloaded Chalk is due to cementation.

Analyses in the Lower Cretaceous and Jurassic mudstones show that gamma ray count
and depth can usefully be taken as additional parameters in overpressure estimation. In both the
Cromer Knoll and in the Heather formation, there is a small but significant dependence of
velocity on vertical effective stress when porosity and effective stress are taken as independent
variables together with gamma ray count and depth. The sensitivity factor is 21.8 m/s/MPa in the
Cromer Knoll and 17.4 m/s/MPa in the Heather. The contribution of the vertical effective stress
with associated independent variables (gamma-ray and depth) produced RMS errors between
measured and forward-calculated values of sonic velocity of 101 m/s for the Cromer Knoll and
107 m/s for the Heather Formation. The discrepancies may be attributed to the contributions of

other rock parameters that were not taken into account.
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1. INTRODUCTION

1.1. General introduction

1.1.1. Scope of the study

When drilling wells in overpressured areas, it is important to have advance
knowledge of the pore pressures likely to be encountered in permeable reservoir
formations. The mudweight may be adjusted or a casing point chosen to avoid losing
control of the well. These steps, known as well prognosis and borehole control, are
achieved with the use of some attributes and well information, along with analysis of

velocity information, i.e. interval velocities from seismic data and sonic velocities.

Seismic velocity has been most commonly used as a parameter for
overpressure determination because of its sensitivity to porosity. A way to link
overpressure with rock properties is to recognise that the seismic velocity of any rock
in the subsurface is a function of its depositional and burial history. Elevated pore
fluid pressure resulting from sealing of fluids during burial translates into rock
porosity preservation and change in velocity within the rock — normally a decrease in

P-wave velocity.

The importance of pore pressure prediction ahead of drilling cannot be over-
emphasized, especially in newly emerging plays with high reserve replacement
potential. Examples of newly emerging plays that are liable to be overpressured are
deep water sediments on ocean margins, sub-salt reserves and high-pressure high-
temperature (HPHT) environments. However, it is worth noting that overpressured
basins are not only encountered in frontier exploration beyond continental margins
and at greater depth. Overpressure is pressure above “normal” or hydrostatic pore
pressure (Swarbrick, 2002) and there are many abnormally pressured basins around
the world, e.g. North Sea, GoM (Gulf of Mexico), old sedimentary basins of Russia
(Mouchet and Mitchell, 1989).
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Overpressures are generated by mechanisms classified as either
undercompaction or unloading (Swarbrick et al., 2002). The work presented in this
dissertation is an investigation into the effect of overpressure due to unloading on
seismic velocity. The term “unloading” here is used to refer to all mechanisms that
reduce effective stress. Some purists insist that unloading only refers to process such
as uplift and erosion, where the stresses acting on sediment are reduced. The term as
used here includes fluid expansion mechanisms such as gas generation, which

increase pore pressure without changing the vertical load.

1.1.2. Aims and impact of the study

The purpose of the work reported here is to assess whether sonic and density
log information could be used to estimate overpressure generated by unloading
mechanisms, in addition to that generated by undercompaction, in some sediments of

the North Sea.

The approach is to establish a relationship between sonic velocity and other
petrophysical parameters, necessarily including porosity and vertical effective stress,
when the latter variables are treated as independent; and, if so, to determine the
amounts of overpressure attributable to undercompaction and unloading processes. In
short, the thesis investigates what additional geophysical data might be needed to
estimate overpressure more accurately. The investigation focuses on fine-grained
sediments, chalk and mudstones, of the North Sea located in the Central Graben and
the East Shetland Basin. Fine-grained sediments are chosen because when wells are
drilled overpressure needs to be estimated in the cap rocks fine-grained sediments

before a permeable formation is penetrated to avoid the risk of a blow-out.

The drivers for this study are both academic and industrial. From an industrial
view point, any possible method of pore pressure prediction ahead of drilling is worth
investigating. Unloading takes place along a reversible path in porosity - effective
stress space, as unloading is a poro-elastic process (Goulty, 1998). Should it be
proved that the reduction in effective stress due to unloading has an effect on seismic
velocity independent of porosity, such a result would warrant further investigation.
An accurate assessment of different contributions to observed overpressures would

enable pressure prediction experts to make unloading corrections when estimating



Lubanzadio Mavatikua Chapter 1. Introduction

pore pressure from normal compaction curves. Unloading processes are ignored in

most models used in overpressure prediction.

1.1.3. Use of velocity for overpressure prediction

Pore pressure prediction ahead of the bit during drilling hinges on shale
compaction curves, which should ideally show how porosity is reduced with
increasing burial depth when the pore pressure is hydrostatic. Use of such compaction
curves assumes that any overpressures present are due to undercompaction, i.e.

sediment is normally consolidated. Overpressure due to unloading is ignored.

According to soil mechanics theory, it is the effective stress that controls
compaction, and consequently rock properties such as sonic velocity. The vertical
effective stress is defined as the difference between the external vertical stress (or
overburden or lithostatic stress) acting on the rock and the fluid pressure (pore
pressure) (Terzaghi, 1943). Although porosity directly describes compaction state,
sonic velocity is widely used as an indicator of compaction because it is strongly
dependent on porosity (e.g., Wyllie et al., 1956; Raiga-Clemenceau et al., 1988) and

routinely logged in wells.

Unloading processes (e.g., uplift and erosion, fluid lateral transfer, gas
generation) all reduce effective stress. Our approach is to use sonic velocity and other
petrophysical parameters to investigate the response to such processes. The
relationship between vertical effective stress and porosity during normal compaction
defines a normal compaction curve, also known as compressional curve (Chilingar et
al., 2002). If the sediment is then unloaded, by reducing the effective stress acting on
it, there is only a small elastic increase in porosity, although the seismic velocity
decreases substantially when the effective stress is reduced to very low values. Thus,
there is no unique relationship linking the seismic velocity to either effective stress or

porosity (Goulty, 1998).

1.1.4. Thesis synopsis

The work herein is presented in seven chapters. Chapter 1 introduces the

study, stating the main objectives and giving some background to the project. It
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contains overviews on seismic and sonic velocity, pressure concepts in sedimentary
basins and the importance of fine-grained sediments in overpressure estimation. It
ends with an overview of previous related work. Chapter 2 is intended to provide the
reader with a broader view of the area of investigation and the issues under
consideration. It briefly gives the location and describes the regional geological
setting, discusses overpressure generating mechanisms and presents the status of the
high pressure and high temperature (HPHT) observed in the region. A note ascribing
the use of fine-grained sediments in this investigation and a number of concepts on

the use of pressure data in the industry relevant to this study are provided.

Chapter 3 states the theoretical basis of the data analysis, and discusses compaction in
fine-grained sediments as used in this study. It also explains the limitations of
porosity-based pore-pressure prediction. Chapter 4 contains the mathematical
fundamentals of the investigation. It gives details of data sources and requirements,
and assesses the petrophysical parameters used for the modelling with procedures for
their computation. It includes details of the generalised linear inversion method and of

the suite of programs written for the investigation.

Chapters 5 and 6 are the core of the thesis. They contain the analysis of well log data
and the results from the Chalk of the Central Graben and from Mesozoic mudstones
of the Central Graben and the East Shetland Basin. Each chapter starts with an
introduction specific to the relevant fine-grained sediments, previous related work and
the local geological setting, and is followed by a breakdown of the data sets used. In
each chapter the data analysis method is adapted and the results of the analysis are
given along with a conclusion pertaining to the associated fine-grained sediments.
Results of the investigation in the Chalk, i.e. Chapter 5, have been published
(Lubanzadio et al., 2002).

Chapter 7 is a summary of the overall conclusions and suggests how this study could
be extended beyond the scope of the thesis. Two appendices complete the study:
Appendix A has detailed computations of variables or derived properties involved in
the study, and Appendix B contains the computational programs developed as “Excel

Visual Basic macros” for the data analysis.
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1.2. Velocity of compressional waves

1.2.1. Seismic velocity and the industry

Propagation of seismic waves is of great interest to seismologists,
volcanologists, explorationists and engineers. In the oil and gas industry, propagation
of seismic waves has been a centrepiece, as seismic sections and traces have been at
the core of the industry which bears its name, the seismic industry. This industry is
interested in seismic waves from exploration to production with seismic data
acquisition, processing and interpretation plus the analysis of seismic attributes to

model] reservoirs of interest during appraisal.

Amongst properties which can be measured in the field, the most fundamental
is seismic velocity. Understanding the factors controlling or affecting seismic velocity
has been a challenge leading to extensive research carried out over decades.
According to elasticity theory, seismic velocity depends on a rock’s density and
elastic moduli. Equations (1.1) and (1.2) are expression for the P- and S-wave

velocities. For the compressional wave

4
v, = /’”_3” (L.1),
Yo,

and for the shear wave

v, = & (1.2)

where k is the bulk modulus, u the rigidity modulus and p the medium density. A
useful account of seismic waves and their propagation through the earth, based on

elasticity theory, is given by Sheriff and Geldart (1995).

1.2.2. Seismic and rock properties

In the search for oil and gas resources, recordings of compressional waves as
well as shear waves along with wireline log data from wells provide information
about the spatial distribution of subsurface properties (Nations, 1974; Gregory, 1977,
Tatham, 1982; Robertson, 1987; Miller and Stewart, 1990). Use is made of seismic
velocity and other associated properties known as seismic attributes in getting proper

insights into the formation/reservoir properties and their extension. Seismic attributes

-6 -
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offer advantages in that they can highlight properties that were not visible to the
interpreter on the seismic data alone. There are, in addition, other important
petrophysical parameters or rock properties, such as lithology, porosity and saturation,
which are required for a good understanding of the reservoir model. Fluid pressure
within the reservoir is also of great interest for well planning, calling for the initial

pressure distribution to be investigated.

Several studies in the area of rock physics are available on the effects of rock
properties on P-wave velocity (e.g. Han et al., 1986; Mavko et al., 1998; Hilterman,
1998). The behaviour of the V,/V; has also been extensively studied. It has been
demonstrated that V,/V; is a good indicator of lithology (Pickett, 1963; Nations, 1974;
Eastwood and Castagna, 1983; Castagna et al., 1985), that V,/ Vs is sensitive to gas in
most clastics sediments (Gregory, 1977; Tatham, 1982; Ensley, 1984, 1985), and that
its response to gas in carbonate rocks is variable (Robertson, 1987). Influences of
pressure and porosity on V, — V; ratio in unconsolidated sands have also been studied

(Zimmer et al., 2002).

1.2.3. Sonic velocity in porous media and sedimentary rocks

It has been established that seismic velocities, Vp and V, within sedimentary
basins are affected by many factors, such as age, porosity, pore geometry and fluid
content, depth of burial, effective stress, type and degree of cementation (McCormak

et al., 1985; Miller and Stewart, 1990).

The effect of porosity on velocity has been analysed using various approaches,
including the time average equation (Wyllie et al., 1956), the Picket (1963) empirical
equation, the transit-time to porosity transform of Raymer et al. (1980), the empirical
regression equation (Raiga-Clemenceau et al., 1988), the travel time differences to
porosity linear equation (Mehta and Verma, 1991), the shale calibrated porosity-sonic
transit time equation (Issler, 1992), and the shale compaction trend from sonic

(Hansen, 1996).

The dependence of seismic velocity on pressure has been confirmed for a
variety of rocks by laboratory measurements of elastic wave velocities in samples

with varying pressure in fluids (e.g. Wyllie et al., 1958; Todd and Simmons, 1972;
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Eberhart-Phillips et al., 1989; Prasad and Manghnani, 1997). Depths of burial and
geological age have an effect. In addition, fracturing is also found to have an

influence on velocity (e.g. Peacock et al., 1994a, 1994b).

For years, conventional logs (sonic, density, resistivity) have been used to
detect zones of abnormal high pressure (e.g. Athy, 1930a, 1930b; Hubbert and Rubey,
1959; MacGregor, 1965; Eaton, 1972; Maucione et al., 1994). The velocity of
compressional waves in rocks is a useful quantity to measure for pore pressure
prediction because velocity is a function of lithology, fluid type, porosity and
effective stress (Eberhart-Phillips et al., 1989; Prasad and Manghnani, 1997,
Khazanehdari et al., 1998). Many laboratory investigations have also assessed the
effect of pressure on velocity (Gregory, 1977; Domenico, 1984; Han et al., 1986;
King et al., 1988). Other recognised factors affecting velocity are pore types and
cementation (Massafero et al., 2002). Figure 1.1 gives trends of some rock properties

on seismic velocity. Most of the studies reported above have been carried out on

sandstones.
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Figure 1.1. Some effects of rock properties on velocity (after Hilterman, 1998)

In a shale, it is possible to use measurements of velocity from sonic logs
together with estimates of porosity from bulk density logs to arrive at an unambiguous

estimate of pore pressure, as Bowers (2001) has proposed, assuming that the shale
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matrix and pore fluid do not form a chemically reactive system. At the outset, it is
known that it is more difficult to proceed with the same method in Chalk because of
porosity variations associated with calcite precipitation. (The same difficulty would
apply with respect to quartz cement in sandstones). However, due to the importance of
chalk as a clastic reservoir, efforts to determine compaction curves for the chalk of the

region have been made (e.g. Mallon and Swarbrick, 2002).

1.3. Pressure concepts in porous media and reservoirs

1.3.1. Formation pressure, stress and overpressure

Formation pressure, also known as pore pressure, or fluid pressure P,, is the
pressure of the fluid contained in the pore spaces of sediments or other rocks
(Mouchet and Mitchell, 1989). The hydrostatic pressure at any depth z below water
surface equals that exerted by a column of fluid of average fluid density at that depth,

SaY Pruid ;

Phydrostatic = Pfuid 8 2 (1.3)

where g is the acceleration due to gravity. This is also known as the normal pressure.

However, pore pressure under the surface in porous media is not always
hydrostatic. Any value of P, showing a discrepancy, either positive or negative, with
respect to the value of corresponding hydrostatic pressure at the depth of
consideration, is termed abnormal pressure. A negative pressure anomaly is termed
“Underpressure”, while the positive is “Overpressure” (Mouchet and Mitchell, 1989).
Overpressure is defined as the amount of P, exceeding the hydrostatic pressure
(Dickinson, 1953; Gaarenstrom et al., 1993; Osborne and Swarbrick, 1997b). Over the
two last decades, research has been carried out in understanding pressure regimes in
sedimentary basins in terms of their history, distribution and compartmentalisation
(e.g. Bradley and Powley, 1994; Ortoleva, 1994), the rate and direction of fluid flow
(e.g. Swarbrick, 2004, 2005), overpressure determination (e.g. Bowers, 2002) and
prediction (e.g. Huffman, 2002). A summary of abnormal pressure generating

mechanisms will be given in Section 2.4.






Lubanzadio Mavatikua Chapter 1. Introduction

1.3.2. The skeleton or frame or matrix pressure: vertical effective stress

The skeleton or frame pressure of a rock is the vertical effective stress
(Gardner et al., 1974). It is the external vertical stress less fluid pressure. The elastic
moduli of the matrix (skeleton/frame) increase with increasing effective stress, and a
corresponding increase in velocity is observed. The increase in the elastic moduli is
attributable to the reactions at the intergranular contacts and the closure of
microcracks (e.g. Peacock et al., 1994b). Hence when both overburden pressure and
formation fluid pressure are varied, only the difference between the two (the vertical
effective stress) has a significant effect on velocity. A set of data given by Gardner et
al. (1974) confirmed the assertion. Velocity increases with increasing vertical
effective stress. Gardner et al. (1974) also established the effect — in recent basins - of
the in situ cementation of sand grains in increasing the velocity compared to sand

subjected to pressure in the laboratory.

1.3.3. Pressure measurements and presentation

In most fields nowadays, two dominant types of tools for pressure data
collection are used: (1) high resolution tools run in open well bores prior to
completion — amongst others, the modular formation dynamics tester (MDT), the
formation multi-tester (FMT), the repeat formation tester (RFT) and the GeoTap
pressure while drilling tool developed by Halliburton - and (2) downhole gauges (e.g.
the drill stem test (DST)) that provide measurements from producing wells. The first
set of tools measure pressure at known depths and are commonly used to determine
fluid gradients in individual sands. By contrast, downhole gauges provide the
invaluable ability to monitor pressure decline over time. Indirect pressure
measurements are also used for well control. They include mudweight and borehole
conditions experienced during drilling.  Although the above tools have been
successful, there is a drive for real time fluid pressure monitoring (mostly during
directional drilling); and accordingly tests on equipment/pressure tools using optical
fibres to convey data have already been carried out (Reynolds, 2004, von Flatern,
2005).

Pressure data are usually displayed on a range of plots to demonstrate the
interaction between pressure, depth, stratigraphy, time and location. Plots that show
pressure against depth (e.g. Figure 1.2.a) are particularly useful in illustrating fluid

gradients, fluid contacts and large scale pressure differences. Datumed pressure plots,

- 11-
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where the effect of fluid density is removed, reveal subtle pressure variations and
changes, in particular dynamic pressure gradients caused by production and static
pressure gradients which are the result of variable fluid properties. Also in use are
pressure-time plots. They have the ability to demonstrate excellent lateral pressure
communication, in contrast to pressure depth plots and datumed pressure plots which

are useful for identifying vertical pressure barriers.

1.4. Fine-grained sediments in this study

1.4.1. Interest in fine-grained sediments

Fine-grained sediments, as opposed to siliciclastic and carbonate rocks, are
renowned for their low permeability. They are chalk and mudstones. Mudstones are
fine-grained clastic rocks that are often described by a range of terms including clay,
mud, claystone, siltstone, shale, silty mudstone, and silt rich clay (see section 2.1.3).
Though their properties are difficult to assess - especially for shales — estimation of
pore pressure in fine-grained sediments is important before penetrating permeable
reservoir formation. Mudstones are recognised as seals as well as sometimes being
hydrocarbon source rocks. Chalk is also thought to act as a regional seal in the Central

North Sea (Mallon and Swarbrick, 2002; Mallon et al., 2005).

In this study, only non-reservoir sediments are considered, i.e. mudstone and
chalk successions which may be described simply as overburden. Sonic and density
log information are used to assess whether the presence of overpressure due to
unloading processes in these fine-grained sediments can be detected and quantified.
Considering the effect of gas on the P-wave velocity, it is critical to avoid sediments
bearing hydrocarbons, for their presence will result in a velocity decrease that can be
misinterpreted as an effect of elevated pore pressure. This suggests the choice of clean

chalk and non-organic mudstone beds for the investigation (Section 3.5, Chapter 3).

1.4.2. Velocity, compaction and pore pressure in shales

Shales are recognised of being fissile and for theircapacity-to'swell-and*dewater-- -

Another property of shales is its seismic velocity anisotropy. The anisotropy in shales

requires anisotropy corrections in seismic velocity analysis (e.g. Hawkins et al., 2001)
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and results in overpressure prediction difficulties as observed by Domnesteanu et al.,
(2000) and Heppard et al. (2000). Within shale sequences, the normal increase in
velocity with depth is attributed to dewatering; while higher velocities observed in

sands and carbonates are primarily related to higher densities compared to shales.

Mechanical compaction during burial can only occur when the shale can dewater.
As the sediments compact and the porosity reduces, so does the permeability (Mann
and Mackenzie, 1990; Luo and Vasseur, 1992; Maubeuge and Lerche, 1994). It
follows that pore pressure affects compaction-dependent geophysical properties, such
as density, resistivity and sonic velocity. This constitutes the premise on which
overpressure detection is based. Shales are then the lithology of choice as they are
more responsive to processes leading to overpressure than other types of rocks

(Bowers and Katsube, 2002).

As will be discussed in Section 2.5, pore prediction models are compaction
curves which may vary within a basin or in between basins. Variations may be related
to the lithology, grain size, rate of sedimentation, subsidence and structural history
within basins. In terms of overpressure in shales, in addition to disequilibrium
compaction and hydrocarbon generation within source rocks, smectite-illite
transformation is also accepted as an internal overpressure generating mechanism
(Osborne and Swarbrick, 1997a; Katsube et al., 1998; Lahann, 2002; Nadeau et al.,
2002).

1.5. An overview of other related work

Increasingly nowadays, pore pressure determination starts with determining
interval velocities from seismic data before spudding the well. Velocity information
. may be updated with drill-bit seismic or by acquiring sonic and VSP data during rig
down-time (Dutta et al., 2002a). Many other attempts have been made to predict
overpressure using interval velocities from processing seismic reflection data and

velocity from sonic logs. A compiled overview on overpressure prediction from_

seismic data, using velocity analysis, can be found in Dutta (2002). . . .. .

Hillis (1995) used sonic velocity, not for overpressure estimation, but to

independently quantify apparent exhumation (height above maximum burial depth) in

- 13-
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the Chalk of southern North Sea. Al-Chalabi (2001) suggested interval velocity in
uplift investigations, and further work reported the use of velocity-depth relationship

for recognition of an uplifted unit (Al-Chalabi and Rosenkranz, 2002).

Two pieces of work are worth citing in relation with the variation of velocity
with effective stress in Chalk of the North Sea. The first was carried out by Japsen
(1998), who undertook a regional study of velocity depth anomalies in North Sea
Chalk, and reviewed previous work by Bulat and Stoker (1987), Hillis (1995) and
Sclater and Christie (1980). The second one is by Mallon and Swarbrick (2002). They
determined a compaction trend for the non-reservoir Chalk in the more restricted area
of the Central North Sea, using data from 59 wells. Details of their results are stated in

Section 5.6, Chapter 5.

Unloading processes reduce effective stress (Goulty, 1998). As compaction is
predominantly an inelastic process, only a small amount of elastic rebound occurs
when the effective stress acting on a formation/sediment is reduced. The elastic
rebound corresponds to an unloading curve on a plot of porosity versus effective
stress (see Section 3.2). Bowers and Katsube (2002) found that transport properties
(e.g. sonic velocity and resistivity) which are sensitive to pore sizes, shapes, and how
pores are connected undergo more elastic rebound than bulk properties (density and
porosity). They suggested that a depth interval in which resistivity and sonic velocity
data appear anomalously low in comparison to bulk density is likely to be an indicator

of in-situ rebound (unloading).

An interesting summary of critical challenges of pore pressure predictions is
given by Huffman (2002). The seismic industry has made progress in the use of lapse-
time seismic and other seismic attributes (e.g. shear-wave velocity) towards pre-drill
pore pressure prediction. At the same time, prediction while drilling has made success
in some areas, as it is based on the use of drilling parameters to detect deviation from
a ‘normal’ pressure trend within the borehole. Among all methods already developed,
each has its limitations. Thus, ways of fine-tuning the existing metf-lods or building

upon them are still worth exploring.
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2. THE CENTRAL NORTH SEA, FINE-GRAINED
SEDIMENTS AND OVERPRESSURE

2.1. Introduction

2.1.1. Aims and outline

This chapter introduces the Central North Sea and provides the reader with a
background and broader view of the area of investigation, with the purpose of putting
the analysis in Chapters 5 and 6 into context. The background information covers:

- the geographical location,

- the geological history in terms of stratigraphical settings, sediment
distribution, structural deformation, tectonic evolution, the burial history
and reservoir stratigraphy,

- the overpressure origin and history.

This is followed by a review on a number of concepts needed to understand the origin

of overpressure and the use of pressure data in the industry, pertaining to this study.

2.1.2. Central Graben and East Shetland Basin: geographical location

This investigation covers the Central Graben and the East Shetland Basin of
the North Sea (Figure 2.1). The Central Graben strikes NW-SE approximately
between 1°E 58°N and 4°E 56°N. The East Shetland Basin is located between 60° -
62°N and 1° - 3°E. These areas have been the subjects of many studies related to
overpressure and stress investigations, due to their economic importance with several
hydrocarbon-producing fields. Production comes from the normally pressured
Palaeocene Forties Sandstones, the overpressured Upper Cretaceous and Danian
chalks, some other plays in the Jurassic (Fulmar, Brent and Statfjord sandstones) and
pre-Jurassic sandstones exhibiting high pore pressures. Figure 2.1 shows the location

of the UK continental shelf and the geological area of our investigation.

T
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clay size range. Mudrock is a general term that can be used to distinguish the finer-
grained sedimentary rocks from sandstones or limestone. Mudrocks can be further
identified as shale, mudstone, argillite, siltstone, claystone or marl, depending on the
dominant grain-size (=texture), composition and the presence of fissility or

laminations. Mudstone is a commonly used synonym for mudrock.”

Claystone is a sedimentary rock of indurated clay-sized silicate materials,
having the texture and composition of shale, but lacking its lamination and fissility.
The particular feature about shale is that it has distinctive laminated layers and
moderate to high clay content. Siltstone is principally composed of silt-graded
material, which is finer than very fine sand and coarser than clay, and contains less
clay than shale and lacks its fissility and fine lamination. As a detrital sedimentary
rock formed by the compaction and consolidation of clay, silt, or mud, shales are
vulnerable to phenomena such as swelling, shrinking, hydration, strength reduction
and failure. These problems occur because shales are highly water-sensitive
formations. Though they are difficult to study, mudrocks/mudstones are important
rocks because they are the most abundant sedimentary rocks, making up over 65% all
sedimentary rocks. In value, they are likely the source rocks for petroleum and natural

gas, and are sometimes valuable ore deposits.

Across Europe, the Chalk is one of the most recognizable and conspicuous
rock sequences. In the North Sea it is encountered in the Wessex Basin in southern
England and in the British Isles (Evans et al., 2003b). In Southern England, the Chalk
was deposited during a period of over 30 Ma (Gradstein et al., 1994, 1995; Hardenbol
and Robaszynski, 1998), which is known to have been a particularly protracted
highstand of sea level that followed a long-recognized major sea-level rise and marine

transgression towards the end of the early Cretaceous (Suess, 1906).

Mudstones considered in the study are those of the Lower Cretaceous and the
Jurassic (see section 3.5, Chapter 3). A particular characteristic of most sedimentary .
basins with fine-grained. lithologies (such.. as.. shales) ..is. the .. development -.of.._
overpressure starting around depths of 2.0 km or greater below sea-bed (Swarbrick,

2004).
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The Lower Cretaceous (Cromer Knoll Group) contains beds of marl, shale,
claystones and limestones in the Plenus Marl, Sola and Valhall Formations. The
Upper Cretaceous comprises the Chalk Group in the central and southern parts of the
North Sea, with the Shetland Group in the northern part. Across the North Sea Central
Graben, chalk is an important hydrocarbon reservoir, as hosted within the Upper

Cretaceous and the Danian Chalk.

The post-Cretaceous in the North Sea Central Graben is made of strata which
are distributed throughout the North Sea Basin. In the Central Graben and the
Shetlands, the Palaeocene is made of preserved strata, which comprise siliciclastic
sediments, claystones and the Danian Chalk; the latter being considered as part of the
Ekofisk (Chalk Group) (Morton et al., 1993; Ahmadi et al., 2003).

Of relevance to overpressure, it is worthwhile to indicate that fine-grained
sediments, chalk and mudstones, are very low permeability rocks. While shales act as
seals and hydrocarbon source rocks, depending upon depositional facies and pathways,
chalk can be both reservoir and seal (e.g. Scholle, 1977; Kennedy, 1980). Within
much of the UK chalks, the distinction between reservoir and seal is very fine over the
permeability range 0.01 to 0.5 mD. Many layers of low permeability within the Tor,
Hod and Hidra Formations probably act as top seals to accumulations of hydrocarbons.
In addition, the tight zone at the base of the Ekofisk and the Plenus Marl shale are

known as two ubiquitous and efficient intra-Chalk seals.

In the northern part of the Central Graben, the Palacocene consists of sheets of
sandstones overlying the Chalk. The sandstones form a normally pressured aquifer
overlying the Chalk Group. Consequently, the upper part of the Chalk Group is also
normally pressured. However, overpressures are observed deeper in the Chalk even
where it is overlain by Palacocene sandstones. In the southern parts of the graben
though, the Palaeocene sandstones are replaced by claystones which act as a seal to

overpressures encountered in the Chalk Group (Holm, 1998).
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2.3. Sediment compaction and diagenesis

2.3.1. Definition

Compaction and cementation, known as lithification, are part of the rock cycle.
After deposition, sediments are compacted as they are buried beneath successive
layers of sediment and cemented by minerals that precipitate from solution.
Compaction is the physical process by which sediments are consolidated, resulting in
the reduction of pore space as grains are packed closer together. Diagenesis is the
physical, chemical or biological alteration of sediments into sedimentary rock at
relatively low temperatures and pressures that can result in changes to the rock's
original mineralogy and texture. As the loading conditions vary with time, some of
sediment properties (e.g. mechanical and transport properties, such as porosity,
permeability and compressibility) are affected. It follows that the pressure within the
sediments is also affected. This gives rise to a variety of sedimentary rocks.
Mudstones, for instance, are formed by conversion of argillaceous sediments under

the effects of some mechanical compaction and chemical processes, as stated earlier.

2.3.2. Porosity reduction and oil generation/migration

Both compaction and diagenesis reduce sediment porosity. As layers of
sediment accumulate, the ever increasing overburden pressure during burial causes
compaction of the sediments and loss of pore fluids. It leads to the formation of rock
as grains are welded or cemented together. Grains of sediment, rock fragments and

fossils can be replaced by other minerals during diagenesis.

Porosity usually decreases during diagenesis, except in rare cases such as
dissolution of minerals and dolomitization. Diagenesis does not include weathering
processes. Hydrocarbon generation begins during diagenesis. There is not a clear,
accepted distinction between diagenesis and metamorphism, although metamorphism
occurs at pressures and temperatures higher than those of the outer crust, where

diagenesis occurs.

The importance of compaction is enormous. Many works have
revealed/confirmed that reservoir beds such as limestones and sandstones show little

compaction compared to shale. Athy (1930b) published a summary on compaction in
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Undercompaction, however, has been confirmed as the main cause of overpressure

development in sedimentary basins (Swarbrick and Osborne, 1998; Huffman, 2002).

In addition to temperature, the evolution of sedimentary organic matter
increases with pore pressure. The evolution of sedimentary organic matter depends
also on temperature and pressure (Sajgo et al., 1986; Price and Wenger, 1992; Dalla
Torre et al, 1997). As shown on Figure 2.3, overpressure increases with depth in
undercompacted sequences. Where sediments are undercompacted, porosity is higher
than for normal compaction, and so a greater degree of thermal maturity is expected.
And it is observed that most of the world’s oil and gas have been generated from
overpressured source rocks (Baird, 1986; Connan, 1974; Hunt, 1990, Price and
Wenger, 1992).

2.3.3. Sediment compaction and applications

Compaction in mudrocks has been studied intensively, since mudrocks are
very complex materials. A number of different empirical compaction curves have
been proposed to describe compaction and the changes observed in fine-grained
sediments and in sandstones, as well. The first one was proposed by Athy (1930a) and
is a simple exponential decay of porosity with depth. Any departure from the
compaction curve can be interpreted as changes in the sediment properties (density,
porosity and velocity), variation in the mixture of clay types in the shale, changes due

to the thermally driven process of hydrocarbon generation or change of fluid type.

Compaction models, combined with the knowledge of the principal lithologic
components in a sequence, are also used to predict density changes with depth and

seismic P-wave velocity (Wiltshire and Huggard, 2000).

The normal compaction curve is derived from normally pressured sediments.
However, the presence of overpressure reduces effective stress, and it is established
that compaction and elastic wave propagation behaviour respond to changes in

effectlve stress. Thus compactlon curves are also used to spot the onset of

overpressure (e. g Hubbert and Rubey, 1959) Other uses of compactlon curves are

reported in section 2.5.1.
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2.4. Overpressure

2.4.1. Generating mechanisms

In particular overpressured basins, the challenge of understanding the ori gin of
overpressure has also received much attention during the last two decades (e.g.
Osborne and Swarbrick, 1997b; Skar et al., 1998:; Huffman, 2002). A re-evaluation
and summary made by Swarbrick and Osborne (1998) stated that the mechanisms of
abnormal pressure generation are: disequilibrium compaction, tectonic stress,
reduction of load during uplift and erosion, temperature increase, water release due to
mineral transformation, hydrocarbon generation, cracking of oil, osmosis, hydraulic
head and buoyancy due to density contrasts. Swarbrick et al. (2002) categorised all of

them into two groups: undercompaction and unloading mechanisms.

Undercompaction is generally associated with rapid burial beneath an
overburden of low permeability, so that pore fluids cannot escape fast enough to
maintain hydrostatic equilibrium. The pore fluids then become overpressured and the
mechanical reduction in porosity with burial will be slowed. Unloading mechanisms
generate overpressure by reducing the effective stress (see section 3.2, Chapter 3).
They may involve fluid expansion (e.g. gas generation, lateral transfer), removal of
external load (e.g. uplift and erosion) or chemical compaction (e.g. transformation of
smectite to illite in shales). During chemical compaction, also known as clay
diagenesis, the transformation of clay to illite is followed by dewatering (with

concomitant increase in pore water volume) (Mouchet and Mitchell, 1989).

2.4.2. Overpressure in the Central North Sea

It is established that the main overpressures in the Central North Sea can be
found in the Triassic, the Upper Jurassic Fulmar Sandstone and the Upper Cretaceous
Chalk Group; except for the Witch Ground Graben where overpressures are not
normally encountered, probably due to the shallower depth of burial of the pre-
Cretaceous sediments compared to the deeper burial in the V iking and Central Graben. -
The Viking Graben has a similar pattern of overpressure as the Central Graben, with
the maximum pre-Cretaceous overpressures found in the deepest part of the graben

being similar in magnitude to the Central Graben (Holm, 1998).
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Most of the Chalk within the North Sea (Norwegian, Danish and UK sectors)
is generally accepted to be overpressured (Megson and Hardman, 2001, GeoPOP,
2000). In addition, in the Central Graben of the North Sea almost all Jurassic
hydrocarbons fields are found in the overmature zone for the gas, while the oil fields

occur in the mature zone (Cayley, 1987).

Documentation on the distribution and origin of overpressure in the Central
Graben of the North Sea has been provided by Holm (1998). In his paper, he reviewed
previous work on the subject across the North Sea hydrocarbon environments,
evolving from models of compaction disequilibrium, aquathermal expansion and
hydrocarbon generation to more complex models of episodic breaching and healing of
seals (e.g. Chiarelli and Duffraud, 1980; Cayley, 1987; Burhig, 1989; Leonard, 1993;
Gaarenstrom et al., 1993; Holm, 1996). A regional pressure atlas of the Central North
Sea is also available from the Geosciences Project into OverPressure, and Figure 2.4

1s one of the atlas maps (GeoPOP, 2000).

Compaction disequilibrium is considered to be the most important processes in
the development of overpressure in the Central North Sea. In addition, oil and gas
cracking - also known as hydrocarbon generation - is recognised to be of high
contribution in the excessive pressure encountered in the region. Hydrocarbon
generation, which is taken as an unloading mechanism, is considered to be the
dominant cause of overpressure in the pre-Cretaceous of the Central Graben (~ 3000

m) (Holm, 1998).

Recent studies have shown that other unloading mechanisms are also needed to
account for the amount of overpressure observed. Lateral transfer and chemical
compaction - the transformation of smectite to illite - have been confirmed as part of

the process of overpressure generation in the pre-Cretaceous of the Central North Sea.
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Well-control problems constitute a challenge when drilling in overpressured zones.
Knowledge of the state of stress in a hydrocarbon reservoir is needed for maintaining
wellbore stability (drilling-induced tensile fracture and breakouts). Breakouts are
brittle enlargements of the hole diameter due to the high stress concentrations around
the wellbore. Hydraulic fracture may also happen due to excess pressure. The
minimum horizontal stress, known as the fracture gradient, is an important indicator

of how close the reservoir pore pressure is to natural hydraulic fracturing (Holm, 1998;

Beekman and Skar, 2000).

2.6. Stresses, pore fluids and borehole stability

2.6.1. Sources of Earth stress and stress components

Deformation of the Earth’s crust is a result of many stresses upon it by
processes ranging from plate tectonic forces, crustal inhomogeneities, and other
sources of stress peculiar to the dynamic earth. In the particular case of this study,
stresses acting on a unit of sediment are assumed to act within a uniaxial strain model
(below). The Earth’s surface is considered as a free surface; that is stress must be

perpendicular and parallel to this surface, which implies no shear stress.

We have then three principal stresses: vertical stress, S,; minimum horizontal stress,
Sh; and maximum horizontal stress, Sy (Sy > Sp). Vertical stress (S,) is due to the
weight of overlying rocks and fluids, i.e. the overburden. It is often known as the

lithostatic stress. For an elastic solid, as in Equation (1.4):

Sv=pgz 2. 1)

where p is the density of the overlying rocks, g is the acceleration of gravity and z the
depth. Horizontal stresses (Sy and S;) are sums of tectonic and nontectonic stresses,
i.e. those related to plate motions and those related to lateral confinement as

overburden load is added.

2.6.2. Stress-and pore fluids -~~~

Fluids present within sediments modify the effect of the total stress on the

rock. The total normal stress is taken as the total force applied to or acting
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perpendicularly on unit area, while the effective stress is known as that component of
the total normal stress that is transmitted by grain-to-grain contact within the
sediments mass. The total stress consists of the sum of the effective stress and the
pore fluid pressure. In other words, the component of the total stress supported by the
pore fluid is called the pore fluid pressure. In a fluid, all three principal stresses at a

point are equal and this value is known as the pressure.

Following Terzaghi’s principle (Terzaghi, 1943), the effective stress is equal

to the total stress minus the pore pressure:

o,=S, —Pp
o, =5y —Pp (2.2)
o, =38, —Pp

In practice, pore pressure is measured and the vertical stress computed to calculate the
vertical effective stress. The vertical stress, S, is relatively easy to estimate as the
load, or weight, of the overburden (Equation 2.1). Data analysis and methodology
used in this thesis are based on the above principle and the compaction regimes in fine

grained sediments, as further presented in Chapter 3 (Sections 3.2 and 3.7).

However, it is worth noting at this stage that there has been a disparity in the concept
of effective stress within the rock physicists’ community following the Terzaghi’s
equation. Pores have an effect on the strength of rocks, i.e. a rock without pores is
relatively stronger. Because pore space is partially supported by the fluid pressure,
some authors have suggested a more general effective stress law in the form of

Equation (2.3),

o =S-aP, (2.3)

introducing a constant o, known as the effective stress coefficient or Biot coefficient,

with a value less than unity. In this study, it is considered that a is unity in (2.3);

hence there is no distinction between (2,2) and (2.3). A clarification on the. . ..

controversy about the effective stress coefficient in sandstone is given by Gurevich

(2004), as summarized below.
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Authors have considered @ < 1 on empirical grounds, i.e. fitting laboratory
measurements/data (Prasad and Manghnani, 1997; Hermanrud et al., 1998b; Siggins
and Dewhurst, 2003) supported by Biot’s theory of elasticity (Biot, 1941; Geerstma,
1957). Studies suggest that no universal effective stress coefficient can be established
for all rock properties, i.e. different values of a apply for different physical parameters,
such as permeability, compressibility and shear modulus (Caroll and Katsube, 1983;

Zimmerman, 1991; Berryman, 1992, 1995; Carcione and Tinivella, 2001).

Goulty (1998) showed that a is to be taken as unity when porosity is related to
effective stress, for the Biot coefficient a appears in the expression relating the
poroelastic dilatation of rocks (not the porosity) to change in mean effective stress.
Zimmerman (1991) showed experimentally that for a mono-mineralic rock, the
effective stress coefficient a is unity for porosity and dry elastic moduli, and equal to

the Biot coefficient (a =1-K,/K_) for the bulk volumetric strain, where Kj is the

bulk modulus of solid matrix and K the bulk modulus of the solid grains, as predicted

by Nur and Byerlee (1971).

In a recent study which expanded the arguments by Gardner et al. (1965), Zimmerman
(1991) and Goulty (1998), Gurevich (2004) showed a to be taken as unity for a
variety of rock properties of an idealized model of rock, with a margin error of 1 %
effective stress. This is a theoretical approach supported by laboratory observations
(Whyllie et al., 1958; Zimmerman, 1991), mostly in clean sandstones. Gurevich (2004)
concludes that this is still an open subject, as the linear elasticity assumptions for the
grain materials should be acceptable for quartz and calcite, but may not hold for clay

minerals, some cements and bound water.

Shale and claystones are not single mineral constituent materials. Ebrom et al.
(2004) concede that if the assumptions of reversibility during unloading are violated,
our understanding of effective stress in mudstones and shales is not as advanced as the
understanding already achieved in sandstones. Thus, since velocity prediction in
mudstones and shales-is-part of-the-methodology: of pore-pressure- prediction; they:
advocate more studies in quantifying P-wave and S-wave parameters in mudrock,

shale and silty sand for the purpose.
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2.6.3. Uniaxial strain model, borehole control and stability

2.6.3.1. The uniaxial strain model

In the uniaxial strain model, it is assumed that compaction is purely in the
vertical direction with zero horizontal strain. As the model does not account for any
tectonic stresses, it only applies when the basin is confined, and therefore unable to
expand laterally when a vertical load is applied (Engelder, 1993). It follows that the
horizontal stresses are isotropic and depend on the overburden through the Poisson’s

ratio. The coupling between stresses is given by the model equation

5,=S, = (—j s, 2.4)
1-v

where v is the Poisson’s ratio of the overlying rocks.

In a poroelastic medium, relationship (2.4) applies for effective stresses, not
the total stress. After observations on the effect of pore fluids on the frame of the rock,
it is obvious that the difference in induced horizontal stresses depends also on whether
the fluid (water/brine) can leak or drain out of the rock during burial. Clay, for
instance has a low permeability so expulsion of pore fluid can be too slow to keep up
with rapid burial. A material such as water or any fluid with no shear strength has a
Poisson’s ratio of 0.5. If a sandstone is allowed to drain (= drained sand), it has a
Poisson’s ratio of 0.25. In an elastic solid, the Poisson’s ratio v is a constant coupling

elastic strains in any direction to the strains in the transverse directions.

2.6.3.2. Borehole stability and control in drilling operations
Effective stresses, o =5 — Pp , control rock failure within a well. During

drilling operations, it follows from the removal of some rocks that biaxial horizontal
stresses are concentrated around circular boreholes, as part of the redistribution of the
previous stress prior to removal. If not controlled during mud pumping, this results in

fracture and flaking off of borehole wall rock in a direction related to stress

orientation. The borehole then.becomes. elliptic, with. its long. axis-normal-to-the- - ...

maximum horizontal stress. These are known as borehole failures (breakouts and

hydraulic fracturing) and are reliable indicators of the orientation of maximum
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horizontal stress, for they are related to horizontal stresses in the well (Zoback et al.,

1985; Harper and Chambers, 2004).

The minimum horizontal component of the stress, S, is known as the fracture
pressure. It is commonly measured by a leak-off tests (LOT) after each run of casing

has been set in a well (White et al., 2002).

2.7. Summary

The Central Graben and the East Shetlands basin are part of a proven
hydrocarbon producing province, the Central North Sea. Its hydrocarbon plays range
in age from Devonian to Early Eocene, with some of the plays in deep basins
exhibiting high pressure and high temperature (HPHT). Overpressure in the region is
believed to have been generated by disequilibrium compaction, unloading processes
and chemical compaction. Although a great deal has already been achieved in
understanding the regional stresses and overpressure distribution, further studies are

still needed to account for all mechanisms contributing to the overpressure observed.

During drilling, pore pressures are estimated using methods based on
compaction trends. Though compaction trends are major tools in pore pressﬁre
estimation in mudstones, regional compaction trend curves should be used with
caution due to local variation in the relationship between porosity and vertical
effective stress. These empirical curves are obtained from field data and tend to ignore
overpressure due to other mechanisms such as unloading (see section 3.2., Chapter 3).
The contributions of mechanisms other than disequilibrium compaction to the

observed ovepressures are required to improve pressure prediction in HPHT fields.
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3. FUNDAMENTALS AND GENERAL METHODOLOGY

3.1. Introduction

In this chapter, the theoretical basis of the data analysis is set out. The choice
of variables to be fitted is discussed, both in terms of geological information and
significance (i.e. in line with the linear model assumptions). The other parameters

used to translate the geological or physical system probed are also discussed.

Sources and types of data used in the analysis are described and the overall
methodology used in the study is presented. The computational procedures, their
justification and the work flow for the data analysis are presented. First, the basis of
the methods used to estimate average bulk densities for shallow sediments, S, and P,
are described; then their respective methods of computation are given. A note on data

quality control concludes the chapter.

The analysis method is based on the assumption that the data fit a linear
function and involves forward modelling using petrophysical data to account for
overpressure due to unloading processes. It is applied to fine-grained sediments (chalk,
claystone, shale), because these are very low permeability rocks in which pore
pressures cannot be measured directly. The insufficiency of compaction
disequilibrium as the sole cause of high pressure in North Sea sediments has been
established and accepted (Kooi, 1997; Swarbrick et al., 2002). There has been a need
for further understanding of other mechanisms that may be involved in generating the
higher pressures observed (e.g. Norgard-Bolés et al., 2004). Interpretation of
laboratory data on the variation of seismic velocity with external applied stress and
pore pressure for sandstones attributed the decrease in seismic velocity with
decreasing effective stress during unloading to the opening of microfractures (e.g.
Gallager et al;; 1974; Li et al.;2001). However; there is a“lack of ‘similar laboratory
data from fine-grained rocks due to their low permeability, which makes it difficult to

ensure that the pore pressure is uniform throughout the sample.
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After Eberhart-Phillips et al. (1989) derived an empirical relationship between
velocity and other variables in sandstones, Bowers (1994) used sonic velocity to
assess overpressure mechanisms other than undercompaction in shales. Many authors
have reported estimations of pore pressure in mudstones, but they are for just a single
well or a few wells (e.g. Stump and Flemings, 1998; Harrold et al., 1999; Daniel,
2001). The present work considers a larger set of data (see Chapter 5 and 6), pursuing
a regional approach for the Central North Sea. Pore pressure predictions using
regional overpressure maps have been attempted; but so far results have not always
been successful. This lack of success is attributed to varying pressure regimes across
the region (Darby et al., 1996; Daniel, 2001). Work on overpressure and fluid drive
may be on the verge of adding another explanation on overpressure distribution

(Swarbrick, 2005).

3.2. Fundamentals of the model

3.2.1. Normal compaction and unloading in mudstones

Under the effect of increasing burial or mechanical loading, sediments change
their properties from young unconsolidated sediments to lithified rocks in a process
termed diagenesis, during which different physical and chemical mechanisms are
involved. There are different approaches in studying the compaction behaviour and
how it affects the properties of the sediments. In basin modelling, there are two
fundamental relationships needed to model overpressure history: the functional
relationships between porosity and effective stress and between permeability and
porosity. Overpressure history in sedimentary basins has also been investigated and

modelled using a pressure compartment methodology (Swarbrick, 1997; Borge, 2002).

During normal consolidation of sediments, increase in effective stress causes a

decrease in porosity with an associated increase in seismic velocity. The reduction in

porosity is mainly an irrecoverable elasto-plastic deformation, since most of the

T eamilio wEL

reduction in porosity is irfeversible. If the sediment is then unioaded, by redu
effective stress acting on it, there is only a small elastic increase in porosity, although

the seismic velocity decreases substantially when the effective stress is reduced to
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very low values. Thus, there is no unique relationship linking the seismic velocity to
either effective stress or porosity. Nevertheless, many attempts have been made to
predict overpressure using interval velocities from processing seismic reflection data,
on the assumption that any overpressures present are exclusively due to
undercompaction (i.e. sediment is normally consolidated). Overpressures caused by
unloading mechanisms are ignored.

Porosity (%)
0 5 10 15 20 25 30 35 40

Unloading

10 - Curve

Normal
Compaction Curve

N
o
A

Effective Stress (MPa)
)
o

40 |

50

Figure 3.1. The relationship between effective stress and porosity (after Goulty, 1998;
Harrold et al., 1999).

The relationship between mean effective stress and porosity (Figure 3.1) defines the

compaction curve. It has a normal compaction path, which shows the inelastic process

and an unloading path, portraying an elastic rebound in the velocity changes due to

pressure or effective stress in accordance with the role of /dependence on burial

history (Gardner et al., 1965; Goulty, 1998).

3.2.2. Approach: empirical relationship

Models are either theoretical or empirical. A theoretical model includes a set

Trieam s £ N ST T

of general laws or theoretical principles. Commonly scientists resort to empirical
models, which are correlations to fit field data and observations. However, such

correlations generally entail some unknowns, so they are applicable only for particular
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formations and environments (Gardner et al., 1974). Thus, these relations often have
good response only for the data they are derived from. Empirical relations are
generally some mathematical equation or expression obtained by fitting some
measured observations for a particular data set, often guided by some theoretical
insight. Depending on the character of the results obtained, the numerical/empirical
model is classified as either deterministic or stochastic. The deterministic approach
consists of generating a generic mathematical relationship from the data set based on a
mechanical model (e.g. Ecclestone-Brown, 2002); while the stochastic approach
considers statistical observations and probabilistic equations. This work takes a

deterministic approach.

In his paper on pore pressure determination in deepwater, Traugott (1997)
explained that existing pore pressure prediction models tend to fall into two categories:
vertical and horizontal models. Vertical models are those for which the assumption is
made that a given value of porosity determines effective stress uniquely. They are also
referred to as explicit models (e.g. Alixant and Desbrandes, 1991; Rasmus and
Stephens, 1991). Horizontal models, on the other hand, are those in which the
effective stress is empirically related to the ratio of the measured parameter (e.g.
velocity, resistivity) to the same expected value at the trend line at the same depth, for
instance the Eaton relationship (Eaton, 1975). Traugott (1997) identified limitations to
the two models: extrapolation of the compaction trend line to the depth of interest,
assuming a straight or curved shape, for the horizontal methods; and the effects of
formation temperature for the vertical ones. Temperature has been the key difference
between the horizontal and vertical methods of pore pressure prediction. Thus in the
analysis described here, depth has been used as a proxy for temperature in the velocity

function.

Gardner et al. (1974) stated that many laboratory studies have shown that P-
wave velocity in rocks is affected by pressure and fluid saturation. A change in rock
lithology or composition, however, cannot be simulated very satisfactorily in the
laboratory. In reality, many factors affect the seismic velocity in sediments, including
lithology, grain size, porosity, pore shape, fluid type, fluid saturation, stress state, pore
fluid and temperature. Some of these factors are interrelated. The scope of this

investigation is limited to the main petrophysical parameters, which are believed to be
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pertinent to understanding variations in velocity with overpressure. These are

lithology (solid rock), porosity (rock matrix) and fluid within the pores.

3.3. The linear model assumption

3.3.1. Background

The aim is to investigate the relationships between compressional velocity,
effective stress and porosity in fine-grained sediments (chalk and mudstones), with
the main purpose being to determine whether unloading processes which reduce the

effective stress could be detectable.

Compaction curves describe the rate of porosity loss during burial. The normal
compaction curve is a continuous curve in either the porosity — vertical effective stress
domain (as portrayed in Figure 3.1), or in the velocity — vertical effective stress
domain. For normally compacted sediments, increase in vertical effective stress
correlates with decrease in porosity, so the two variables would not be independent.
However, when unloading takes place, the sediments undergo a poroelastic
deformation shown as the unloading curve. In circumstances where unloading may

have occurred, porosity and effective stress are independent variables.

Several compaction trends/curves have been established for the mudrocks of
the North Sea (Sclater and Christie, 1980; Bulat and Stoker, 1987; Hillis, 1995
Japsen, 1998). Mallon and Swarbrick (2002) established a compaction trend in the
chalk, using bulk density data. Compaction curves have been used to characterize

sediments properties using sonic transit time (e.g. Issler, 1992; Hansen, 1996).

Sonic velocity and porosity are used as the primary variables in our analysis.
Gamma ray count (from GR logs) is used as a simple way to account for the clay
fraction and mineralogy (i.e. for lithology discrimination). In addition, resistivity is
also used. The above conventional petrophysical parameters are often correlated with
in situ rock strength, degree of fracturing, and the type of material occupying the pore
space (Hatherly, 2001; Fullagar et al., 2004). Resistivity in particular is sensitive to

many properties; among others are pore water salinity, temperature, tortuosity,
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cementation factor and vertical effective stress (Wallace, 1965; MacGregor, 1965).

Finally, depth is also used in the data analysis, as a proxy for temperature.

Eberhart-Phillips et al. (1989) fitted an empirical relationship between seismic
velocity, effective pressure, porosity, and clay content from sandstone samples. In
shales, it is possible to use measurements of velocity from sonic logs together with
estimates of porosity from bulk density logs to arrive at an unambiguous estimate of
pore pressure, as Bowers (2001) has proposed, assuming that the shale matrix and
pore fluid do not form a chemically reactive system. Using the same approach, we

assume a linear model of the general form

Vp=a1x1+a2x2+...aNxN, (31)

where x,, x;... xy are the independent variables, and a;, a; ... ay the coefficients.

In the course of this study, data or variables to be fitted are sonic velocity, porosity,
vertical effective stress and a set of petrophysical data (resistivity, gamma ray count,

depth as well). The basic linear relationship is the equation

Vo=Vo+ag+bo, (3.2),

extendable with other linear terms, as applied in Chapters 5 and 6. Equation (3.2) is a

simplification of the formula by Eberhart-Phillips et al. (1989) used for sandstone.

3.3.2. Bulk porosity instead of Wyllie’s time average equation

A pressure analysis requires the use of rock properties, which are lithology,
density, porosity, sonic velocity and resistivity. Lithology and porosity can be related
empirically to velocity by the time-average equation (Wyllie et al., 1956). This

equation is most reliable when the rock is under substantial pressure, is saturated with

brine, and contains well-cemented grains. Wyllie's time average equation has proved . _,

inadequate for porosity estimation in carbonates and shales, with improvement being
proposed and alternatives for shale porosity using transit time being developed over

the years (e.g. Raymer et al., 1980; Raiga-Clemenceau, 1988; Issler, 1992; Hansen,
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1996). For very low porosity rocks under large pressures, the mineral composition can
be related to velocity by the theories of Voigt and Reuss. One effect of pressure
variation on velocity results from the opening or closing of microcracks. Before the
work of Gardner et al. (1974), existing theory did not take into account the effect of
microcrack closure on the elastic behaviour of rocks under pressure or the chemical
interaction between water and clay particles. In situ cracks close as the effective stress
increases, and the influence of cracks lessens as a function of depth, which is one of
the reasons velocity generally increases with depth. It is established that for porous
sedimentary rocks, only the effective stresses (both horizontal and vertical) affect the

microcrack system.

The analysis method uses the density log as a measure of bulk porosity for
reasons related to the investigation. The study is interested in poroelastic deformation
(unloading) within the rock. Any deformation within the rock translates into porosity
and thus affects velocity because pore shapes and pore fluids influence the velocity.
The rock’s pore space consists of storage pores and connecting pores, with the former
related to bulk properties and the latter controlling transport properties. In terms of
deformations, connecting pores are more likely to undergo a poro-elastic deformation
than storage pores (e.g. Bowers and Katsube, 2002). Thus velocity in a given rock

sample is not solely dependent on its bulk porosity.

3.3.3. Porosity and effective stress

Some authors have included a clay term in empirical linear regression
equations developed for V), from their laboratory works on core analysis data (Tosaya
and Nur, 1982; Castagna et al., 1985; Han et al., 1986; King et al., 1988; Eberhart-
Phillips, 1989). The work in this thesis does not include an explicit clay content term,
but gamma ray as a proxy, because it is focussed on compressional velocity, V, , in
mudrocks. It is thought that in sandstones shear velocity, Vi, is more sensitive both to
porosity (Domenico, 1984) and clay (Minear, 1982) than compressional velocity, Vp.
The effect is that clay tends to lower the shear modulus of the rock matrix; thus Vs

decreases more than Vp. Some results suggest that dlspersed clay has a neghglble

effect on velocuy, in contrast lammated émd structural shale has mgmﬁcant effect in

reducing velocities (Minear, 1982).
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In young sedimentary basins, the uppermost layers are unconsolidated. Wells
in this environment will typically penetrate successive layers of sand and shale that
may range in age from Holocene to Lower Eocene. For unconsolidated sediments at
shallow depths, porosity varies mainly with the grain size distribution and clay
content. The velocity is only slightly greater than that of sea water. However, with
increasing depth the velocity increases partly because the effective stress increases
and partly because cementation occurs at the grain-to-grain contacts. The increase of
velocity with depth normally continues until the time-average velocity is approached.
Below this depth, the layers behave like other well-consolidated rocks and the
velocity depends mainly on porosity. In the shallower layers, the fluid content (i.e.

water, oil or gas) has an appreciable effect on seismic velocity (Gardner et al., 1974).

The elastic moduli of the matrix (skeleton/frame) increase with increasing
effective stress, and a corresponding increase in velocity is observed. The increase in
the elastic moduli is attributable to the reactions at the intergranular contacts and the
closure of microcracks as the effective stress increases. Hence when both overburden
pressure and formation fluid pressure are varied, only the difference between the two
(i.e., the vertical effective stress) has a significance on velocity. A set of data (Gardner

et al., 1974) confirmed the assertion.

3.4. General procedures

A typical work flow for this study includes the following steps:
Data Collection:
- Data collection: raw data comprise composite logs, digitised log data,
digital e-log data and direct measurements of pore pressure data.
Data picking or selection:
- Delineation of appropriate lithology beds (chalk, mudstones) in
formations of interest (Chalk Group, Cromer Knoll, Heather).
- Reading of log values (gamma ray (GR), sonic, resistivity, depth).
- Data selection according to criteria defined.
Computation of petrophysical variables:
- Porosity, velocity.

- M parameter for mudstone.
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Pore pressure, P, estimation:
- Pressure — depth profiles.
- Pore pressure calculation.
Overburden estimation:
- Determination of §,.
- Estimation of vertical effective stress.
Data analysis:
- General inversion.
- Results interpretation.
Details on the selection criteria are presented in chapters 5 and 6. The final set of data

needed for linear inversion is discussed in Section 4.4.3.

3.5. Lithology beds of interest and sources of data

3.5.1. Source and type of data

Data used throughout the study are wireline log data, in the form of composite
and digital logs, and direct pressure measurements as RFT (Repeat Formation Tests)
and FIT (Formation Integrity Tests). RFT and FIT data were read off the composite
logs or extracted from GeoPOP (Geoscience Project into OverPressure) database using
PressureView2.1 (Geopressure Technology, 2000). The suite of logs comprises of:
caliper, natural gamma ray (GR), sonic transit time, formation density (mainly litho-
density (RHOB) and formation density compensated (FDC) for few wells), neutron
porosity (for some cases) and resistivity logs. The composite logs were drawn from
the GeoPOP data banks. Digital log data were received from Total-Fina-Elf
Exploration UK, Shell U.K. Exploration and Production and Chevron Texaco, UK.
Data on the paper composite logs were digitized using the digitizing software Didger3
(Golden Software, 2001).

3.5.2. Non organic beds for data points

The fluid type in sediments significantly affects elastic properties of sediments,
and gas in the pore space can be identified by a marked reduction of P-wave velocity
and decrease of P01sson s ratio. A small amount of gas in sediments dlmmlshes P-
wave velomty mgmﬁcantly, whereas S-wave velocity is insensitive to the presence of
gas (Domenico, 1976, 1977; Murphy, 1984; Lee, 2004). Thus, care has been taken to

include only non-organic beds, i.e. only water-saturated beds were considered.
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3.5.3. Chalk beds

Non reservoir Chalk has been considered in this study and referred to as clean
chalk, as opposed to calcareous and marly chalk (see Section 5.3.1). Suitable beds
were found in the Ekofisk, Hod, Tor, Hidra and Valhall Formations, i.e. both

Palaeocene and Cretaceous.

3.5.4. Mudstone beds

Beds of mudstones considered are within the Lower Cretaceous and Jurassic
sequences. Data points were picked only on claystone and shale beds. Marl and
siltstone beds were avoided to be consistent with the lithology, as lithology is one of
the important factors influencing rock velocity and density. This choice is determined
by the fact that mudstones are complex mixture of fine-grained litholgical materials
(Section 2.1.3, Chapter 2) and it is thought that the presence of non layered-clay
components and the response of these components to increasing overburden and depth
may be variable with noticeable effect on shale compaction curve (Korvin, 1984).
Consequently, the Jurassic mudstone data points in this study are mainly from the
Heather Formation. These are beds of claystones and shales of variable mineralogy. In
places, these beds are described on the composite log as silty, calcareous,
carbonaceous, glauconitic, pyritic, siliceous and anhydritic. The lithological
classification in claystones and shales, for mudstone beds, and the mineralogical
contents are read off the well log reports, as stated by the well site geologist. This may

account as well as a source of uncertainty, though of very little impact on the results.

3.6. Calculating vertical stress in the wells

3.6.1. Formulae and methodology

The vertical or lithostatic stress, S,, is due to the weight of overlying sediments
and pore fluids. Thus, density log data have been integrated throughout the

overburden to find S, values at depths of interest. The mathematical relationship is

S, = | pedz=3 p ghz (3.3)

depth i
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where p is the density of the overlying rocks, g is the acceleration of gravity and z the
depth. For discrete data, the label “i” refers to the i™ reading on the log data (either

digital or composite), and Az, to the depth interval accounting for the reading.

For well 22/30c-8, where digital density and sonic log data are not available,
S, was computed as:

S, = (depth SS — WD) x 0.02263 MPa/m + WD x 0.0098 x1.02 MPa/m (3.4)

where WD is the water depth, and depth values are in metres.

The choice of a lithostatic gradient of 0.02263 MPa/m (1 psi/ft) is dictated by trends

in other wells, as will be shown below.

For computational purposes, and to reduce errors in the estimates of lithostatic
stress, the overburden in the well down to the base of the Chalk Group is divided into
sections as follows:

Section one: the weight of the sea water, with an average density taken as 1.02 g/cc.

This section covers the water depth.

Section two: taken from the sea bed (mud line) to the top of the Tertiary.

This section comprises the Quaternary glacial till.

Section three: taken from the top of the Tertiary to the top of the Chalk.

As noticed within the wells under study, density logs are run above the top of

the Chalk in the Danian. Thus, the section comprises Tertiary glacial till (always

unlogged), shallow unlogged sediments (i.e. down to the first reliable density

reading) and logged sediments. Depending on the log trend, the latter is also

subdivided into two or three sub-intervals depending on the log trend responses.
Section four: from the top to the base of the Chalk Group. This section runs through

the Chalk Group lithology. We distinguish between clean chalk and other type

of chalk. Accordingly, the section is divided into intervals of clean chalk, .

herein labelled Chalk Interval, and other. It follows that the.interval thickness.. . -

of each interval of the Chalk is determined from the trend of the gamma ray
(GR) log. However, where a clean chalk interval is thicker than 30.5 m (100

ft), it is divided into sub-intervals of 30.5 m each.
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Given that the Tertiary above the Chalk Group comprises different formations,
section three of the overburden was divided into intervals accounting for different

lithology types within it, where composite logs provide lithology comments.

For each well, a table showing the calculation of the lithostatic stress was
compiled. An example is shown as Table 3.4. It gives the top and bottom depths of
each interval, its thickness or the thickness of sub-intervals, the corresponding average
densities and interval sediments weights, and the cumulative overburden stress. Linear

interpolation is used to find the S, value for a data point within an interval.
Averages densities are converted to pressure gradient using the factor

1 g/cc = 0.0098 MPa/m = 9.8 MPa/km (3.5)

to find the weight or pressure exerted by sea water and underlying sediment layers.
The lithostatic stress at any depth is the summation of all the pressures exerted by
different intervals above that depth (Equation (3.3)). Appendix A contains tables and
values of the lithostatic stress estimated for all wells in the study, and Section 3.6.3

below contains an example of a case study of lithostatic stress estimations.

3.6.2. Shallow sediments average density

At shallow depths, density logs are not usually run or give unreliable values;
therefore for the Quaternary and the Tertiary above the first reliable p;,, readings,
average bulk densities were estimated from the density data that were available in
each area. Average densities for the whole Tertiary and Quaternary interval in
Quadrant 3 were estimated from the wells listed in Table 3.1. For Quadrants 21, 22
and 30 in the Central Graben, average density values for the Tertiary and Quaternary
strata are calculated using average rock properties for the CNS. These average

densities are obtained using the equation

Pr= (l - ¢) Psediment + ¢ Pruid > (36)

assuming a sediment grain density of 2.800 g/cc and average porosities of 43% and

30% for the Tertiary and glacial Quaternary claystones, respectively (Ecclestone-
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Brown, 2002), as shown in Table 3.2. The shallow sediments average densities found

are given in Table 3.3.

Coordinates Depth of first reading
Well of bulk density
Latitude Longitude
211729 -1 | 61°05°54.301"" N |[01°41°28.636"" E 476 m SS
211/29-2 [ 61°03° 12N 01°42°27E 495 m SS
3/3-11 | 60°57°46.15" N 01°32726.19"E 1299 m SS
3/15a-5 60°35729.29" N 01°49°06.24" E 637 m SS

Table 3.1. Wells used for average density values above the Cretaceous in Q 3.

Grain density ~ Fluid density o o Gradient
Quaternary sediments 2.8 g/cc 1.02 g/cc 0.30 2.26 g/cc  22.15 Pa/m
Tertiary sediments 2.8 glcc 1.02 g/cc 043  2.04 g/cc  19.99 Pa/m
Error estimation (one standard deviation) +0.03 0.05

Values obtained by analysing petrophysical samples and data using generic methods
(Ecclestone-Brown, 2002).

Table 3.2. Rock properties assumed where density logs were not available in Q21, 22 &30.

Tertiary sediments
Quaternary

N Above In
Glacial Till Cretaceous
Palaeocene Palaeocene

Q3/3: 2.461 glce

Quadrant 3: Alwyn &

2.15 glcc Q3/9: 2.454 g/cc
Ninian fields Q3/14: 2.473 glce
Q3/1: 2.474 g/cc
Quadrants 21, 22 & O: Data
Central Graben 2.26.g/cc 2.04 g/cc available Data available
Conversion factors: 1 g/cc=0.0098 MPa/m | m=3.281 ft

Table 3.3. Estimated average values of density used where density logs were not run
in the wells used for this study.
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3.6.3. Example: case of well 22/29 — 151

Three data points were selected for the study within this well. They are at
depths 3308 m SS, 3339 m SS and 4336 m SS and are labelled, respectively, as data
points 3, 4 and 5 (see Chapter 5).

Calculating S, for data point 3: at 3308 m SS (3330.9 m BRT)

(a) Layer interval containing the data point:

Chalk interval: 3296.8 to 3316.9 m SS.

(b) Vertical stress acting upon the interval, due to overlying sediments:

Svl =70.94 MPa at 3296.8 m depth.

(c) Vertical stress (weight of sediments) within the interval:

Sv2 = (3308 — 3296.8) x 2.464 x 0.0098 = 0.270 MPa

(d) S,at3308 mSS:
Sy =Svl +Sv2=70.94 +0.270 =71.2 MPa

Calculating S, for data point 4: at 3339 m SS (3351.9 m BRT)

(a) Layer interval containing the data point:

Chalk interval I, 3316.9 to 3346.5 m SS.

(b) Vertical stress acting upon the interval, due to overlying sediments:

Svl =71.44 MPa at 3316.9 m depth.

(c) Vertical stress (weight of sediments) within the interval:

Sv2=(3339-3316.9) x 2.612 x 0.0098 = 0.310 MPa

d) Syat3339mSS: . . . -
Sy, =Svl +Sv2=71.44 +0.310 = 71.8 MPa
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Calculating S, for data point 5: at 4336 m SS (4358.9 m BRT)

(a) Layer interval containing the data point:

Chalk interval II, 4305 to 4344.1 m SS.

(b) Vertical stress acting upon the interval, due to overlying sediments:

Svl =96.99 MPa at 4305 m depth.

(c) Vertical stress (weight of sediments) within the interval:

Sv2 = (4336 — 4305) x 2.589 x 0.0098 = 0.787 MPa

(d) Svat4336 m SS:
Sy =Svl +Sv2=96.99 + 0.787 = 97.8 MPa

3.7. Pore pressure and vertical effective stress

For each well, relevant direct pressure measurements are reported in the form
of a table and a pressure-depth plot. Pressure measurements are mostly made in zones
of interest, such as reservoir sandstones, and are very scarce in the Chalk of the
Central North Sea. Thus, P, values used in the study were mostly estimated from data
available either in the Palaeocene for the top of Chalk, or in the Jurassic for both the
mudstone and the base of Chalk data points. Just two direct pressure values were

available within the Chalk.

As a general approach, estimation of P, values for the data points are made
from RFT measurements in the Jurassic and the Palaeocene, using extrapolation or
interpolation. For a data point picked within a formation with direct pressure
measurements (RFTs) available, interpolation is used based on the well pressure
gradient of the formation, while the regional pressure trends (GeoPOP, 2000) are used
for extrapolation from the well water leg, as described in the Appendix.A. Available
pressure measurements and production data (e.g. Drill Stem Test) are used for
hydrocarbon water contact determination. Due to pressure regime differences within

each of the formations under study, a note on pore pressure estimation for the data
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points is given in relevant chapters (5 and 6). Details of pressure estimation within

each well are given in Appendix A.

Values of the pore pressure are then used to compute the vertical effective
stress. Vertical effective stress values, o,, are obtained from the vertical or lithostatic
stress and the pore fluid pressure, using Terzaghi’s relationship (Equation 2.2,

Chapter 2).

3.8. Problem solving and sources of error

The sources of error in the data are diverse. The main ones are those related to
the uncertainties in the wireline log readings and the extrapolated estimates of pore
pressure, as few direct pore pressure measurements are available in the Chalk and the
Lower Cretaceous mudstones. Though few data related to the accuracy of wireline
tools readings exist in the public domain, tools are more reliable and accurate
nowadays as uncertainties are reduced with new tools being developed and in use on
the stream. But it is admitted that interpretation of data sets from formation evaluation

can still lead to uncertainties (Woodside et al., 1998; Rourke, 2004).

The delineation of suitable lithology beds for data picking is subject to errors.
Contrary to the reliable delineation of clean chalk horizons which is based on
lithology log readings (y < 15 °API) (see Section 5.3.1), the delineation for mudstone
beds and their mineralogical content is bound to well site geologist observation errors,
thus compounding in the data analysis. The determination of the lithostatic stress S, is
subject to error in the estimated depth of the Tertiary — Quaternary interface at the
wells and to error in the estimated densities of the shallow sediments, which is + 0.05
g/cc (Table 3.2). In the case of porosity, each bulk density value is read with an error
of = 0.005 g/cc. Thus, assuming that the densities of sea water and the matrix are
constant values, error on the bulk porosity is +0.003. Sonic velocities will be
associated with a maximum error of + 16 m/s, given a picking error in transit time
readings of + 0.5 ps/ft and taking_the highest sonic velocity in Chalk_of 5628 m/s
(Chapter 5, Table 5.2).
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Each data point contributes one equation to the system of equations in the
form of equation (3.1) or equation (3.2), which defines an over-determined linear
inverse problem. Various methods are available in solving this type of mathematical
problem. A suitable numerical method is the general inversion method. In Chapter 4,
we discuss and develop a set of Visual Basic programs in Excel (“Macro”) to be used

for the resolution and analysis of the problem.

3.9. Summary

With the wireline log data available, an empirical relationship is to be
investigated to account for overpressure due to unloading in chalk and mudstones (see
Chapters 5 and 6, respectively). The associated petrophysical data and variables are
sonic velocity, bulk porosity, gamma ray count, resistivity and depth. The latter are
independent variables to be fitted in a linear equation with the compressional velocity
Vp, as a dependent variable. Average densities for the shallow sediments are needed
for the calculation of the lithostatic stress, in the absence of log readings from the mud
line down to mid-Eocene. These average densities values have been calculated and

provided.
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4. INVERSION METHOD AND PROGRAMMING

4.1. Introduction

The linear assumption for data fitting, introduced in Chapter 3, results in an
over-determined system of linear equations, which can be solved using linear
inversion. Linear analysis of geosciences data is widely used for the reasons that,
although the model itself is a linear expression, the parameters or variables involved
may be expressed in various forms such as squares, square roots, and logarithms, or
otherwise transformed to translate the mathematical/statistical results into geophysical
and geological inference of cause and effect (Krumbein and Graybill, 1965). This
chapter presents the mathematical background used and sets the computational

framework.

During the course of the present work, tremendous progress has been seen in
numerical computation software for personal computers, with the latest packages
offering map digitisation and linear inversion on a mouse click (see Section 4.3.1).
However, the knowledge and mastering of the computation basics is relevant to
interpreters interested in new models, for this provides understanding of the model, a
control of the data (subroutines reducing input errors) and an impact in fine-tuning the
visualisation of results outputs. Thus, for our data analysis a computer program,
named “inversion”, has been written, using Excel’s Macro language (Visual Basic). In
addition, some other Macro modules and spreadsheets have been developed for data

selection, calculation and estimation of variables.

In this chapter, the mathematical linear model is stated. Then the algorithm

and some related statistical parameters are given. Finally, the computer program is A

outlined.
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4.2. Mathematical linear model

Suppose we have a large number of data points giving the value of Y as a
function of X;, X2, X5 ... Xy (N> 2). Y could be considered as the dependent variable,
being a function of the independent variables X;, X5, X3 ... Xy, and can be written as a

linear function of the form

Y=Y (X1, X2, X3... Xn) 4. 1a)

Let us consider a single data point (x;, x, ..., x, y), with y a value of the dependent
variable Y and x;, x3, ..., xy values of respective variables X;, X5, X5 ... Xy. In terms of

the linear assumption, we could fit the values into an expression of the form

y=a,+ax +a,x,+..+a,x, (4.1b).

This is a linear equation with coefficients a,,a,,qa,,...,dy .

For a set of n values of variable Y, i.e. n data points, Equation (4.1) could be written

as a system of n equations:

Y =a,tax, +.+ayx,
Y, =aytax, +..+tayx,,

“4.2)

Yo =Gy tax, +..tayx,

ap, aj, ... ay are real numbers and are the unknowns or parameters to be determined.

The system of equations (4.2) can be re-written in matrix form as:

Y I x, . xy)(a,
Y2 |_ I xy o oxw || g (4.3a)
yn 1 xnl ‘an aN

This could be solved using matrix algebra when written in the form of

Y=BZ (43b)

with B being the (n x (N + 1)) matrix, and Y and Z being column vectors.
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Numerically, Y is a vector of observed values of the dependent variable to be
expressed in terms of other variables, B is the matrix of the values of the independent

variables and Z is the vector of the unknown coefficients.

The above is a system of n equations, with N + I unknowns. Provided that n > N + 1,
and that N + ] equations are linearly independent, this is known as an over-
determined linear inverse problem. A suitable numerical method of resolution is the

general inversion method (see Section 4.3).

In the course of this study, the data or variables to be fitted are velocity,
porosity, vertical effective stress, resistivity, gamma ray count and depth in various

combinations with velocity as the dependent variable (Chapters 5 — 6).
4.3. Linear inversion for the over-determined case

4.3.1. Introduction

The general inversion method is a numerical method capable of solving
mathematical problems with many variables of type (4.3), when variables are linearly
independent. It is based on matrix algebra. Depending on the relationship between n -
the number of equations and m - the number of unknowns, we have: an over-
determined case for n > m, an under-determined case for n < m, and the straight-case

forn=m.

Using matrix algebra, the over-determined system (4.3) can be solved as
follows:
- Since matrix B is not a square matrix, its inverse B 1 cannot be found.
- Pre-multiplying B by its transpose, B, gives a square matrix, B'B.
IfB'Bisa non-singular matrix, it has an inverse, (B TB)' I

Utilising the rules of matrix multiplication, the set of unknown coefficients in

Y =B Z is found as

Z=-B"B)'BTY 4.4)
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The standard error for the inversion, also known as the root mean square (RMS) error

for the data fitting, is calculated as:

“4.5)

where Ay, is the difference between the predicted value and the observed value of ;.

m is the dimension of the model or number of variables and n is the number of data

points fitted.

In statistical terms, the inversion method to be used here is the multi-variable
linear regression. The latest releases of graphic software and other statistical software,
e.g. Minitabl4 (Minitab Inc., 2003) and SigmaPlot9 (Systat Software Inc., 2004),
have got functionality to perform multi-variable linear regression. The discrepancies
in (4.5) correspond to the residuals, while the RMS error is the standard error in the
regression statistics. The coefficients or unknowns in (4.2) are the parameter estimates

of the statistical package.

4.3.2. Coefficient of determination, R’

The coefficient of determination (or multiple correlation coefficient), R? , 1s the
measure of the correlation between dependent and independent variables. It is a
statistic that is used to determine how well a regression fits the variables. It represents
the fraction of variability in y that can be explained by the variability in x. In other
words, R? explains how much of the variability in the y's can be explained by the fact

that they are related to x.
22y
R2 — _i=l i=]
Z ¥’
i=]

(4.6)

- — e s PR S N el nem b et e e el st

In the case of simple linear regression, R? is simply the square of the correlation

coefficient.
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However, it is not appropriate to interpret correlation coefficients without
consideration of the mechanical or physical problem. That two variables are highly
correlated does not mean that one causes the other. In statistical terms, we say that
correlation does not imply causation. There are many good examples of correlation
which are nonsensical when interpreted in terms of causation. Henceforth, in addition
to the geological and geophysical aspects to be taken into account in the course of

interpretation, the significance of different variables within the linear fit is assessed.

4.3.3. Independence and significance of variables

Since petrophysical parameters are used, the assumption that these parameters
are truly independent variables for the linear regression model is very difficult to
satisfy, for they are part of a geological closed system. However, the correct approach
is to assess whether these parameters are sufficiently independent not to invalidate
results of the regression analysis (Mann, 1987). A variable may affect the response, i.e.
improve the correlation and reduce the RMS error, and yet not be one of the
explanatory variables. On the other hand, the input variables may be as correlated
with each other as they are with the response; which means the presence of one input
variable in the model may mask the effect of another input. This is one common
problem in multiple regression analysis known as multicollinearity of the input
variables. Thus, any outcome of the linear fitting has been assessed to make

geological sense.

In addition, when the assumption of the linear model is satisfied, it is a
convenient simplification to discard insignificant terms in the model, i.e. variables
that do not have important explanatory effect on the response. Confidence limits and
P-values serve this purpose. P-values, also known as the probability value on the
hypothesis test, is the significance probability associated to the variable (see Chapter.6,— -

Table 6.3 - 6.7).
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4.4. Computation: macro module “inversion”

4.4.1. Introduction

The “inversion program” is a program designed to solve a system of equations
or to fit sets of data in a linear equation for up to five linear independent variables, i.e.
a system of the form (4.3) of N equations and 5 unknowns, with N up to 65000 — the
maximum possible number of rows in an Excel spreadsheet. It is a Windows based
program using Excel spreadsheets and the programming language is Visual Basic, i.e.

the macro version of Microsoft Excel 2000.

4.4.2. Flowchart/subroutines

Start/initialise Call initialise6D

Data input Call takedata6D

Rearranging data/matrix Call multiplyB tB bis6D

Matrices multiplication Call Reduce4Gauss6D

Gauss elimination Call GaussB tB 6D

Parameters computation Call Parameters6D

Output Call Finalresults

End ‘Sheets("sheet3").Activate
End Sub

4.4.3. Inputting data

The program offers two options: manual input (i.e. using keyboard) and
spreadsheet import for large data set. The latter is recommended to minimize error
due to data recording. A spreadsheet labelled exclusively “Data” should be provided
for the purpose, as the program selects it first as its launches. Blank data cells are not

allowed in between the input data.

The data entry format in the input spreadsheet is of an augmented matrix of B
with the column vector Y of equation (4.3). The only input data required are the label

of the variables and observed data points (x;, x2, ...,xy, y), i.€. values of independent

variables X, i-="1, -..5-or less; and those of the dependent variable ¥ - ~x - coma o swnce. .

Given n the number of equations or data points, and N the number of

independent variables, thus the number coefficients to be determined is m = N + 1.
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Input Data Derived from Source data
Phi Porosity (¢) Bulk density RHOB & FDC logs
Sigma_yv | Vertical effective Pore pressure (P,) and | RFT & FIT and
stress (0,) lithostatic stress (S,) RHOB & FDC log
GR Gamma ray - Gamma ray log
count (y)
Res Resistivity (R ) - Deep resistivity logs

Depth Dépth subsea (z) Depth BRT and Well Wireline log reports

parameters (header and data)

Vp Compressional or Transit time () Sonic log

sonic velocity ( V)

Table 4.3. Summary of sources and references on input values.

Besides the main macro module “inversion”, other macros were developed for data
selection (Section 6.4.1) and for S, calculation for large set of data. Details are

reported in Appendix B.

4.5. Summary

I have written and provided the computational tools/means used for data
| analysis, these are the “inversion program” and two other macros for data selection
and variable values calculations. Though multivariate analysis software - e.g. Minitab

14 (Minitab Inc., 2003) - became available recently (close to mid-term of this study),
it has been a useful experience to write the programs and the macros. Furthermore, the
subroutines written to edit the data to minimise “measurement errors” (i.e. setting
range of data, recognizing spurious data such as negative entries or -999 as
encountered in e-logs) were directly useful. Moreover, results/outputs of the inversion
using my own “inversion program” have been consistently identical with the outputs
from the commercial software. This has guaranteed confidence in the geological sense
- of the study results. “What could be cuter to feed a computer with wrong-information-

but naive expectation to obtain with precision a Napoleonic decision. Major

Alexander P. de Seversky”; quote cited in Statistics and Data Analysis in Geology
(Davis, 2002).
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5. VARIATION OF VELOCITY WITH EFFECTIVE
STRESS IN CHALK

5.1. Introduction

5.1.1. The Chalk in the Central North Sea

The Chalk Group of the North Sea provides the reservoir in the giant Ekofisk
field, which started production in the mid-1970s. The discovery of this field was a
major turning point in the exploration for petroleum in Western Europe, as it set the
pace for intensive search for oil in the North Sea (Van der Bark and Thomas, 1981).
The reservoir is made of Late Cretaceous and Palacocene chalk which is the reservoir
for a major complex of hydrocarbon accumulations in the Greater Ekofisk area
(Norwegian Sector), as well as smaller accumulations in the Danish and British

sectors of the North Sea.

The Chalk reservoir has unusually high primary porosities. The preservation
of high porosity and permeability at such great burial depth is believed to be
associated with overpressuring of the reservoir in combination with resedimentation

and hydrocarbon saturation (Kennedy, 1987).

In this chapter, wireline log data and pore pressure measurements from eight
wells are analysed to investigate how velocity in chalk of the Chalk Group of the
Central Graben in the North Sea depends on vertical effective stress when porosity
and vertical effective stress are treated as independent variables. The aim is to
determine whether the data exhibit a reduction in velocity due to any unloading which
had taken place and, if so, to establish an empirical relationship to predict pore
pressure in the Chalk in this region. Results herein of this investigation have been

published (Lubanzadio et al., 2002).

An overview of the related work, the local geology and the overpressure status

in the chalk fields is given as Section 5.2. This is followed by the analysis method and
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data set used, with details on pore pressure estimation (Section 5.3). The results of the
data analysis are given in Section 5.4 and the interpretation in Section 5.5. Section 5.6
comprises some discussion and the conclusions of the investigation. Despite the high
overpressures observed in some of the wells, the results show no significant reduction
in velocity on unloading. Section 5.7 contains various plots of the observed data and

forward-calculated velocities.

5.1.2. Related work in the area

Most of the previous work on North Sea Chalk related to this study has
focused on compaction trends averaged over widely scattered data values, and much
of it has used data from single hydrocarbon-bearing reservoirs or restricted
geographical areas. Reservoir quality chalk, typically associated with allochthonous
units, only accounts for a small fraction of the succession, and early entry of
hydrocarbons has helped to maintain porosity in the reservoirs by retarding
cementation (Scholle, 1977). However, the Chalk Group acts as a seal to
hydrocarbons in a number of Central North Sea fields, including Fulmar and Judy,
and acts as a pressure barrier to formation fluids in the underlying high pressure

reservoirs.

Japsen (1998) undertook a regional study of velocity depth anomalies in North
Sea Chalk, and reviewed previous work. He found positive velocity anomalies along
the western and eastern margins of the North Sea basin, reflecting regional Neogene
uplift and erosion, and negative anomalies in the central and southern parts of the
basin, which he attributed to inhibition of compaction by the retention of overpressure.
He generated velocity-depth and porosity-depth profiles for comparison of his own
normal compaction trend with those previously published by Bulat and Stoker (1987),
Hillis (1995), and Sclater and Christie (1980).

Mallon and Swarbrick (2002) determined a compaction trend for the non-

reservoir Chalk in the more restricted area of the Central North Sea, using data from—

59 wells. Their data showed a fairly abrupt decrease in the rate of porosity loss with
depth at a depth of about 1500 m. They attributed this change in the rate of porosity

loss to the generation of overpressure that has retarded chemical compaction in the

Chalk at greater depths.
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5.2. Geological setting and overpressure status

3.2.1. The Chalk Group: stratigraphy, formations and rocks

The information in this section is mainly taken from The Millennium Atlas,

edited by Evans et al. (2003a).

The Chalk Group is distributed widely over the central North Sea and extends
into the South Viking Graben and onto the East Shetland Platform. Stratigraphically,
it includes Upper Cretaceous and Lower Palacocene (Danian) reservoir rocks. The

succession contains both carbonates and siliciclastic deposits.

Most of the Cretaceous strata in the central and southern North Sea area can be
separated into two major sequences: the Lower Cretaceous Cromer Knoll Group,
which is dominantly a siliciclastic succession, ranging in age from Ryazanian at the
base to about the Albian-Cenomanian stage boundary; and the Upper Cretaceous
Chalk. Conventionally, the Cretaceous-Tertiary Boundary is taken at the top of the
chalk comprising the Tor Formation, but lithologically the Chalk Group continues
well into the Early Tertiary (Danian stage) as the Ekofisk Formation, which has
lithological similarity to the Upper Cretaceous (Oakman and Partington, 1998).

Upper Cretaceous and Lower Palacocene (Danian) sediments occur widely
across the North Sea and range in depth from sea bed to over 3500 m. They reach a
maximum thickness of greater than 1500 m in the Central Graben, and exceed 2000 m
in the northern North Sea. The Chalk and its correlative mudstone-dominated
succession in the northern North Sea (the Shetland Group) were deposited over a
period of 35 million years in an extensive, relatively deep, epicontinental sea during

what was probably the largest transgression in the Earth’s history (Surlyk et al., 2003).

The Chalk Group succession reflects the interaction of several major factors,

particularly Late Cretaceous-Palacocene regressive/transgressive history and —

synsedimentary tectonic activity (Kennedy, 1987). Late Cretaceous deposition in the
North Sea region was preceded by an important, protracted Mid- to Late Jurassic

rifting event that was followed by local oblique-slip movements during the Early
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Cretaceous. However, the Late Cretaceous was a time of quiescence in the northern
Europe, punctuated by important pulses of compression and inversion related to early
phases of the Alpine Orogeny. These tectonic events exerted a profound influence on
deposition of the Chalk in the North Sea region; some reversal of fault movement and
uplift of local blocks triggered widespread mass movement of chalk that was re-

deposited in slope and basinal settings.

The sediments consist of pure chalk and limestone, marly chalk, marl and
calcareous chalk. Additionally, flint nodules occur at many levels. The group is
subdivided into the Hidra, Blodgks, Herring, Hod, Tor and Ekofisk Formations
(Surlyk et al., 2003).

The calcareous mudstones of the Blodgks and Herring Formations, and their
latest equivalents, e.g. the Plenus Marl, Black Band Bed Formation, are widely
distributed throughout the fields (Deegan and Scull, 1977; Surlyk et al., 2003). The
alternations consist of darker and lighter units, respectively referred to as ‘marls’,
because of the high terrigenous clay content, and ‘limestones’, with lower terrigenous
clay content (Kennedy, 1987). In the North Sea, the Plenus Marl Formation appears to
be a correlative of the younger Black Band of Yorkshire, while the Plenus Marl of
onshore southern England is older. From 1993, the Plenus Marl Formation of the
North Sea was re-named as the Black Band Bed by Johnson and Lott (1993) and now

constitutes the basal bed of the Herring Formation.

The chalk in the Tor and Ekofisk Formations of the Norwegian sector is
dominantly allochthonous, formed by the mass movement of pelagic chalk. In the
north, between 58° 30’ N and 60° N, the Chalk Group interfingers with the siliclastic
mudstone dominated Shetland Group, with the chalk of the Hidra and Ekofisk

Formations extending farthest to the north.

5.2.2. Overpressure status

The preservation of high porosity and permeability within the North Sea chalk
fields is mainly associated with overpressuring, as overpressuring inhibits compaction
and early entry of hydrocarbons helps maintain porosity in the reservoir by retarding

associated cementation (Scholle, 1977; Hardman and Kennedy, 1980; D’Heur, 1986).
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Overpressuring of the North Sea chalk fields results from rapid burial, early oil
migration, buoyancy pressure of the hydrocarbon column and aquathermal pressure

(Watts, 1983; Maliva and Dickson, 1992).

In the fields of interest to our study, the regional pressure of the Upper
Cretaceous and Danian chalk has been mapped by Moss et al. (2003), with a
distribution of pressures from water-bearing units showing strong overpressure
exceeding 20 MPa (3000 psi) to the south of latitude 57° N in the Central Graben
(where some of the wells in this study in Quadrants 30 and 31 are found). Direct
measurements of pore pressure are mainly from porous and permeable chalk units,
which tend to be found in the upper portion of the Chalk section, predominantly from
re-deposited facies in which there is less cementation and high reservoir quality (Moss

et al., 2003).

5.3. Analysis method and data

5.3.1. Generalities

Unloading mechanisms generate overpressure by reducing the effective stress.
Only a very small fraction of the porosity lost by compaction of sediments is due to
elastic deformation and recoverable on unloading. The majority of the porosity loss is

due to irrecoverable, plastic deformation and chemical processes.

Porosity reduction in chalk has been studied by examining DSDP nannofossil
sediments, and Garrison (1981) has reviewed the evidence of the processes involved.
Mechanical compaction is significant during the first 50 m of burial, but chemical
processes take over in the depth range 50-200 m. Below 200 m burial depth,
dissolution and reprecipitation are the dominant processes of porosity reduction,
either by stylolitization or grain-to-grain pressure solution. Precipitation of calcite
cement can cause large variations in chalk porosity independent of effective stress.

Oakman and Partington (1998) produced a lithostatigraphic compilation
scheme for the Cretaceous strata of the North Sea Basin. In terms of gamma ray

response, neutron porosity, formation density and sonic transit time, they classified
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Chalk into clean chalks (potential reservoir facies), argillaceous chalk (containing
minerals) and reworked/resedimented chalk. In terms of reservoir quality and
environmental setting, distinction is made between pelagic chalks and re-deposited
chalks. Pelagic chalk, identified by the presence of burrows, formed by steady
deposition and tends to be of poorer reservoir quality than redeposited chalk, which

contains abundant clasts, formed by mass downslope movement of chalk.

In this study, chalk intervals are categorised using wireline gamma responses
as follows: clean chalk with gamma ray less than 15° API, argillaceous chalk with
gamma ray response above 15° API, and reworked or re-deposited chalk also with
gamma ray response above 15° API but distinguished from argillaceous chalk by high
neutron porosity, low formation density and low sonic velocity (Oakman and

Partington, 1998).

5.3.2. Variables and data selection

Data from eight wells located between latitudes 56° N and 58° N and between
longitudes 1° E and 4° E in the central North Sea (CNS) were used (Table 5.1 and
Figure 5.1). The data comprise gamma ray, sonic and density logs (both in digital
electronic form, except for well 22/30c-8, and composite logs) and direct pore

pressure measurements made with a Repeat Formation Tester (RFT) tool.

The wells are:

22/28a -1 | 22/29 - 181 | 22/30a -2 | 22/30c - 8

30/13 -3 | 30/12b-4 | 31/26a—5 | 31/26a — 9A

Table 5.1. Wells used for the Chalk study.

Generally, the horizons used were the shallowest and deepest chalk lithologies

gamma log was used to locate chalk horizons for which y < 15 °API. Availability of

suitable pore pressure measurements was also used for the selection.

within the Chalk that fulfilled the criterion for clean chalk. In all cases, the natural-
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Figure 5.1. Map showing the well locations in the CNS.

Values of sonic velocity, V,, were read off sonic logs, at clean chalk horizons
that were water saturated. Corresponding porosities, ¢, were calculated from the

density log by

p matrix p log
pmatrix - pﬂuid

9= .1

with Onarix = 2.71 glce, Prua =1.02 g/ec.

The vertical effective stress, g, is not measured directly but is calculated from

the vertical or lithostatic stress and the pore fluid pressure, using Terzaghi’s relation:

o, =S,-P,, (.2)

p .

~where Sy is the vertical or’lithostati¢ 'stféss “and ™ P, is the pore pressufe. Détail§of =~ 7 =

vertical effective stress, o,, estimation in different wells and for the data points

selected are given in Appendix A.
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More direct pore pressure measurements, in the form of Repeat Formation
Test (RFT) and Formation Integrity Test (FIT) data from these wells and
neighbouring wells, and the regional pressure trend were extracted from the GeoPOP
Database using PressureView2.1 (Geopressure Technology, 2000) and the Regional
Pressure Atlas of The Central North Sea (GeoPOP, 2000).

Most of the available pressure measurements are in Palaeocene and Jurassic
strata. There were just three RFT measurements within the Chalk, one in well 22/30a-
2 and two in 31/26a-9A, so data points (i.e., sets of values of V,, ¢ and o,) were

estimated at those three horizons within the Chalk.

The variation in the pore pressure within the Chalk is unknown, but the pore
pressure within the Palacocene and Jurassic strata generally follows trends parallel to
the hydrostatic gradient, whereas the Chalk is thought to be the regional seal (Mallon
and Swarbrick, 2002). Therefore it was decided to estimate values of V, (sonic log), ¢
(density log) and o, (overburden and pore pressure) at the top and bottom of the

Chalk Group in each well, where possible.

In wells 22/30c-8 and 30/13-3 there were beds of very different density near the top of
the Chalk, so two data points were obtained for the top section of the Chalk in each of
those wells. There were no RFT measurements in the Palacocene for well 31/26a-5,
equally no Palaecocene RFT measurement in the neighbouring wells to determine a
regional pressure gradient; thus only one data point at the bottom of the Chalk was
obtained from the well. And there were just three RFT measurements within the
Chalk, one in well 22/30a-2 and two in 31/26a-9A, so data points (i.e., sets of values
of V,, ¢ and 0;) were estimated at those three horizons instead of at the top of the
Chalk.

Nineteen data points were picked. They are labelled as data points 1 to 19 and

are idéntifiable by theit respéctive related properties valués, as given in Table 5.2.
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Data Well Depth Vo Piog )
point | number Formation (ft SS)I(m SS)| (m/s) | (g/ce)
1 122/28a-1 [Top Chalk: Ekofisk (10540 3213 | 4293 2.410 | 0.178
2 Base Chalk: Hidra [14410| 4392 | 4800| 2.610 | 0.059
RTE = 130 fi
3 [22/29-181 [Top Chalk: Ekofisk 10855 3308 | 4550 2.450 | 0.154
4 Top Chalk :Ekofisk [10955| 3339 | 4819 2.616 | 0.056
5 Base Chalk: Hod  [14225| 4336 | 5414 2.640 | 0.041
RTE= 751
6 [22/30a-2 [Chalk RFT from Tor [11263] 3433 | 5246 2.595 | 0.068
7 Base Chalk: Hod  [13860| 4224 | 5038| 2.580 | 0.077
RTE= 130ft
8 [22/30c-8 [Top Chalk: Ekofisk [11237] 3425 | 4354] 2.400 | 0.183
9 Top Chalk :Ekofisk [11352| 3460 | 4653 2.590 | 0.071
10 Base Chalk: Hidra [16028] 4885 | 5210] 2.620 | 0.053
RTE= 39m '
11 [30/12b-4 [Top Chalk: Ekofisk [10361| 3158 | 4258 2.410 | 0.178
12 Base Chalk: Hod 12576| 3833 | 5628 2.650 | 0.036
RTE = 82 ft
13 [30/13-3 [Top Chalk: Ekofisk |[10496| 3199 | 3833| 2.360 | 0.207
14 |[RTE= 114 ffTop Chalk: Ekofisk [10766] 3281 | 4689 2.555 | 0.092
15 Base Chalk: Hod 12406} 3781 | 5038 2.600 | 0.065
31/26a-5 |[Top Chalk: no data
16 Base Chalk: Hod 10258| 3127 | 5046 2.600 | 0.065
RTE= 82
17 [31/26a-9A [Chalk RFT from Tor | 8055 | 2455 | 3607| 2.250 | 0.272
18 | Chalk-RFT from Tor| 8181 | 2494 | 3586 2:244 | 0:276 |-
- 19 - |RTE:= 83t|Base Chalk: Valhall | 832212537 | 4583| 2.520 |

Table 5.2 Porosity and velocity values estimated from wireline logs.
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5.3.3. Pore pressure estimation in Chalk

It is known that the CNS Chalk is overpressured, but all wells in the area are

not at the same level of abnormal pressure (GeoPOP, 2000).

For each well, any relevant direct pressure measurements are given in the form
of a table and a pressure-depth plot. The pore pressure values used here are either
direct measurements (RFT, FIT of Very Good, Good and Fair quality) or estimates
made at the top and base of the Chalk Group, at the bed of interest within each of the

different wells, as described below and detailed in Appendix A.

The regional pressure gradient trend that was used (GeoPOP, 2000) is:
Hydrostatic gradient : 10.07 MPa/km (0.445 psi/ft)
Lithostatic gradient : 22.63 MPa/km (1.000 psi/ft)
[Conversion: 145 psi = 1 MPa 1 m=3.281 ft].

For each of the nineteen data points in Table 5.2, the value of pore pressure is either a
direct pressure measurement in the Chalk strata (in the case of the three data points
selected at the top of the Chalk in wells 22/30a — 2 and 31/26a — 9A) or an estimate
using data available within the well. Where suitable direct pressure measurements are
not available, the geology and pressure regime data from neighbouring wells were
used to estimate the pore pressure value. This is especially the case for wells 22/28a —
1, 22/30c - 8 and 30/12b - 4. However, others have been extrapolated vertically, either

from above or below, from RFT measurements in the same well.

Estimates of pore pressure at the top of the Chalk, which mostly lies in the
Early Palacocene Ekofisk Formation, were made on the assumption that the
Palacocene sand of the CNS is normally pressured. A hydrostatic trend was taken to

the depth of interest from the available measurements of pore pressure. In addition, to

confirm the assumption of Palaeocene pressure status for wells 22/28a — 1, 22/30c -8

and 30/12b — 4, where neighbouring wells were used, the porosity-depth and sonic-
depth plots through the Chalk section are shown (Figure 5.2), since these plots may
indicate approximately the onset of overpressure (Hubbert and Rubey, 1959).
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Details of pore pressure and corresponding vertical effective stress estimations for
each of the 19 data points are reported in Appendix A, which also contains pressure-
depth plots of the RFT measurements available for the wells. Density-depth and
sonic-depth plots are also given, showing the onset of overpressure in the Chalk for

some wells.

5.4. Data inversion and results

A set of nineteen data points were picked in clean chalk beds (section 5.3).
The variables to be fitted by empirical equations are listed in Table 5.4. They are the
estimated values of velocity, porosity, pore pressure, lithostatic stress and vertical
effective stress from the eight wells used in this study. The first column of the table
gives the label of each data point, as they are referred to in this chapter and Appendix
A.

The total set of nineteen data points (Vp, 0, 0,) were first fitted by an equation
of the form
Vo=Vo+ag+bo, 5.9

using linear inversion, with Vj, a and b the parameters to be estimated.

Table 5.5 gives the column vector of observed velocity data from sonic logs and the
coefficient matrix for the parameters to be determined.

The result of the inversion was

Vo (m/s) a (m/s) b (m/s/MPa)
5483.8 -7073.4 0.74
giving
V,=5484 -7073 ¢+ 0.74 o, (5.10)

with a root mean square (RMS) error of 203 m/s.
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Relativ‘j ) ] ] ]
Dat: Well E . Deffth Depth VeIocityP .. |Pore pressureidepth o Overpressurel"g]osmt'c \lemcsatl effective
oin number ormation m m/s orosity MPa nearest MPa ress ross
P [subseajsubsea] MPa MPa
RFTm
1 |p2/28a-1 |Ekofisk |10540| 3213 | 4203 | 0.178 | 323 32};’ 0 67.6 353
2 Hidra  [14410| 4392 | 4800 | 0.059 | 845 414 403 96.3 118
below
3 [22/29-181|Ekofisk |10855| 3308 | 4550 | 0.154 |  33.3 aggse 0 712 37.9
) 264
4 Ekofisk [10955| 3330 | 4819 | 0.056 | 336 | 204 0 71.8 38.2
5 Hod 14225 4336 | 5414 | 0.041 86.6 173 429 97.8 1.2
below
6 [22/30a-2 [Tor 11263 3433 | 5246 [ 0068 |  44.0 0 9.4 71.8 27.8
7 Hod 13860 4224 | 5038 | 0.077 | 84.4 133 419 92 76
below
8 [22/30c-8 [Ekofisk [11237] 3425 | 4354 [ 0.183 | 345 33@ 0 76.9 42.4
; Other
9 Ekofisk |11352 3460 | 4653 | 0.071 34.8 ohs 0 778 43.0
10 Hidra  |16028| 4885 | 5210 | 0.053 | 1052 b‘;(l’:w 56.0 114.1 8.9
11 {30/12b-4 |[Ekofisk |10361| 3158 | 4258 [ 0.178 |  50.4 3‘;};’ 18.6 65.9 15.5
68
12 Hod 12576( 3833 | 5628 | 0036 | 446 | S8 6.0 83.1 38.5
13 |30/13-3 |Ekofisk |10496{ 3199 | 3834 | 0207 | s0.8 aﬁi\’,e 18.6 67.4 16.6
: 304
14 Ekofisk |10766[ 3281 | 4680 | 0002 | 517 | 304 | qg7 69.4 17.7
350
15 Hod 12406( 3781 | 5038 | 0065 | 712 | 30 | a3y 82.1 10.9
16 [31/26a-6 |Hod 10258| 3127 | 5046 | 0.065 |  45.4 b;zw 13.9 68.6 23.2
17 [31/26a-9A(Tor 8055 | 2455 | 3607 [ 0272 | a7.9 0 132 523 14.4
18 Tor 8181 | 2404 | 3586 | 0276 | 383 0 13.2 53.2 14.9
19 vValhall | 8322 | 2537 | 4583 | 0.112 | 387 77 13.2 54.2 15.5
below

Table 5.4. Estimated values of velocity, porosity, pore pressure, lithostatic stress and
vertical effective stress from the eight wells used in this study.

The differences between the measured V, (observed values) and the forward-

calculated values using Equation (5.10) (i.e., the velocity discrepancies) were found

(Table 5.6), and the RMS error calculated as:

(5.11)

where AV, is the velocity discrepancy, i = 1....19, n = number of data points fitted

and k = dimension of the data (k = 3 in this case).
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(o8 V;, (from sonic)
(Unity) (fractional) {MPa) (mvs)

(1 0.178 353 ] (4293 )
1 0.059 11.8 4800
1 0.154 379 4550
1 0.056 38.2 4819
1 0.041 11.2 5414
1 0.068 27.8 5246
1 0.077 7.6 5038
1 0.183 42.4 4354
1 0.071 43.0 4653
1 0.053 8.9 5210
1 0.178 15.5 4258
1 0.036 38.5 5628
1 0.207 16.6 3834
1 0.092 17.7 4689
1 0.065 10.9 5038
1 0.065 23.2 5046
1 0.272 14.4 3607
1 0.276 14.9 3586

Q 1 0.112 15.5 ) \4583 )

Table 5.5. Matrices of parameters for the inversion program.

Over the range of vertical effective stress values in the data set, 7- 43 MPa,
the term 0.740;, in Equation (5.10) contributes a variation of only 27 m/s in the
forward-calculated velocity values. This amount is not significant because it is much
less than the associated RMS error. The only sensible conclusion that may be drawn is
that the value of b is not significantly different from zero. In other words, the sonic
velocity shows no significant dependence on vertical stress in these data, assuming
that velocity depends linearly on porosity and vertical effective stress as assumed in

this inversion.

vertical stress, the simpler function

Vo=Vo+a¢ (5.12)
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was fitted to the nineteen points from the eight wells in the CNS. The result is

Vo (m/s)

a (m/s)

5501.1

giving

V, =5501 - 7077 ¢,

-7077.2

with the velocity discrepancies in the last column of Table 5.6.

(5.13)

Table 5.6. Computed values of velocities using the linear equations (5.10) and (5.13)
_forall 19 datapoints.

The relationships expressed by Equations (5.10) and (5.13) are the results of

the investigation into how the seismic velocity in CNS Chalk depends on porosity and

3 parameters 2 parameters
S/N | Depth @ o, Vi log Vp calc AVi Vpcalc | AVi
(m SS)|(fraction) | (MPa ) |(m/s )| (m/s) (m/s) | (m/s) | (m/s)

1 3213 0.178 353 | 4293 4251.1 -41.9 |4241.3 -51.7
2 4392 0.059 11.8 | 4800 5075.4 275.4 | 5083.5 283.5
3 3308 0.154 37.9 | 4550 4422 .8 -127.2 | 4411.2 | -138.8
4 3339 0.056 38.2 | 4819 5116.2 297.2 | 5104.7 285.7
5 4336 0.041 11.2 | 5414 5202.3 -211.7 | 5210.9 -203.1
6 3433 0.068 278 | 5246 5023.6 -222.4 1 5019.8 | -226.2
7 | 4224 | 0077 | 76 |5038| 49450 | -93.0 |4956.1| -81.9
8 3425 0.183 424 | 4354 4221.0 -133.0 | 4205.9 -148.1
9 3460 0.071 43.0 | 4653 5013.6 360.6 | 4998.6 345.6
10 | 4885 0.053 8.9 5210 5115.7 943 | 51260 | -84.0
11 | 3158 0.178 15.5 | 4258 4236.5 21.5 | 4241.3 -16.7
12 | 3833 0.036 38.5 | 5628 5257.9 -370.1 | 5246.3 -381.7
13 | 3199 0.207 16.6 | 3834 4032.2 198.2 | 4036.1 202.1
14 | 3281 0.092 17.7 | 4689 4846.4 157.4 | 4850.0 161.0
15 | 3781 | 0.065 10.9 | 5038 5032.3 -5.7 |15041.0 3.0
16 | 3127 0.065 23.2 | 5046 5041.4 4.6 |5041.0 -5.0
17 | 2455 0.272 144 | 3607 3570.8 36.2 3576.1 -30.9
18 | 2494 | 0276 | 149 |3586| 35429 -43.1 | 3547.8 -38.2
19 | 2537 0.112 15.5 | 4583 4703.3 120.3 | 4708.4 125.4

RMS error | 203.2 |/ 197 .4
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vertical effective stress, subject to the restrictions that vertical effective stress is not
less than 7.6 MPa and the range of porosity values is 0.03—0.28. In the two
following sections, comments are given on the data in line with other studies

undertaken in this department.
5.5. Interpretation and significance of the results

5.5.1. Suitability of the data set

In total, 19 data points were obtained (Table 5.4). Composite plots of sonic
velocity, porosity (determined from the density log) and pore pressure against depth
are given in Figure 5.4. They may be used to infer whether some of the overpressured

data points have been overpressured by disequilibrium compaction or unloading.

The burial history of the central North Sea region since the start of the Tertiary
shows a total of 3000-3500 m of compacted sediments that accumulated over 65 Ma.
However, rapid burial leading to 1200-1800 m of sediment, dominantly claystones,
has taken place during the last 3 Ma (Swarbrick et al., 2000). This rapid burial could
have led to overpressure at depth of up to 18 MPa by disequilibrium compaction, i.e.
10 MPa/km for the additional overburden. Higher overpressure in deeper fine-grained
rocks may have resulted from the additional effect of earlier, slower burial, but
overpressure from disequilibrium compaction is not likely to exceed 10 MPa/km of

burial (Swarbrick et al., 2002).

Data points 1, 3, 4, 8 and 9, where pore pressure is hydrostatic, can be
assumed to be at their maximum vertical effective stress at the present day since there
has been no recent uplift. The absence of overpressure is related to drainage from the

immediately overlying Palacocene sandstone aquifer.

Data points 2, 5, 7 and 10 from the base of the Chalk exhibit overpressures in

the range 40-56 MPa, too high for disequilibrium compaction alone, so it may be

inferred that unloading has contributed substantially to the measured overpressures.

_Possible candidates for unloading mechanisms in these sediments include smectite to. ... . - - -

illite transformation, gas generation, oil to gas cracking and aquathermal pressuring,
of which gas generation is the most effective (Swarbrick et al., 2002). The

Kimmeridge Clay source rocks in the deeper buried regions of the study area are gas
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generative (Holm, 1998). Development of high pressures in the sub-Chalk section will

necessarily lead to conditions for unloading of the Chalk, especially at its base, as

fluids are forced into the Chalk in an effort to reach equilibrium.
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Figure 5.4. Composite depth plots of the 19 data points from the eight wells used in

this study: (a) velocity from the sonic log; (b) porosity calculated from the density log;
(c) pore pressure values from RFT measurements (see Appendix A). The straight line

in (b) is the compaction trend for non-reservoir chalk determined by Mallon and
Swarbrick (2002).

5.5.2. Data analysis

The main purpose of this investigation was to determine whether velocity

depends on both porosity and effective stress as independent variables. For a normally
compacted sediment, increase in vertical effective stress would be expected to

correlate with decrease in porosity, so the two variables would not be independent, ~

In the set of 19 data points from the Chalk, analysed here, there are two

reasons why the data cannot lie on a single normal compaction trend in velocity—

o .
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porosity—vertical effective stress space. Firstly, at least the five data points from the
base of the Chalk with the lowest values of vertical effective stress (2, 5, 7, 10 and 15)
are likely to be in an unloaded stress state. Secondly, there are three pairs of data
points (3 and 4, 8 and 9, 13 and 14) where both high and low porosity chalk is present
at closely spaced depths in the same wells. Some difference in calcite precipitation,
possibly associated with a difference in facies, must have affected at least one data
point of each pair. Accordingly, it is reasonable to treat porosity and effective stress as

independent variables affecting velocity.

However, the result - Equation (5.10) — is that the sonic velocity shows no
detectable dependence on the vertical effective stress in these data, assuming that

velocity depends linearly on porosity and vertical stress as given in Equation (5.9).
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Figure 5.5. Velocity plotted against vertical effective stress

A plot of velocity against vertical effective stress (Figure 5.5) shows the lack
of correlation between these two variables. The data points 2, 5, 7, 10 and 15, that are

thought likely to be in an unloaded stress state, form a cluster at high velocities and
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low effective stress values. Each of the three pairs of data points from the top of the
Chalk (3 and 4, 8 and 9, 13 and 14), with very different porosities from comparable
depths in the same wells, have different velocities at very similar values of vertical

effective stress, and therefore contribute to the lack of correlation on this plot.

5.6. Discussion and conclusions

Equation (5.13), which completes the analysis of the investigation, is not an
accurate velocity—porosity relationship because of the limited number of data. In order
to find a more accurate relationship, a larger number of data should be used. Mallon
and Swarbrick (2002) correlated porosity inferred from density logs with velocity
from sonic logs using data from 59 wells passing through non-reservoir Chalk in the
central North Sea. They fitted their data with a formula of the same algebraic form as

the Wyllie relationship to yield

_ 2066

p 0325 (5.14)

p

pinned at the matrix value of 6350 m/s for zero porosity. Equation (5.14) is close to
the Wyllie relationship using the velocities 6400 m/s for matrix and 1615 m/s for pore
fluid given by Schlumberger (1974):

2154

¢ ~0.336 (5.15)

p

The data analysed by Mallon and Swarbrick (2002) display a lot of scatter,
typically over a range of 1000 m/s in velocity at constant porosity. Similar scatter is
evident in the much smaller dataset used here (Figure 5.6). It is suggested that the
scatter is mostly due to the response of the sonic log. It is commonly said that the
sonic log in carbonates responds mainly to primary porosity, so where secondary
porosity is present the velocity will appear anomalously high for the total porosity

value inferred from the bulk density log (Batéman, 1985).
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Porosity

Figure 5.6. Velocity plotted against porosity with the best-fit straight line given
by V, =5501 - 7077 ¢

The division of porosity into primary and secondary porosity is simplistic. In fact, it
has long been recognized that sonic velocity depends on ‘matrix and matrix materials,
grain size distribution and shape, and cementation’ (Wyllie et al., 1956). That is,
fabric is an important factor, and variations in fabric appear to have a strong effect on
the sonic velocity in chalk. In addition, anomalously low velocity values could be due
to the presence of shale or very small quantities of gas, which will both increase the

sonic transit time.

Scatter in the sonic data could be masking some small dependence of velocity
on vertical effective stress in the data analysed here. Nevertheless, there may be a
good physical reason why velocity in the Chalk is little affected by unloading. Bowers
and Katsube (2002) have proposed that the reason why the seismic velocity is reduced
in unloaded shales is that connecting pores are much more compliant than storage
pores. Consequently, connecting pores are likely to undergo proportionally more

elastic widening on unloading, which will affect the seismic velocity and resistivity
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(i.e. transport properties) but have little effect on the bulk density. Porosity reduction
in the Chalk below 200 m depth takes place by precipitation of calcite, whether
dissolved locally by pressure solution and stylolitization or imported by moving pore
water. It is suggested, therefore, that the reason why velocity in the Chalk depends

only on the porosity and not on the vertical effective stress is because of cementation.

The relationship given by Equation (5.10) is the result of this investigation
into how velocity in Chalk in the Central Graben, North Sea depends on porosity and
vertical effective stress, for the range of effective stress values 7-43 MPa and the
range of porosity values 0.03-0.28. The main conclusion is that velocity shows no
significant dependence on vertical effective stress when porosity and vertical effective
stress are treated as independent variables. Consequently, it is not possible to use
sonic logs and density logs in chalk to detect the presence of any overpressure caused
by unloading.

A linear fit of velocity to porosity gave Equation (5.13) for porosity values in
the range 0.03-0.28. However, because the number of data points used in this study is
so limited, the Wyllie-type relationship of Equation (5.14) given by Mallon and
Swarbrick (2002) is to be preferred for relating velocity to porosity in non-reservoir

Chalk of the Central North Sea.









Chapter 6
Variation of velocity with ef
in mudstones

6.1. Introduction

6.2. Mudstones and cotnpaction

6.3. Geological setting

6.4. Data selection and analysis method

6.5. Data inversion and interpretation for Set A
6.6. Data inversion and interpretation for Set B
6.7. Discussion and results

6.8. Conclusion

6.9. Appendix: data properties and variables values, Set A

-89 -




Lubanzadio Mavatikua  Chapter 6. Variation of velocity with effective stress in mudstones

6. VARIATION OF VELOCITY WITH EFFECTIVE
STRESS IN MUDSTONES

6.1. Introduction

Using a similar approach to that described in Chapter 5, wireline log data and
pore pressure measurements have been used to investigate how sonic velocity depends
on vertical effective stress in shales and claystones. The main purpose is to determine
whether overpressure related to unloading processes that reduce the effective stress
have a measurable effect on velocity. Unloading causes a reduction in effective stress
with negligible increase in porosity; so it makes sense to treat vertical effective stress
and porosity as independent variables when unloading has occurred. In the case of
mudstones, porosity reduction without change in the vertical effective stress may
result from chemical processes, again suggesting that porosity and vertical effective
stress are independent from one another. Non-organic mudstones only have been
included in the study. The data set is taken from Lower Cretaceous and Jurassic strata
in the Central Graben and in the Alwyn and Ninian fields of the East Shetland Basin
(Figure 6.1).

Data points were picked in various beds of undifferentiated mudstones, so the
data set contains a heterogeneous mixture of silty mudstones, shales and claystones of
variable mineralogy. Due to compaction and diagenesis, the properties of mudstones
change as they develop from young unconsolidated sediments to fully lithified rocks.
Laboratory data analysis has shown that elastic wave velocity in mudstones depends
on lithology, mineralogy, porosity and pore fluid content (Jones and Wang, 1981;
Anselmetti and Eberli, 1993; Nygard et al., 2004). Thus, in addition to the vertical
effective stress, sonic and bulk density log readings, other variables included in the
analysis were gamma-ray count and resistivity. Johnston (1987) established that

velocity and resistivity in mudstones are strongly dependent on temperature compared

..to.sandstones. Since depth.is-a proxy for.temperature,:depth-was also-included as an=~--- =~

independent variable in the analysis.
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For the analysis, two sets of data from the same areas, differing in the method
of selection, were analysed to account for various assumptions on the linear model
and the geological observations. Data points were selected from mudrock beds in
wells across the Central Graben, and in the Ninian and Alwyn fields, with Set A of
209 data points and Set B of 3647 data points. Different results along the study show
a dependence of the velocity on the independent variables, porosity and vertical
effective stress. Two lithological variables, gamma-ray count and resistivity were
introduced. Gamma-ray count reveals to have a reliable/strong response on the fit,
while resistivity has demonstrated negligible contribution or undue influence to a
better correlation in the relationships. In addition, testing the results across different
formations for subsets of the data with different mineralogy shows no consistent
effect of the variables coefficients on V). The overall results are given in equations of
the form V,, = 3857 — 3799 ¢+ 21.8 6, -9.0 y and V, = 3374 - 4345 ¢+ 174 5, - 4.7
Y + 0.146 z, respectively, for the Cromer Knoll and the Heather Formation. Hence, for
the data under study, it is concluded that there is slight dependence of sonic velocity

on vertical effective stress to account for unloading due to overpressure.

To present the results, the chapter is organised in nine sections. This
introduction is followed by sections 6.2 and 6.3 giving some general background on
the mudstones and the geological setting. Section 6.4 explains the data selection
process and the analysis method, whilst sections 6.5 and 6.6 report on the results of
the analysis carried out on the data sets. A preliminary discussion of the results is
given in section 6.7, followed by a note concluding the chapter in section 6.8. Section

6.9 appends the chapter and contains details of properties and values on Set A of data.

6.2. Mudstones and compaction

6.2.1. Shales and claystones

Mudstone is a commonly used synonym for mudrock. It is a general term to

 identify shale, mudstone, argillite, siltstone, claystone or marl, depending on the

dominant grain-size (= texture), composition and the presence of fissility or
laminations (see section 2.3.1). Shale and claystone beds have been used for this

investigation because their compaction behaviour is of interest in the prediction of
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pore pressure in overpressured zones (Section 2.5.1). The recognition of any
unloading process can be spotted in a velocity — porosity — vertical effective stress

domain, i.e. analysing V(@ 0,), as introduced in section 3.2.

6.2.2. Compaction and properties of mudstones

Clastic sedimentary rocks are formed from detrital fragments of older rocks
that have undergone erosion and weathering. After burial, they undergo compaction.
Eventually, compaction is followed by cementation whereby cement-forming
minerals such as quartz and calcite carried by water precipitate in the pores to bind the
compacted layers together. The process is known as lithification, achieved by means
of pressure and heat. During the process, the sediment undergoes a series of burial and
uplift (erosion) sequences, and some diagenetic effects take place. The mechanical
properties and the degree of compaction (porosity) of mudstones as a function of
burial depth are known to vary greatly (Rieke and Chilingarian, 1974; Chilingarian,
1983; Baldwin and Butler, 1985; Hansen, 1996). The variation is also partly a result
of differences in the rate of burial and pore fluid pressure affecting the magnitudes of

the effective stress.

Under the increasing overburden pressure during burial, pore fluid is expelled
from sediments. The rate of compaction is a function of the permeability of the
overburden which controls the rate of water expulsion. Depending on their burial and
the rate of fluid expulsion, sediments may be either normally pressured or
overpressured. When the fluid cannot escape fast enough to remain in hydrostatic
equilibrium during burial, the overpressure is said to be due to disequilibrium
compaction. Diagenesis is a broad term which includes sediment changes due to
mechanical loading, fluid flow, temperature variations and chemical reactions.
Diagenetic clay dehydration is another mechanism that may cause overpressure with a
reduction in effective stress, causing an unloading response by the sediments (Powers,
1967; Magara, 1975). It has been found in some experiments on Kimmeridge shale

samples, which had undergone significant burial, that mechanical compaction alone

in reducing the porosity and compressibility than mechanical compaction below 2 — 3

km depth (Nygard et al., 2004).
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6.3. Geological setting

6.3.1. Lithology and stratigraphy

The time interval covered by the study is from Late Jurassic to Early
Cretaceous. The Late Jurassic is known to be the most critical time interval in the
evolution of the North Sea petroleum system. It was the time of deposition of the
widespread Kimmeridge Clay Formation and its lateral equivalents, and its complex
and diachronous tectonic history was directly responsible for the structures that have
formed the vast majority of traps, not only for hydrocarbon accumulations in Upper
Jurassic and Lowermost Cretaceous syn-rift reservoirs, but also in the pre- and syn-

rift reservoir rocks of Devonian to Middle Jurassic age (Fraser et al., 2002).

The Upper Jurassic succession is mainly preserved within graben areas of the
rift system, where it can reach a thickness of 3000 m. The top of the Upper Jurassic
rocks, as estimated from the “Near Base Cretaceous” seismic reflector (Oakman and
Partington, 1998), generally lies between 2500 and 5000 m below the sea bed in these
graben areas. This succession belongs to the Humber Group (Richards et al., 1993)
and its lateral equivalents, such as the Viking Group in the Norwegian sector (Vollset
and Doré€, 1984). As indicated by Richards et al. (1993), all formations of the group
are diachronous lithostratigraphic formations. Mudstones of the Kimmeridge Clay
Formation (Oxfordian -~ Ryazanian) and the Heather Formation (Callovian -
Ryazanian) occupy the deeper part of the Central Graben and drape the highs
(Draupne Formation). The group also contains a plethora of sandstone-dominated
intervals, of which the most significant hydrocarbon-bearing intervals include the
shallow-marine Fulmar and Piper Formations, the deep-marine Magnus Sandstone
Member and Brae Formation, and the coastal-deltaic Sognefjord and Fensfjord
Formations. The transition between the organic-rich mudstones of the Kimmeridge
Clay Formation and the organic-poor mudstones of the underlying Heather Formation
may be gradual. The boundary is often difficult to define in the absence of

sedimentological and geochemical data; however it is generally taken at a gamma ray

-~cut-off-of 100°-API (Veldkamp et al.; 1996). -~ - - T T e tm
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The Lower Cretaceous Cromer Knoll Group and the Chalk Group constitute
the two major sequences of the North Sea Cretaceous. The Lower Cretaceous Cromer
Knoll Group is dominantly a siliclastic succession ranging in age from Ryazanian to
about the Albian—-Cenomanian stage boundary. It is overlain by the Upper Cretaceous
Chalk Group, which occurs throughout the southern and central areas of the North Sea,
but in the north is more argillaceous where it has been assigned to the Shetland Group
(Oakman and Partington, 1998). Within wells considered in the study (Table 6.2),
sandstone and limestone stringers and mudstones of various diagenetic contents are
found in the Lower Cretaceous Cromer Knoll Group. The group consists of the Rodby,
Sola and Valhall Formations in Quadrants 21, 22 and 30, and is undivided in
Quadrant 3. It becomes thinner northwards in the Shetland Group (Rawson and Riley,
1982; Copestake et al., 2003). It is absent in wells 3/9a — 2 and the Lower Cretaceous

in well 3/15 — 4 is represented only by a 6 m thick interval of marl.

6.3.2. Overpressure status

Mudstone data under investigation have been taken from the Lower
Cretaceous (Cromer Knoll) and the Jurassic Heather Formation. Overpressure in the
Central North Sea has been discussed in Section 2.4.2. Overpressures observed in the
Lower Cretaceous (Cromer Knoll) are interpreted partly as dissipation through
leakage points from the Kimmeridge Clay Formation source. And those observed in
the Heather as leakage from the Upper Jurassic reservoir (Gaarenstroom et al., 1993).
The Kimmeridge is highy overpressured and the Upper Jurassic sandstones vary from
being normally pressured with a pressure gradient of 0.01 MPa/m near the graben
margins to pressure gradient in excess of 0.02 MPa/m in the centre of the graben

(Holm, 1998; Moss et al., 2003).

Possible processes that control these high pressures are sedimentation rates,
low permeability, kerogen transformation, oil cracking, smectite-illite transformation

and aquathermal processes. These processes have contributed to higher porosity

retention at depth compared to normally pressured reservoirs, within multiple, sealed

” pressure compartments. These processes also confrolledtypwallycomp]exand hlghly
variable migration and entrapment histories of hydrocarbons throughout the Central

Graben (Cayley, 1987; Moss et al., 2003).
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6.4. Data selection and analysis method

6.4.1. Data selection

Data required for this analysis were sonic logs, density logs and measurements
of pore pressure. The available natural gamma and resistivity logs were also used to
take into account the lithology of the mudstone beds. Well data from the Lower
Cretaceous (Cromer Knoll) and Jurassic (Heather) mudstones of the North Sea have
been analysed. A total of eighteen wells were considered, but of them six were found
to have no suitable claystones and shale data points for the study. Two of the six wells
were used as neighbouring wells (22/29 -1S1 and 22/30c - 8) for pore pressure
estimation in well 22/28a — 1 (see Appendix A), and the other four were used to
obtain average density values above the Cretaceous in Quadrant 3 (Section 3.6.2,

Chapter 3).

Beds of claystone and shale were picked in the twelve wells based on the well
site geologist cuttings report/comments and lithology logs, taking y > 40 °API and
resistivity log values to avoid any organic-rich beds. A few data points with
exceptional high resistivity were discarded, as they were outliers to the cluster of
values; a threshold value of 6 Qm was used. Furthermore, particular attention had to
be paid to avoiding the inclusion of sandstones, because some Jurassic sandstone
(beds and stringers) are rich in potassium feldspar which translates in high values of
gamma count, i.e. ¥y = 40 APL Thus, it was decided to use the Schlumberger
parameter M, which is a long established discriminant for lithological differences
between shales and sandstones or limestones (Schlumberger, 1972). The parameter is

defined as

At, —Ar,
=——%x0.01, (6.1)
plog _pf

and 1.05 g/cc, respectively.
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Two different sets of data were selected for the study, namely Set A of 209
data points and Set B of 3647 data points. They are both based on individual log
reading values, with an upper bound on M values of 0.65, i.e. M < 0.65. For Set A, the
consistency of log data readings was assessed prior to reading selection. The digital
log data are given at intervals of 0.1524 m (0.5 ft) throughout the logged interval.
Intervals of 0.7 m (2.5 ft) were used to assess the consistency in lithology, i.e.,
intervals of 5 log values. The ranges of natural gamma log and sonic log readings over

each interval are calculated as

dGR(M,m) = GRMax — GRmin and

dAT(M,m) = ATMax — ATmin (6.2)

and the interval is only accepted as a data point when both dGR(M,m) < 0.003 °API
and d4T(M,m) < 0.003 ps/ft. This picking procedure avoids zones of lithology where
the log curves were deflecting rapidly. A Visual Basic program (macro) denoted
“selection” was used for data selection in each well (see Appendix B). For Set B,
entire beds used for Set A were taken, i.e. claystones and shales were included if their

M values were 0.65 or less.

Selected data points are from the twelve wells, located between longitudes 56°
N and 62° N, and between latitudes 1° E and 4° E (Figure 6.1). The beds considered
were described on the composite logs as claystones and shales, containing variable
mineralogy (including the terms glauconitic, siliceous, pyritic, anhydritic). The data
were classified according to the geological formation, Cromer Knoll and Heather.

They were also classified in narrow ranges of M values, especially for Set B.

6.4.2. Analysis method

As in the Chalk study (Chapter 5), the initial approach was to fit V, g and o,

using a linear relationship:

Vp_,_—_; Vo +.a ¢ +..b. Oy o i s . . (63) P

where V, , a and b are parameters to be fitted. Parameters a and b are expected to be

negative and positive, respectively, given that the velocity is expected to increase with
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decrease in porosity and increase in vertical effective stress (e.g. Eberhart-Phillips et

al., 1989).

The observed velocity was read from the sonic log. The vertical effective

stress 1S

0,=8,—-Pp, (6.4)

where S, is the lithostatic (vertical) stress due to the overburden, and P, 1s the pore

pressure. And porosity was calculated from the density log by

p matrix p log
p matrix IO fluid

$= 6.5)

where Omairix = 2.75 glcc pPpuia =1.02 g/cc.

In addition, two more independent variables accounting for the lithology
variations have been incorporated in the inversion. These are the natural gamma ray
count, y, and the resistivity, R. Variable depth, z, was also used, but led to different

outcomes (see sections 6.5 and 6.6). Equation (6.3) is extended as
Vo=Vot+tagp + bo,+cy+dR+ez (6.6)

with ¢, d and e are three additional parameters to be fitted.

Pore pressure values for data points in each well were estimated from direct
measurements (RFTs of Good and Fair quality). RFT data for the wells were
extracted from the GeoPOP Database using PressureView2.1 or were available on the
composite logs, except for well 22/28a — 1 for which RFT data from neighbouring
wells were used. The regional pressure trend used is the one given in Regional
Pressure Atlas of the Central North Sea (GeoPOP 2000) Most of the avallable RFT
"measurements are in Jurassic strata, The pore pressure V\hthm the Jurassrc stratam
generally follows trends parallel to the hydrostatic gradient, whereas the Chalk in the

Central Graben is thought to be the regional seal. Therefore, values of pore pressure
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in the Cromer Knoll and Heather Formations were estimated either by extrapolation
from direct measurements of formation pressure available in Jurassic sands in the

same wells, or by interpolation from neighbouring wells.

A regional pressure gradient trend of 10.07 MPa/km (0.445 psi/ft) was taken
for the hydrostatic gradient (GeoPOP, 2000). Pore pressures in the Lower Cretaceous
were estimated from RFT measurements in the Jurassic. Where these measurements
were in hydrocarbon columns, the pressure in the water leg at the same depth was
estimated. The latter pressures were extrapolated up to the Cromer Knoll parallel to
the hydrostatic gradient (10.07 MPa/km). Data points in the Heather Formation were
all in the water leg, so pressures were found by interpolating measured values. Only
pressure values for well 22/28a-1 were estimated from RFT measurements in
neighbouring wells, 22/29a-1S1 and 22/30c - 8. Details of the estimations are given
in Appendix A.

Both sets of data were subjected to analyses as detailed in sections 6.5 and 6.6. Table

6.1 gives the overall range in values of their properties.

Gamma ray Bulk borosity Sonic velocity Resistivity M

Range | 40-112° API | 0.03-0.34 |2339-3674m/s | 0.17-5.4Qm | 0.48-0.65

Table 6.1. Range values of properties for data points.

The assumption is that the data fit a linear model. A further analysis was
required to interpret the parameters fitted, i.e. the results of inversion by multi-
variable linear regression, and the significance of variables. A statistical test on a null
hypothesis model was conducted on the parameters/coefficients. In addition to the
parameter estimates, values were calculated for R2, t-stat, P-values and the confidence
interval. The t-stat values are t-statistics for the default hypothesis test that the
parameter estimate is equal to 0. The P-values give the probability of observing a t-

value as large or larger than the computed t-value under the null hypothesis (i.e.

parameter- -equals--0).- This -P-value. is--needed--to -confirm- the-significanceof ‘the -

variable/predictor, since R* values are strongly influenced by violation of model

assumptions, outliers and high leverage points. A P-value of 0.05 would indicate that
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the parameter estimate is different from null hypothesis value at 95% confidence level.
Thus, a small P-value means that the data provide evidence against the null hypothesis.

A final geological interpretation is made of the statistical correlation.

6.5. Data inversion and interpretation for Set A

6.5.1. Set A of data

A total of 209 data points with values of V,, ¢ and &, were obtained. They
were classified according to geological formation comprising 132 in the Lower

Cretaceous (Cromer Knoll) and 77 in the Jurassic (Heather Formation) (Table 6.2).

Wells Cromer Knoll Heather
Alwyn & Ninian Fields (Shetland Basin)
Quadrant 3
3/3-11 5 6
3/9a-2 - 8
3/9a-3 6 -
3/9a -4 7 -
3/9a — N1 3 15
3/15- 4 - 35
Central Graben
Quadrant 21
21/19-2 40 -
21/24 -1 9 -
Quadrant 22
22/28a - 1 58 -
22/30a - 2 2 -
Quadrant 30
30/12b - 2 2 -
30/13-3 - 13
Total 132 77

Table 6.2. Wells used and number of data points picked for the shale study.

The data points, labelled from 1 to 209 (with their respective variables:
porosity, velocity, overburden stress, pore pressure, vertical effective stress, etc.), are
given in Section 6.9 (Table 6.10). Meanwhile, distributions of these variables across

the formations/quadrants are showed in Figures 6.2 - 6.5.
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6.5.3. Interpretation of the results

Figures 6.7 and 6.8 are plots of the observed variables within respective
formations. They confirm that within formations there is strong correlation between
velocity and porosity. Also, vertical effective stress and porosity are very weakly
correlated, especially in the Cromer Knoll, and so may be considered as independent
variables. A fit of velocity to porosity only gives respectively V, = 3363 — 4007 ¢ with
a RMS error of 130 m/s (Figure 6.7 a) in the Cromer Knoll, and V, = 4016 - 6437 ¢
with a RMS error of 121 m/s (Figure 6.8 a) in the Heather Formation.

Furthermore, results in Table 6.3 and Table 6.4 have shown that the extra
independent variable gamma ray count has a robust response (P-value) in the linear fit,
and its introduction has significantly reduced the RMS error between observed and
forward-calculated velocities, respectively in the range of 20 m/s in the Cromer Knoll
and 10 m/s in the Heather. Also, the fitted parameter b has more than doubled. The
slightly lower error obtained in introducing resistivity could not warrant its inclusion,
as resistivity can be masking the effect of &, on V,. Meanwhile, depth has contributed
to better correlation only in the Heather. Its coefficient parameter e happens to be
negative and not significant for the Cromer Knoll set of data, but is positive and

significant in the Heather.

In summary, Equations (6.9) - (6.12) suggest

- that there is a strong dependence of velocity on porosity in the data set
under study, both in the Cromer Knoll and in the Heather;

- that there is a slight dependence of sonic velocity on vertical effective
stress when porosity and vertical effective stress are taken as independent
variables;

- that lithology variation in terms of natural gamma ray count has got an
impact on the relationship; and

- that dependence on depth as an independent variable is robust in the
Heather Formation only.

Hence, within the limits of our data set equations (6.9) and (6.10) are thepreferred to

the results of the investigation at this stage.
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The overall results suggest that variations of properties in each formation may
follow different trends, which may be ascribed to differences in lithology (texture,
grain size distribution and mineralogy) or chemical compaction processes. Chemical
compaction processes include chemical dissolution and precipitation and become
active below depth 2 — 3 km. These processes are functions of temperature and

mineralogy rather than effective stress (Skempton, 1970; Bjgrlykke and Hgeg, 1997).

6.6. Data inversion and interpretation for Set B

6.6.1. Set B of data

When digital log data became available, it was relatively straightforward to
repeat the analysis using individual data points. The only discriminant was to reject
data points with M > 0.65. The data form set B, as defined in section 6.4.1. The first
analysis fits the variables as in section 6.5, and is followed by an analysis of subsets

of the data classified according to the M parameter.

Inclusion in the analysis of depth as an independent variable and the lithology
variables, gamma count ray and resistivity, did not yield exactly the same response in
either formation in the inversion of Set A of data (Section 6.5). In order to assess the
extent of chemical diagenesis and mineralogy variation, an analysis with data selected
as individual log readings from “undifferentiated” mudstone beds was carried out.
Complete beds of mudstone lithology from the Heather Formation and the Cromer
Knoll were used. Whilst limestone stringers and sandstones beds were carefully
avoided, data selection was made with upper bound on M values of 0.65, yielding a
data set of 3647 data points, Set B. Of these data points, 2308 were obtained from

mudstones in the Cromer Knoll and 1339 were obtained from the Heather Formation.

Different Visual Basic programs (macros) were used to compute the variables
for running the generalised linear inversion (Appendix B). Table 6.5 gives the
distribution of the data across wells and formations. Respective results of the

inversion are.given in Tables 6.6 and 6.7.
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Cromer Heather

Wells Knoll
Alwyn & Ninian Fields (Shetland Basin)
Quadrant 3
3/3-11 130 298
3/9a-2 - 55
3/9a -3 33 -
3/9a-4 44 -
3/9a — N1 32 346
3/15-4 - 405
Central Graben
Quadrant 21
2119-2 769
21/24 -1 200
Quadrant 22
22/28a - 1 1027
22/30a -2 45
Quadrant 30
30/12b -2 25
30/13-3 3 235
Total 2308 1339

Total for Set B: 3647 data points

Table 6.5. Distribution of data by well and formation (Set B).

6.6.2. Results of the inversion

The respective runs have the following outputs.

Cromer Knoll: 2308 data points

Vo a(®) b(o) c(Y) d(R) e(2) R RMS

Parameters fitted m/s m/s m/s/MPa__nvs/°API __m/s/ Qm 1/s Square error
0.173-0.342 79-364 40-192 0.40-051 1972-4715
Data Range fraction MPa ’AP! Ohmm m
V(¢, ov, GR, R, z) 3516 -3261 125 -5.0 25.49 0.038 0.783 129.42
Standard Error 30.54 69.51 0.87 0.32 4.45 0.005
t Stat 115.12 -46.92 14.36 -15.45 5.73 7.592
P-vaiue 0.00 0.00 0.00 0.00 0.00 0.00
Lower 95% 3456.03 -3397.59 10.78 -5.64 16.77 0.028
Upper 95% 3575.81 -3124.99 14.19 -4.37 34.22 0.047
— V(o, oy, GR, R) 3716 -3659 9.4 -4.55 31.37 0.778 131.00
Standard Error 15.56 46.23 0.78 0.;32 4.44
tStat 23887 7944 1200 -14.12 7.07
P-value 0.00 0.00 0.00 0.00 0.00
Lower 95% 3685.76 -3749.67 7.9 -5.19 22.67
Upper 95% 3746.78 -3568.34 10.96 -3.92 40.07
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V¢, ov) 3585 -3865 3.9 0.753 138.17

Standard Error 10.64 46.26 0.59
tStat  336.75 -83.55 6.66
P-value 0.00 0.00 0.00
Lower 95% 3563.85 -3955.93 2.78
Upper 85%  3605.6 -3774.49 5.1
V(¢, ov, 2) 3414 -3554 5.6 0.029 0.756 137.23
Standard Error 31.71 71.31 0.65 0.005
tStat 107.66 -49.83 8.52 5711
P-value 0.00 0.00 0.00 0.00
Lower 95%  3351.8 -3693.56 429 0.019
Upper 95% 3476.16 -3413.86 6.85 0.039

GAMMA RAY COUNT RESPONSE IN CROMER KNOLL

V(¢, ov, GR, 2) 3513 -3276 14.2 -5.16 0.043 0.780 130.31
Standard Error 30.75 69.94 0.82 0.33 0.005
tStat 114.25 -46.84 17.21 -15.88 8.662
P-value 0.00 0.00 0.00 0.00 0.00
Lower 95% 3452.57 -3413.16 12.56 -5.80 0.033
Upper 95% 3573.16 -3138.87 15.79 -4.53 _ 0.052
V(¢, ov, GR) 3746 -3744 1.1 4.7 0.773 132.39
Standard Error 15.15 45,12 0.75 0.33
tStat 247.30 -82.98 14.69 -14.38
P-value 0.00 0.00 0.00 0.00
Lower 95% 3716.07 -3832.43 9.59 -5.32
Upper 95% 3775.48 -3655.47 12.54 -4.04

RESISTIVITY RESPONSE IN CROMER KNOLL

V(¢, 0w, R, 2) 3421 -3525 3.8 31.3 0.024 0.761 135.93
Standard Error 31.43 70.77 0.70 4.66 0.01
t Stat 108.86 -49.82 5.47 6.73 4.60
P-value 0.00 0.00 0.00 0.00 0.00
Lower 95% 3359.81 -3663.95 2.45 22.20 0.01
Upper 95% 3483.08 -3386.41 5.18 40.47 0.03
V(¢, ov, R) 3557 -3767 2.3 34.8 0.759 136.53
Standard Error 11.15 47.52 0.62 4.62
tStat 318.90 -79.28 3.76 7.54
P-value 0.00 0.00 0.00 0.00
B Lower 95% 3534.89 -3860.56 1.12 25.75
MRS Upper95% 3578.63 :3674.20° -© - 3,667 - 43:86

Table 6.6. Estimates of parameters a, b, c, d, e in the Cromer Knoll for data points in
Set B, with their P-values.
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Heather: 1339 data points

Vo a(®) b(o.) c(Y) d(R) e(z) R RMS
Parameters fitted m/s m/s m/s/MPa_ m/s/°API  m/s/ Qm 1/s error
0.005-0212 106-288 61.2-1253 0.78-583 3143-4128
Data Range fraction MPa °API Ohmm m
V(¢, ov, GR, R, 2) 2662 -2797 141 -6.4 69.6 0.290 0.748 116.30
Standard Error 82.59 147.89 0.84 0.46 4.27 0.015
t Stat 32.23 -18.91 16.82 -13.84 16.32 19.904
P-value 0.00 0.00 0.00 0.00 0.00 0.00
Lower 95% 2500.23 -3086.78 12.42 -7.35 61.26 0.261
Upper 95% 2824.29 -2506.55 156.7 -5.562 77.99 0.318
V(¢, ov, GR, R) 4132 -4386 7.8 -7.28 29.26 0.673 132.41
Standard Error 42.16 141.88 0.88 0.53 4.27
t Stat 98 -30.88 8.84 -13.81 6.85
P-value 0.00 0.00 0.00 0.00 0.00
Lower 95% 4049.05 -4660 6.07 -8.31 20.88
Upper 95% 4214.46 -4103.34 9.52 -6.24 37.64 _
V(¢, ov) 3697 -4484 2.8 0626 141.46
Standard Error 29.9 149.32 0.78
tStat 123.63 -30.03 3.66
P-value 0.00 0.00 0.00
Lower 95% 3638.36 -4777.14 1.32
Upper 95% 3755.69 -4191.3 4.37
V(¢, ov, 2) 2669 -3118 10.7 0.210 0.684 130.00
Standard Error 70.98 162.46 0.87 0.01
t Stat 37.6 -19.19 12.29 16.71
P-value 0.00 0.00 0.00 0.00
Lower 95% 2529.77 -3436.81 9.02 0.19
Upper 95% 2808.26 -2799.39 12.45 0.24

GAMMA RAY COUNT RESPONSE IN HEATHER

V(¢, ov, GR, 2) 3058 -3207 13.1 -3.56 0.177 0.697 127.35

Standard Error 86.46 159.58 0.91 0.47 0.01

t Stat 35.37 -20.10 14.40 -7.56 12.60

P-value 0.00 0.00 0.00 0.00 0.00

Lower 95% 2888.16 -3519.98 11.35 -4.49 0.15

Upper 95%  3227.39 -2893.87 14.93 -2.64 0.20

5 V(¢, oy, GR) 4035 -4269 8.6 -5.54 0.661 134.67
I Standard Error 40.42 143.32 0.89 0.47
- Tistat”  99.84" 20787 o7 T -11.79 ‘

P-value 0.00 0.00 0.00 0.00
Lower 95% 3956.05 -4549.97 6.88 -6.46
Upper 95% 4114.64 -3987.65 10.36 -4.62
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RESISTIVITY RESPONSE IN HEATHER

V($, 0w, R, 2) 2188 -2791 10.0 47.29 0.308 0.711  124.33
Standard Error ~ 80.33 158.10 0.84 4.22 0.02
tStat  27.23 -17.65 11.99 11.20 19.88
P-value 0.00 0.00 0.00 0.00 0.00
Lower 95% 2030.12  -3101.01 8.40 39.01 0.28
Upper 95% 2345.31  -2480.71 11.69 55.57 0.34
V(4, 61, R) 3697 -4490 2.8 0.87 0.626 141.50
Standard Error ~ 29.94 151.39 0.86 4.00
tStat 123.45 -29.66 3.22 0.22
P-value 0.00 0.00 0.00 1%
Lower 95% 3637.99  -4786.58 1.08 -6.98
Upper 95% 3755.48  -4192.59 4.45 8.72 )

Table 6.7 Estimates of parameters a, b, c, d, e in the Heather Formation for data points
in Set B, with their P-values.

These results (Tables 6.6 and 6.7) show the same response in terms of the

significance of different variables as in Set A; but with a lesser correlation. The RMS

error ranges from 116 — 142 m/s against 100 — 120 m/s for Set A results.

6.6.3. Inversion for narrow ranges of M value

Difterent inversion results (Table 6.3 — 6.4 for Set A, Tables 6.6 — 6.7 for Set
B) show that porosity is the most significant variable or best predictor of V,, since its
P-values are consistently robust throughout with a good correlation when velocity is
treated as a function of porosity and vertical effective stress. The vertical effective
stress response is also a good predictor for V), for its associated parameter b varies a
lot from one set to another, and from one formation to another. This suggests that
there are systematic differences in lithologies between mudstones in the Cromer Knoll

and the Heather Formation.

The M parameter, as defined in Equation 6.1, is a lithology-dependent quantity
defined from porosity (sonic and density) logs. As used in the cross-plot it is defined
for, its value depends on the proportions of different minerals, such as calcite,
silica/quartz, anhydrite, dolomite, gypsum within the lithology (Schlumberger, 1972).
The shale region is approximately between M of 0:50 and 0.65. Thiis, ddta poifits of
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Set B were grouped into narrow ranges of M, then inverted to assess if there is any
consistent trend in the variable coefficients with M. Data distribution is given in Table

6.8 and results of the inversion in Table 6.9. The results show no trend with M values.

Mranges» 050-0.53 0.54-0.57 0.58-0.61 0.62-0.65

Cromer Knoll 73 261 804 932
Heather 7 168 309 753
Total 80 429 1113 1685

Table 6.8. Distribution of data in ranges of M values (Set B).
[The Heather set for M range values 0.50 —~0.53 is reduced to a single well].
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6.7. Discussion and results

From all the analysis and results (Tables 6.3 — 6.7), it is found that there are
systematic differences between the Cromer Knoll and the Heather. It has also been
found for the lithology variables that gamma-ray count has had a major contribution,
while resistivity has been less significant and its inclusion as an independent variable
is questionable. In addition, depth is a good predictor for V), in the Heather. The
classification by M parameter narrow ranges has not had any consistent effect on the
variable coefficients (Table 6.9). Thus, the overall results of the study are for the full

data sets from each formation.

The coefficients of determination, with lower RMS error, are better for the
runs in Set A than Set B. The hypothesis test for each data set allowed us to choose
the best results, in terms of the variables’ significance. The preferred results for the
data under study are taken from Set A and are given through each formation by

Equation (6.9) for the Cromer Knoll and Equation (6.10) for the Heather.

Below are given the contributions of different independent variables taken
within the analysis.
In the Cromer Knoll:

- the result (Equation 6.9) has a dependence on vertical effective stress in
the term 21.8¢, , which over the range o, in the data set, 8 — 36.1 MPa,
contributes a variation of 613 m/s in the forwarded-calculated velocity
values. The dependence on gamma ray count contributes a variation of -
272 m/s from the term -9.0y over the range of gamma values 40 - 111° API.

- Without the y variable included, the variation due to the effective stress
alone would have been only of 273 m/s (Table 6.3).

- The RMS error is 101 m/s. The discrepancies between the observed
velocity values and their corresponding forwarded-calculated values are in
the range of -240 to 356 m/s, corresponding to percentage errors in V,
from.good.match. .(0.1%) match; up to 11.6%. Over-85% -of the 132 data -

points have their percentage errors below 5%.
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In the Heather Formation:

The result (Equation 6.10) shows a linear dependence on vertical effective
stress in the term 17.40,. That contributes of 317 m/s over the range of o,
in the data set, 10.6 — 28.8 MPa. The RMS error is 107.4 m/s.

Without the variables gamma ray and depth, the contribution of the
vertical effective stress is 69.2 m/s, very small compared to the
corresponding RMS error of 121 m/s.

Within the set of predicted velocities from Equation 6.10, only a single
data point comes with a discrepancy value of 542 m/s, equivalent of 18.1%
of percentage error. The remaining 31 data points have discrepancies
within the range of -159 to up 260 m/s, making the percentage error on V,
up to 9.3%. A total of 7 points have their respective velocity discrepancies

above the RMS error.

Figure 6.9 is a plot of the observed velocities (Section 6.9, Table 6.10) and their

corresponding forward-computed values using equations 6.9 and 6.10. Figures 6.10 ~

6.11 are histograms showing data distribution in the respective formations, as

indicated. The variable distributions satisfy the acceptable classical statistical

requirements for proper use of linear fitting of these data (Mann, 1987).
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6.8. Conclusion

The purpose was to investigate how sonic velocity depends on vertical
effective stress in mudstones, taking porosity and vertical stress as independent
variables. Due to the heterogeneous nature of mudstones, more variables to account
for the lithology variations were introduced. The set of data was fitted by linear

equation of the form (6.6) using a generalised inversion algorithm.

Introducing lithology variation, in terms of gamma ray count and depth as
independent variables did improve the data fit. Gamma ray alone accounted for the
analysis in the Cromer Knoll. The additional dependence of V, on depth as an
independent variable has proved to be robust in the Heather Formation only. The

inclusion of resistivity as an independent variable could not be justified, though.

The results show that, in both the Cromer Knoll and in the Heather, there is a
strong dependence of velocity on porosity and a slight dependence of sonic velocity
on vertical effective stress when porosity and effective stress are taken as independent
variables, along with gamma ray and depth. In the Cromer Knoll, the linear
dependence of sonic velocity on vertical effective stress given by the term 21.80,
contributed for a variation of 613 m/s in the forwarded-calculated sonic velocity.
Within the Heather data set the dependence is given by the term 17.40,, which makes

a contribution of 317 m/s over the range vertical effective stress.

The contribution of the vertical effective stress with associated independent
variables (gamma ray and depth) compared with the respective RMS errors on the
results, i.e. 101.0 m/s for the Cromer Knoll and 107.4 m/s for the Heather Formation,
is significant for the data fitting. However, this dependence is not enough to achieve a
good match between the observed and forward-calculated velocities for individual

data points (Figure 6.9).
Furthermore, discrepancies tend to be of consistent size and polarity over

specific depth intervals in each well. To reduce these discrepancies variables relating

to clay fraction and chemical diagenesis might be required in the analysis.
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7. SUMMARY OF CONCLUSIONS AND SUGGESTED
FUTURE WORK

7.1. Introduction

This chapter constitutes a summary of the overall conclusions and gives some

comments on how this study could be extended beyond the scope of the thesis.

Overpressure prediction models used in well planning are generally based on
the assumption that overpressure has been generated by undercompaction. There is a
clear need for models to account additionally for overpressure generated by unloading
mechanisms, such as hydrocarbon generation, chemical compaction (diagenesis) and

fluid flow by lateral transfer.

The ultimate objective of the research was to find an improved method of pore
pressure estimation/prediction using sonic, density and other log information with
pore pressure measurements in the fine-grained sediments of the Central North Sea.
In order to achieve that objective, two separate studies were carried out, on the Chalk
of the Central Graben and Mesozoic mudstones of the Central Graben and East
Shetland Basin, to investigate how seismic velocity varies with effective stress

independently of porosity.

7.2. Summary of conclusions

7.2.1. Chalk study

Investigation into the Chalk of the Central Graben has shown that velocity
shows no detectable dependence on vertical effective stress when porosity,.and
vertical effective stress are treated as independent variables. This result contrasts with
the behaviour of shales, which exhibit a reduction in velocity on unloading. The

significance is that sonic velocity and density in chalk cannot be used to detect the
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presence of any overpressure caused by unloading. It is suggested that the absence of
an observable velocity reduction in unloaded Chalk is due to cementation. The
velocity—porosity relationship found in this investigation (see Equation 5.13, Chapter
5) is consistent with the work of Mallon and Swarbrick (2002) within the limits of
error. They correlated porosity inferred from density logs with velocity from sonic
logs using data from 59 wells passing through non-reservoir Chalk in the central
North Sea., yielding a velocity — porosity relationship of the same algebraic form as

the Wyllie relationship (see Equation 5.14, Chapter 5).

As in the case of the larger data set analysed by Mallon and Swarbrick (2002),
the much smaller dataset used here (Figure 5.6) displays a lot of scatter. It is
suggested that the scatter is mostly due to the response of the sonic log in carbonates,
in that it depends on the relative proportions of variations of primary and secondary
porosity (Bateman, 1985) and on variations in the fabric (grain size distribution and
shape, and cementation) (Wyllie et al., 1956). In addition, anomalously low velocity
values could be due to the presence of shale or very small quantities of gas, which

will both increase the sonic transit time.

Scatter in the sonic data could be masking some small dependence of velocity
on vertical effective stress in the data analysed here. Nevertheless, there seem to be

good physical reasons why velocity in the Chalk is little affected by unloading.

7.2.2. Variation in mudstones

Other petrophysical parameters were added in the analyses for mudstones,
namely gamma ray count, resistivity and depth. These were included to account for

lithology heterogeneity in mudstones and temperature.

The results attest that gamma count as an independent variable does improve the data
fit within the formations. The dependence on depth improved the fit between
observed and forward-calculated velocities within the Heather Formation mudstones.
The Cromer Knoll mudstones showed less dependence on depth. The results and
concerns about independence of variables do not warrant the use of resistivity as an

independent variable for sonic velocity analysis to account for unloading processes.
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The overall results on mudstones suggest that vertical effective stress does
have an effect on sonic velocity. For these data sets, the observed dependence of
velocity on vertical effective stress contributes 613 m/s and 317 m/s to the forward -
calculated sonic velocities in the Cromer Knoll Formation and the Heather Formation,

respectively. This is compared to respective RMS errors of 101 m/s and 107 m/s.

7.3. Proposal for further analysis

In both investigations, i.e. chalk and mudstones, the aim was to determine how
sonic velocity V, depends on vertical effective stress a,. Results of data analysis in
mudstones have shown that there is a slight dependence when more parameters are
added to account for the lithology. A first suggestion for further work is more
analyses with a larger set of data to investigate regional differences within and

between basins.

Referring to the conclusion of Bowers and Katsube (2002) that transport
properties (e.g. sonic and resistivity) are more likely than density to be affected by
unloading, further work should concentrate to evaluate the use of wireline logs as a
predictor of the vertical effective stress, and hence of pore pressure. Data will be
fitted in an equation of the type 0, = oy + Ag+ B V+ Cy + D R + E z. This means

treating the vertical effective stress o, as the variable dependent on other

petrophysical parameters.
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Appendix A, Variables calculations by well (Chalk study)
« Overburden or lithostatic stress, S,
* Pore pressure, P,

o Vertical effective stress, o,

Appendix B. Programs = Visual Basic macros
e Inversion program
e Data selection and variable calculations (mudstones study)

 Software and applications used in the study




ppendix A
Lithostatic stress S, and Pore pressure
P, estimations

A.l. Well 22/28a= 1
A2. Well 22/29 - 181
A.3. Well 22/30a - 2
A4, Well 22/30c = 8
A.5. Well 30/12b -4
A.6. Well 30/13 =3
A.7. Well 31/26a =3
A 8. Well 31/26a = 9A
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WELL [# DATA |QUALITY RFT Depth
psi_ MPa| ftSS m SS
22/22a-1 |14 V.G & GOOD Istreading | 3930.3 27.1 8667 2641.6
2 FAIR last reading | 4359.8 30.1 9446 2879
22/29-181|16 Good & Fair  Istreading | 4248.7 29.3 9355  2851.3

last reading | 13263.9 91.5 15769  4806.2

22/30a-2 |2 Fair 6370.7 43.9 11264  3433.1
Poor 6440.9 444 11428  3482.5

22/30c-8 |13 V.G & GOOD 1streading | 15949.4 110.1 17288  5269.1
5 LOW PERM. last reading 16091 111 17865 5445

Table A.4. RFT available in neighbouring wells.

Data point Formation Pressure status and approach Pore pressure

(m SS) Pp (MPa)

#1: 3213 Regional trend:

Ekofisk The Palaeocene is known to be normally pressured with zero
overpressure in Quadrants 21S, 2285 of the Central North Sea
(GeoPOP, 2000)

. Pl =3213mx0.01007 MPa/ m=323 MPa

#2:4392 | Neighbouring well:
Hidra Value determined considering gradient in well 22/29-1S1 where

the corresponding Jurassic overpressure is of 40.3 MPa (5846 psi).
" Py, =4392mx0.01007MPa/ m+403MPa=84.5 MPa

‘Table A.5. Estimates of pore pressure for data points 1 and 2.(well 22/28a - 1).... ... .. ...
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A.4.2. Pore pressure estimation in well 22/30c - 8

Some RFT measurements available in the Jurassic, still a regional approach is being

used for the top of Chalk data points.

____RFT _____ Depth Quality
Cipsi- | MPa | #8S | mss
15084 . | 1104 | 47385 || 52895 Good
5072 | 1102 | ‘d73se | 52099 Good
- 15076 | 1102 | 17441 .|| 5306.6 Good
16008 | 1104 | 47563 || 53409 | Good
> 16015 [ 1104 §.;1;?55ja 1| 53590 Good _
1019 | 1105 | 17600 .| 53642 Good
w6028 | 1105 | i7632 || 5374.0 Good
16030 | 1106 | 17647 | 53785 | Good
16046 | 1107 | 17721 ) 54011 Good _
16052 | 1107 | 17747 - | 5409.0 Good
6057 | 1107 | a7ri2 | 54166 | Good
. .16087__ | 1108 17814 | 54204 Good
16072 | 110.8 17838 | 54368 Good

Table A.20. RFT measurements in the Jurassic. Well 22/30c — 8.

Pressure (MPa)
0 10 20 30 40 50 60 70 80 90 100 110 120
0.0 A — e —
05 I I A .1 e RFT Jurassic
10 4o \ 1 11 .1 |——Hydrostatic
NI T : | —— Lithostatic
15— i Y EE I A DR CHSR B s e
20 +—F—%—+ e e S B B
£ || i K | T )
E 25 —— % B
P B L (A :‘,%“ L P i)
B 30— 1 e
S a5 t———1
45 +— ' O -
5.0 {1 . ; T
) 55— TN , ,
6.0 e ‘

Figure A.4. Pressure — depth Plot. Well 22/30c - 8.

- 152 -




Lubanzadio Mavatikua Appendix A
Field Depth (m) Pressure (MPa) Overpressure (MPa)
Palaecocene '

22/30a 2908 27.6-34.5 0-34
22/30b & ¢ 2940 27.6-34.5 Less than zero
Cretaceous

22/30a 3433 41.4 -48.2 6.9-13.8

Table A.21. Regional pressure trends suggesting that the Palacocene is normally

pressured, thus the top of Chalk (Source: GeoPOP, 2000).

Data point Formation Pressure status and approach Pore pressure
(m 59 Pp (MPa)
#8: 3425 -
Ekofisk " Ppl,,,. =3425mx0.01007 MPa/m=34.5 MPa
#9: 3460
Ekofisk " Ppl,,, =3460mx0.01007 MPa/m=34.8 MPa
Using the petrophysics data available, the Gas Water Contact (GWC) is
#10: 4885 | at depth 5462 m SS. With Pp given in MPa and depth in meters, the
Hidra

RFT trend line in the Jurassic from data available (Table A.20) in the
Jurassic is' given by:
P, = 0-00508 depth +83.2
PPl oycsssom = 3462mx0.00508 MPa/ m+83.2=110.9 MPa
Value determined considering gradient in well 22/29-1S1 where the
corresponding Jurassic overpressure is of 40.3 MPa (5846 psi). Based

on the hydrostatic gradient parallel in the Jurassic, we have

" Pp|, =4392mx0.01007MPa/m+40.3MPa =84.5 MPa

Accounting for an overpressure of
0/P| =110.9-0.01007x5462 = 56.0 MPa

GWC:5462m

And the Pore pressure estimation at the Base Chalk data point is:

PPlassn =56.0+0.01007x4885=105.2MPa

Table A.22. Estimates of pore pressure for data points 8, 9 and 10 (well 22/30c — 8).
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Data point
(m SS)

Formation Pressure status and approach

Pore pressure
Pp (MPa)

#13: 3199
Ekofisk
(High
porosity)

The Palacocene in Q30 N being hydrostatic pressured,

. Pp

3199m

=48.6 MPa+ (3199 —2977.8m)x0.01007 MPa/ m =50.8 MPa

#14: 3281
Ekofisk
(Low
porosity)

The Palaeocene in Q30 N being hydrostatic pressured,

. Pp

3281m

=48.6 MPa+(3281-2977.8m)x0.01007 MPa/m =51.7 MPa

#15: 3781
Hod

From fhe well Jurassic RFT and DST,

the oil leg depth is at 4180.1 m SS (13715 ft SS), with an average RFT of

75.2 MPa (10901.7 psi).

Extrapolating the oil leg pressure hydrostatic parallel up to the base of

chalk

" Pp|,, , =752MPa+(3781-4180.1m)x0.01007 MPa/m=71.2 MPa

Table A.33. Estimates of pore pressure for data points 13, 14 and 15 (well 30/13 - 3)

Referring to Table A.26 and pressure increasing with depth, the Base Palaeocene at
3171.9 m (10407 feet TVDSS) will be of the range 48.3 — 55.2 MPa (7000-7999 psi),
as confirmed by the Cretaceous Pressure Readings in block 30/13 (Vol.Il Map 4.2).

Figure A.8 is map showing the neighbouring wells used in the regional approach.

Q30N
T
s
ie2 4
feeaeaa -1
13 N\ i
®3:

Figure A.8. Map of the neighbouring wells considered.
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B.1. Flow chatts of the programs/macros
B.2. List of software and applications used in this study

B.3. Programs in Visual Basic: Macros
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APPENDIX B. Programs — Visual Basic Macros

B.1. Flow charts of the programs/macros

B.1.1. “inversion”’ flow chart

Note: as introduced in section 4.4.

Storage File/File to run the macro: CHAPTER Appendix A Inversion Macro.xls

(]

INITIALISATION

DATA INPUT

DATA
CONFORMITY

MATRIX
MULTIPLICATION

GAUSS
REDUCTION

PARAMETERS,
COEFFICIENTS
CALCULATION

RESULTS
DISPLAY

I STOP ‘

-171 -




Lubanzadio Mavatikua Appendix B

B.1.2. S, calculation flow chart |

Note: used in mudstones study, Chapter 6.

Storage File/File to run the macro: CHAPTER Appendix A Sv Macro.xls

L START J

INITIALISATION

DATA INPUT
By KEYBOARD

Yes

\ 4

Locate depth Depth value
values table input

> Value(s) of Sv
CALCULATION

RESULTS
DISPLAY

\ 4

‘ STOP \
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B.1.3. “Selection” algorithm

Note: as described in section 6.4.2.
Storage File/File to run the macro:
CHAPTER APPENDIXA SelectionMacroAPRO5 .xls

Data input:

INPUT OUTPUT
Depth GR AT RHOB ILD dGR(M,m) | dAT(M,m) | Status
T ft APT | uS/ft | glcc | Ohmm

Selection basis:
Intervals of 0.7 m (2.5 ft) were used to assess the consistency in lithology, i.e.,
intervals of 5 log values. The ranges of natural gamma log and sonic log readings over

each interval are calculated as (Equation 6.2)

dGR(M,m) = GRMax — GRmin and

dAT(M,m) = ATMax — ATmin B.1)

and the interval is only accepted as a data point when both dGR(M,m) < 0.003 °API
and dAT(M,m) < 0.003 ps/ft.

B.2. List of software and applications used in this study

The thesis contains figures, plots, tables, maps. All these materials were created using
mainly Microsoft Office Applications; where any is from other sources and authors,
references have been provided. Other packages used are CorelDraw 9, Origin 6.0,
Sigma Plot 9. Other professional software used for data collection and selection
include Didger 3.0, Presgraf and PressureView2.1. These packages were run on a PC

(Personal Computer); with a higher graphic specification required.
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B.3. Programs in Visual Basic: Macro

B.3.1. Macro for “inversion”

Dimm,n,v, 1

Sub takedata6D()

' This module offers the data analyst the option to visually check the
' conformity of the data already keyed on sheets:="Data"

begin:
Sheets("sheetl").Select
Sheets("Data").Activate

Range("A2").Select

ActiveCell. End(xIToRight).Select
q = ActiveCell.Column
n=q-1

Reply = MsgBox("Sheet named -Data- correctly entered", vbYesNo, "All in cell[2-1],

with vl in cell[2-" & n & "]")

If Reply = vbNo Then
Call terminate

Else
GoTo dataentered

End If

dataentered:
Sheets("Data").Activate
' Getting the number of data points, m; and number of independent variables, n
Range("A2").Select
If ActiveCell < 1 Or ActiveCell > 1 Then End
ActiveCell.End(xIDown).Select
k = ActiveCell.Row
m=k-1

Range("A2").Select

ActiveCell. End(x1ToRight).Select
q = ActiveCell.Column
n=q-1

MsgBox "Number of data points =" & m

' Checking conformity of an overdetermined problem
If m < n Then GoTo enterdata:
If n > 6 Then GoTo enterdata:

" Entering the (transpose of A(m x n)) "in sheetl"
Range(Cells(2, 1), Cells(m + 1, n + 1)).Select
Selection.Copy

Sheets("sheetl").Select
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Range("A1").Select
Selection.PasteSpecial Paste:=xIValues, Operation:=x1None, SkipBlanks:= _
False, Transpose:=False

Cells(m, 1).Select
MsgBox "Number of rows =" & m

trans = MsgBox("Are A and Vi correctly entered?”, vbYesNo, "All in cells (1,1), vl
in cells(1,(n+1))")

If trans = vbYes Then GoTo continue

Call terminate

enterdata:

'Check that number of independent variables and equations
Sheets("Data").Activate

MsgBox "This macro is valid for overdetermined problems only, and n < 6"
Call terminate

continue:
MsgBox " Wait, while multiplying At with A"
End Sub

Sub multiplyAtA6D()

"This submodule multiply a matrix A with its transpose: (ATranspose)* A
"STEP 1: SELECTING THE STORED DATA

Sheets("sheetl").Select

Range("A1").Select

ActiveCell. End(xIDown).Select

m = ActiveCell.Row

'STEP 2: MULTIPLYING (A TRANSPOSE) BY A _ATN: NON
COMMUTATIVITY OF MATRIX MULTIPLICATION
‘Multiplication of (A transpose) with A
Sheets("sheet1™).Select
Fori=1Ton
Forj=1Ton
Sum =0
Fork=1Tom
Sum = Sum + Cells(k, i) * Cells(k, j)
Next k
Cells(i + m + 2, j).Value = Sum
Next j
Next i
End Sub

Sub.Reduced4Gauss6D()- -
'"PREPARING DATA FOR SYSTEM OF EQUATIONS RESOULTION BY GAUSS
REDUCTION

Sheets("Sheet1").Select

' Dubbing the Dim n, the number of columns of A
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'to a new variable r ; as reference to cells (m + n + 2, n) is not responding
Cells(2540, 254) =n
Nombre = Cells(2540, 254)
r = Val(Nombre)
" Preparing data on calculation sheet: "sheet2"
Range(Cells(m + 3, 1), Cells(m + n + 2, r)).Select
Selection.Copy
Sheets("Sheet2").Select
Range("Al").Select
Selection.PasteSpecial Paste:=xIValues, Operation:=xINone, SkipBlanks:= _
False, Transpose:=False
Sheets("Sheet1").Select
Range(Cells(1, 1), Cells(m, r)).Select
Application.CutCopyMode = False
Selection.Copy
Sheets("Sheet2").Select
Cells(1, n + 1).Select
Selection.PasteSpecial Paste:=x1Values, Operation:=x1None, SkipBlanks:= _
False, Transpose:=False
Range("A1").Select
End Sub

Sub GaussAtA6D()

"This subroutine gives us the final matrix, say F

'matrix F being [(the inverse of AtA)* At], At=transpose of A
'the matrix on "sheets2" is I(unit matrix) beside F

"Fis to be multiplied by vector matrix v to get the parameters

' the unknown parameters Vo, a, b, ¢, d, e of the linear equation.

'STEP 1: VISUAL CHECK OF THE LINEAR EQUATION CONFORMITY(.e.
augmented matrix)

Sheets("sheet2").Activate

'MUTED CHECK

‘Reply = MsgBox("Is the Augmented Matrix [with Transpose] correct?”, vbYesNo,
"Checking")

'Tf Reply = vbNo Then Exit Sub

'STEP 2: Gauss Reduction procedure: reducing element all to unity
Sheets("sheet2").Activate
Fork=1Ton-1

Cells(k, k).Select

pivot = Cells(k, k)

P = Val(pivot)

If P = 0 Then GoTo indefini

Forj=kTon . .

Cells(k, j) = Cells(k, j) /

Next j

Forj=1Tom

Cells(j, n + k) = Cells(j, n + k) / P
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Next j

'Getting zeros in all the target rows below the pivot al 1
'’k should varie up to n, instead of m, coz we have a square matrix
Fori=k+1Ton
d = Cells(i, k)
Forj=1Ton
Cells(i, j).Activate
Cells(i, j) = Cells(, j) - d * Cells(k, j)
Next j
' the broken part accounting for the transpose
Forj=1Tom
Cells(j, n +i).Activate
Cells(j, n +1) = Cells(j, n +1) - d * Cells(j, n + k)
Next j

Next i

Next k

unknowns = MsgBox("Do you have " & n & " unknowns for the inversion?",

vbYesNo, "i.e. column C is not made of zeros")
If unknowns = vbNo Then GoTo Proceed

P = Cells(r, 1)

If P =0 Then GoTo indefini2

Cells(n, n) = Cells(n,n) / P

Forj=1Tom

Cells(j, n + n).Select

Cells(j, n +n) =Cells(j,n +n) /P

Next j

Proceed:

'Getting other zeros in the immediate upper row
'MsgBox "Getting Unit matrix"
Sheets("sheet2").Activate

Row =2
d =Cells(1, 2) / Cells(2, 2)
Forj=2Ton
Cells(1, j) = Cells(1, j) - d * Cells(2, j)
Next j
Forj=1Tom
Cells(j, n + 1) = Cells(j, n + 1) - d * Cells(j, n + 2)
Next
'MsgBox "coulmn 2"

Row =3

If Cells(3, 3) = 0 Then Exit Sub

d =Cells(1, 3) / Cells(3, 3)
Forj=2Ton
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Cells(1, j) = Cells(1, j) - d * Cells(3, j)
Next j
Forj=1Tom

Cells(j, n + 1) = Cells(j, n + 1) - d * Cells(j, n + 3)
Next j

d = Cells(2, 3) / Cells(3, 3)
Forj=3Ton
Cells(2, j) = Cells(2, j) - d * Cells(3, j)
Next j
Forj=1Tom
Cells(j, n + 2) = Cells(j, n + 2) - d * Cells(j, n + 3)
Next j
'MsgBox "coulmn 3"
If n =3 Then Exit Sub

Row =4
If Cells(4, 4) = 0 Then Exit Sub
d =Cells(1, 4) / Cells(4, 4)
Forj=2Ton
Cells(1, j) = Cells(1, j) - d * Cells(4, j)
Next j
Forj=1Tom
Cells(j, n + 1) = Cells(j, n + 1) - d * Cells(j, n + 4)
Next |

d =Cells(2, 4) / Cells(4, 4)
Forj=3Ton
Cells(2, j) = Cells(2, j) - d * Cells(4, j)
Next j
Forj=1Tom
Cells(j, n + 2) = Cells(j, n + 2) - d * Cells(j, n + 4)
Next j

d =Cells(3, 4) / Cells(4, 4)
Forj=4Ton
Cells(3, j) = Cells(3, j) - d * Cells(4, j)
Next j
Forj=1Tom
Cells(j, n + 3) = Cells(j, n + 3) - d * Cells(j, n + 4)
Next j
'MsgBox "coulmn 4"
If n =4 Then Exit Sub

Row =5
If Celis(5,.5) = 0.Then Exit.Sub
d =Cells(1, 5) / Cells(5, 5)
Forj=2Ton
Cells(1, j) = Cells(1, j) - d * Cells(5, j)
Next j
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Forj=1Tom
Cells(j, n + 1) = Cells(j, n + 1) - d * Cells(j, n + 5)
Next j

d =Cells(2, 5) / Cells(5, 5)
Forj=3Ton
Cells(2, j) = Cells(2, j) - d * Cells(5, j)
Next j
Forj=1Tom
Cells(j, n + 2) = Cells(j, n + 2) - d * Cells(j, n + 5)
Next j

d = Cells(3, 5)/ Cells(5, 5)
Forj=4Ton
Cells(3, j) = Cells(3, j) - d * Cells(5, j)
Next j
Forj=1Tom
Cells(j, n + 3) = Cells(j, n + 3) - d * Cells(j, n + 5)
Next j

d = Cells(4, 5) / Cells(5, 5)
Forj=5Ton
Cells(4, j) = Cells(4, j) - d * Cells(5, j)
Next j
Forj=1Tom
Cells(j, n + 4) = Cells(j, n + 4) - d * Cells(j, n + 5)
Next
'MsgBox "coulmn 5"
If n =5 Then Exit Sub

Row =6
If Cells(6, 6) = 0 Then Exit Sub
d = Cells(1, 6) / Cells(6, 6)
Forj=2Ton
Cells(1, j) = Cells(1, j) - d * Cells(6, j)
Next
Forj=1Tom
Cells(j, n + 1) = Cells(j, n + 1) - d * Cells(j, n + 6)
Next j

d = Cells(2, 6) / Cells(6, 6)
Forj=3Ton
Cells(2, j) = Cells(2, j) - d * Cells(6, j)
Next j
Forj=1Tom
Cells(j, n + 2).= Cells(j, n.+ 2).- d * Cells(j, n + 6)
Next j

d = Cells(3, 6) / Cells(6, 6)
Forj=4Ton
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Cells(3,j) = Cells(3,j) - d * Cells(6,))
Next )
Forj=1Tom
Cells(j, n + 3) = Cells(j, n + 3) - d * Cells(j, n + 6)
Next j

d =Cells(4, 6) / Cells(6, 6)
Forj=5Ton
Cells(4, j) = Cells(4, j) - d * Cells(6, j)
Next j
Forj=1Tom
Cells(j, n + 4) = Cells(j, n + 4) - d * Cells(j, n + 6)
Next j

d = Cells(5, 6) / Cells(6, 6)
Forj=6Ton
Cells(5, j) = Cells(5, j) - d * Cells(6, j)
Next j
Forj=1Tom
Cells(j, n + 5) = Cells(j, n + 5) - d * Cells(j, n + 6)
Next j
' MsgBox "coulmn 6"

Sheets("sheet2").Activate
Exit Sub

Check:
If Cells(n, n) <> 0 Then GoTo check2D
GoTo Proceed

check2D:

MsgBox " You cliked NOT A " & n & " UNKNOWNS, but this might be! As
Cells(3,3)<>0."

Sheets("sheet2"). Activate

MsgBox "The Macro is stopped. Back to your spreadsheets”
Sheets("Data").Activate

End

indefini:

MsgBox "Try to rearrange the rows and colums, pivot = 0"
Sheets("sheet2").Activate

Call terminate

B indefini2:
MsgBox " Surprise! Cells(n,n) = 0. This.might.not be a n unknowns.inversion." -
Sheets("sheet2"). Activate
Call terminate

End Sub
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Sub Parameters6D()

' This macro prepares the matrices F (from sheet 2) and Vi (from sheet 1)

"in the working "sheet 3" for the final result.

'STEP 1: COPYING & PASTING MATRIX F
Sheets("Sheet2").Activate

Range(Cells(1, n + 1), Cells(m, n + n)).Select
Selection.Copy

Sheets("Sheet3").Activate
Range("A1").Select

Selection.PasteSpecial Paste:=x1Values, Operation:=x1None, SkipBlanks:= _
False, Transpose:=False

' STEP 2: COPYING AND PASTING UNIT VECTOR Vi (OF OBSERVED
VELOCITIES)

Sheets("Sheetl").Activate

Range(Cells(1, n + 1), Cells(m, n + 1)).Select

Selection.Copy

Sheets("Sheet3").Activate

Cells(1, n + 2).Select

Selection.PasteSpecial Paste:=xIValues, Operation:=xINone, SkipBlanks:= _

False, Transpose:=False

"STEP 3: MULTIPLICATION

MultiplyBC:

‘Multiplication of B(n x m) and C(m x 1)

'C (say cl1,) being entered 2 colums besides B (say, elements blm)
Sheets("sheet3").Activate

Range("A1").Select

ActiveCell. End(xIDown).Select

m = ActiveCell. Row

ActiveCell. End(x1ToRight).Select
n = ActiveCell.Column

Fori=1Ton
Sum=90
Fork=1Tom
Sum = Sum + Cells(k, 1) * Cells(k, n + 2)
Next k

Cells(i + n + 2, 10).Value = Sum
a2 Cells(i + n + 2, 10).Activate
Nexti .

' [accordingly, column 2 here below becomes 10 + 1 =11

Cells(n + 3, 11).Value =" = V_0 [m/s]"
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Cells(n +4, 11).Value =" = a [m/s]"

If n = 2 Then Exit Sub

Cells(n + 5, 11).Value = " = b [m/s/Mpa]”
If n = 3 Then Exit Sub

Cells(n + 6, 11).Value =" = ¢ [m/s/API]"

If n = 4 Then Exit Sub

Cells(n + 7, 11).Value =" = d [m/s/Ohmm]"
If n = 5 Then Exit Sub

Cells(n + 8, 11).Value =" = e [m/s]"

Cells(n + 2, 11).Select
End Sub

Sub terminate()

' This subroutine stops the Macro running whenever the condition
"is not satisfied in any of the VISUAL CHECKS dialog boxes
Sheets("Data").Activate

Range("A1").Select

MsgBox "Sorry, try again: check and re-enter data sheet"”
MsgBox "The Macro is stopped. Back to your spreadsheets”
Sheets("Data").Activate

End

End Sub

Sub Finalresults()

' Finalresult Macro

' This macro computes V from the inversion coefficients,

"evaluates the respective discrepancies (DeltaV), percentage error, and the RMS

Sheets("Sheet3").Select
Range("A1:A9").Select
Selection.EntireRow .Insert

' Copying the data set in sheet3 for calculation
Sheets("Data").Select
Range(Cells(1, 1), Cells(m + 1, n)).Select
Selection.Copy
Sheets("Sheet3").Select
Range("M9").Select
ActiveSheet.Paste

Sheets("Data").Select

Range(Cells(1, n + 1), Cells(m + 1, n + 1)).Select
Selection.Copy

Sheets("Sheet3").Select

Range("S9").Select

ActiveSheet.Paste

' Copy and past the coeff Vo, a, b, ¢, d, e of the inversion
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"immediately above the data set.
' We should remember that the results are always pasted at column 10
' But rows depend on number of unknown n.
Range("J18:J23").Select
Range(Cells(12 + n, 10), Cells(11 + n + n, 10)).Select
Selection.Copy
Range("M8").Select
Selection.PasteSpecial Paste:=xIPasteValuesAndNumberFormats, Operation:= _
xINone, SkipBlanks:=False, Transpose:=True

Range("T1").Select
Selection.PasteSpecial Paste:=xIPasteValuesAndNumberFormats, Operation:= _
xINone, SkipBlanks:=False, Transpose:=False

" Calculating Vcomp
Fori=10Tom+9
Cells(i, 20) = Cells(8, 13) + Cells(8, 14) * Cells(i, 14) + Cells(8, 15) * Cells(i, 15)
+ Cells(8, 16) * Cells(i, 16) + Cells(8, 17) * Cells(i, 17) + Cells(8, 18) * Cells(i, 18)
Cells(i, 21) = Cells(i, 20) - Cells(i, 19)
Cells(i, 22) = (Cells(i, 21) / Cells(i, 19)) * 100
Next i

' Calculating the RMS

Sum2 =0

Fori=10Tom+9
Cells(i, 23) = (Cells(i, 21)) ~ 2
Sum?2 = Sum2 + (Cells(i, 21)) * 2

Next i

Cells(8, 23).Value = Sum?2

Cells(7, 23).Value = m

Cells(6, 23).Value =n

Cells(8, 21).Select
ActiveCell.FormulaR1C1 = "=SQRT(RC[2)/(R[-1]C[2] - R[-2]C[2])"

" Indexing the data point in S/N column
Fori=10Tom+9
Cells(i, 23)=i-9
Next 1

Range("U9").Select
With Selection.Interior
.ColorIndex = 15
.Pattern = x1Solid
.PatternColorIndex = x]1Automatic
End With

Range("N9:R9").Select
Selection.Copy
Range("U2").Select
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Selection.PasteSpecial Paste:=xIPasteValuesAndNumberFormats, Operation:= _
xINone, SkipBlanks:=False, Transpose:=True

With Selection.Interior
.ColorIndex = 36
.Pattern = xISolid

End With

Range("S:V").Select
Selection.NumberFormat = "0.0"
Range("W:W").Select
Selection.NumberFormat = "0"

Range("T9").Value = "Vcomp"
Range("t8").Value = "RMS ="
Range("u9").Value = "Del V"
Range("v9").Value = "Perc Error"
Range("W9").Value = "S/N"

Range("T9:V9").Select
Application.CutCopyMode = False
With Selection.Interior
.ColorIndex = 15
Pattern = xISolid
.PatternColorIndex = x]Automatic
End With
With ActiveCell.Characters(Start:=1, Length:=5).Font
.Name = "Arial"
.FontStyle = "Italic"
Size =8
.Strikethrough = False
Superscript = False
.Subscript = False
.OutlineFont = False
.Shadow = False
.Underline = x1UnderlineStyleNone
.ColorIndex = x]lAutomatic
End With

Columns("M:M").ColumnWidth = 3.57
Columns("N:N").ColumnWidth = 6.11
Columns("O:R").ColumnWidth = 4.29
Columns("S:S").ColumnWidth = 6.29

Range("W4").Select
- End Sub

Sub initialise6D()
' This subroutine re-initialise the macro module for another run
"1.e. it clears the all contents on calculations sheets 1, 2 and 3 to avoid mis-calculation
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Sheets("Sheet1").Select
Cells.Select
Selection.ClearContents
Range("A1").Select

Sheets("Sheet2").Select
Cells.Select
Selection.ClearContents
Range("A1").Select

Sheets("Sheet3").Select
Cells.Select
Selection.ClearContents
Range("Al1").Select

End Sub

Sub Done6D()
Dimn,m, r

Call initialise6D

Call takedata6D

Call multiplyAtA6D
Call Reduce4Gauss6D
Call GaussAtA6D
Call Parameters6D
Call Finalresults
Sheets("sheet3").Activate
Range("W4").Select
End Sub

B.3.2. Macro for S, Calculation”

Dim depth, numberdata, Sv, k, p, q, w, CopySv

Sub Sv_values()

" This macro computes the value of Sv (in psi)

' for a given depth (in ft BRT) keyed when prompted or
' for eventually a set of data points from a datasheets

Commence:

Sheets(2).Select

" CopySv is just a variable to allow us copy the computed Sv in the datasheet
" as used further below in copydata:

' Clearing content:these cells are given for prompt reading of Sv computed
' CopySv is just a variable to allow us copy the computed Sv in the datasheet
" as used further below in copydata:

CopySy=0 . . L
Range("a2", "b3").ClearContents
Myanswer = MsgBox("Depth value by keyboard", vbYesNo, "ft BRT")
If Myanswer = vbYes Then
CopySv=1
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GoTo EnterDepth:

Else

' we have to pick the depth values from a Datapoints sheet

" we make sure that the Datapoints sheet is the first sheet of the workbook
Sheets(1).Activate
Call Depthpick

End If

EnterDepth:
' Entering the depth in ft BRT for Sv calculation
MsgBox "Give depth (ft BRT) for Sv calculation”
depth = InputBox("Depth: ", "ft BRT")
Cells(2, 1).Value = depth
MsgBox " Sv for " & depth & " ft BRT"

IntervalLocation:
" Searching for the appropriate interval

' We take p as the value of the counter
p=9
For M =10 To 65
If Cells(M, 2) > Cells(2, 1) Then GoTo Calculate:
Cells(M, 2).Select
MsgBox " Do you think it is OK?"
p=p+l
Next M
' Controlling out of range depth
Myanswer2 = MsgBox("Sorry, check the Formations Sv Sheet ", vbOKCancel, "Try
Again!")
If Myanswer2 = vbOK Then End
If Myanswer2 = vbCancel Then End

Calculate:

Range(Cells(p, 2), Cells(p, 3)).Select

MsgBox " Sure, [depth " & depth & " ft BRT] is within this Fm interval?"
q=p-1

Cells(2, 2) = Cells(q, 8) + 0.5 * Cells(q, 7) + (depth - Cells(q + 1, 2)) * 0.4335 *
Cells(q + 1, 5)

Cells(3, 1).Value = "ft BRT"

Cells(3, 2).Value = "Sv psi"

Cells(3, 2).Select

Selection.NumberFormat = "0.0"

Range("a2", "b3").Select

Selection.Font.Bold = True

Seléction.Font.Colorindex = 3

End .

End Sub

Sub Depthpick()
Dim depth, numberdata, Sv, k, p, q, w, CopySv
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" we have to pick the depth values from a Datapoints sheet

' we make sure that the Datapoints sheet is the first sheet of the workbook
Sheets(1).Activate

' Clearing the content of values of previous Sv computed
Columns("M:M").Select

Selection.ClearContents

' finding the total numbers of datapoints

' avoiding overflow, as the macro does not run with one single data
' for one single data, use the keyboard to enter depth (data)

If Range("B7") = 0 Then GoTo singlepoint:

" Total number of data points

Range("B6").Select

ActiveCell. End(x1Down).Select

v = ActiveCell. Row

numberdata=v -5

MsgBox "Number of datapoints = " & numberdata

Range("M3").Value = "Sv"
Range("M4").Value = "psi"

w=0
Do While w < numberdata
w=w+1
Sheets(1).Activate
Cells(w + 5, 3).Select
Application.CutCopyMode = False
Selection.Copy
Cells(w + 5, 16).Select
ActiveSheet.Paste

Sheets(2).Select
Cells(2, 1).Select
ActiveSheet.Paste

' Searching for the appropriate interval

' We take p as the value of the counter
p=9
For M =10 To 65
If Cells(M, 2) > Cells(2, 1) Then GoTo Calculate2:
Cells(M, 2).Select
' MsgBox " Do you think it is OK?"
p=p+1l . - - -
Next M

Calculate2:
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Cells(p, 2).Select

'MsgBox " Is it the depth" & depth & " within this interval?"
q=p-1

Cells(2, 2) = Cells(q, 8) + 0.5 * Cells(q, 7) + (Cells(2, 1) - Cells(q + 1, 2)) * 0.4335 *
Cells(q + 1, 5)

Cells(3, 1).Value = "ft BRT"

Cells(3, 2).Value = "Sv psi"

Cells(3, 2).Select

Selection.NumberFormat = "0.0"

Range("a2", "b3").Select

Selection.Font.Bold = True

Selection.Font.ColorIndex = 3

"MsgBox "is the Sv value correct?"
"If CopySv =1 Then
' Copying the value of calculated Sv to the datapicks sheet "sheets(1)"

Sheets(2).Select

Cells(2, 2).Select
Application.CutCopyMode = False
Selection.Copy

Sheets(1).Select
Cells(w + 5, 13).Select
ActiveSheet.Paste

Sheets(2).Activate
Range("a2", "b2").Select
Selection.ClearContents

Sheets(1).Select
Cells(w + 5, 13).Select

"MsgBox "is the Sv value copied?"

Loop
' Befeiting Sv values columns
Columns("M:M").Select
With Selection

.HorizontalAlignment = xICenter. .
Vertical Alignment = x1Bottom
.WrapText = False
.Orientation =0
.AddIndent = False
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IndentLevel = -1
.ShrinkToFit = False
.ReadingOrder = x1Context
.MergeCells = False

End With

End

singlepoint:

Sheets(1).Activate

Myanswer3 = MsgBox("Sorry, use ' KEYBOARD OPTION' to enter depth value",
vbOKCancel, "One single data only!")

End

End Sub

B.3.3. Macro for “Selection”

Dim m, n, ligne

Sub Datapick()

' This module tries to pick the data points within well lithologies

' Selection is based on log data: GR (gamma ray), DT(Sonic) and RHOB

' Macro recorded 06/02/2004 by Lbd
"' Modified 2 July, 2004 to take all claystones GR > = 60 API in Heather
"and GR > =40 in Cromer Knoll

worksheetprepare:
' Preparing the worksheet on which the data points pick
"1s to be performed
' Case of well 30 13-3
Sheets(1).Select
trans = MsgBox("Any worksheets already named 'datapicks' or datapoints'?",
vbYesNo, "in this workbook")
If trans = vbNo Then GoTo sheetcopy:

datasheetsdelete:

' We delete the previous "datapicks” and "datapoints" sheets
' 80 as there is no error when naming the new added sheet
Sheets("datapicks").Delete

Sheets("datapoints").Delete

sheetcopy:
' Copies and moves the selected worksheet at the end of all sheets
- - ' This means the datapick sheet comes as the 2nd in the series
‘i.e Copy After:=Sheets(l)
' This is to make sure that there is no “error msg"
Sheets(1).Name = "mudstone"
Sheets(1).Copy After:=Sheets(1)
' The working sheet is being renamed "datapicks"
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" And organising the worksheet
Sheets("mudstone (2)").Select
Sheets("mudstone (2)").Name = "datapicks"

' Deleting column B of Depth TVDS, as we still use Depth BRT
Columns("B:B").Select
Selection.Delete
' Cleaning all other areas of worksheet
Columns("F:AZ").Select
Selection.Delete
MsgBox ("Is the new sheet still ok?")

Range("a3").Select
ActiveCell.End(xIDown).Select

k = ActiveCell. Row

n=k+1

Range(Cells(1, 1), Cells(n, 1)).Select
Selection.EntireRow.Delete

A

clearing:

Range("F1").Select
ActiveCell. FormulaR1C1 = "dGR(M,m)"
Range("G1").Select
ActiveCell.FormulaR1C1 = "dDT(M,m)"
Range("I1").Select
ActiveCell. FormulaR1C1 = "dRHOB(M,m)"
Cells.Select
With Selection.Font

.Name = "Arial"

Size =8

.Strikethrough = False

Superscript = False

.Subscript = False

.OutlineFont = False

.Shadow = False

.Underline = xIUnderlineStyleNone

.ColorIndex = xlAutomatic
End With

trans1 = MsgBox("Hope this is ok, now?", vbYesNo, "with rows and columns")
If trans1 = vbNo Then Call terminate

End Sub

Sub terminate()

- MsgBox (“sorry, the conditions provided may not-work. ‘Try again”) . . e et

" For the Sheets("mudstone (2)").Name = "datapicks" has been already been created
' We need to delete it to prevent error in the next macro run.
Sheets("datapicks").Delete

' We need to go back to the raw data sheet
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Sheets(1).Select

Range("al").Activate

End

End Sub

Sub CALCULONS2()

" 1111 on 30th June 04, this is modified to take dGR < 5 and dDT < 5, instead
" of what we had earlieron (as stated below)

' This macro proceeds to the calculation of the test values

"dGR, dDT, dRHOB within a range of 5 data points (steps of data=0.5 ft)
' Then gets a logical test to get the suitable data: dGR < 3 and dDT < 3

' At the end computes the average values of the picked data point

Dim n, m, ligne

start:

" we need to get a counter to locate the row:

"instead of the ILD column4, we could just take the depth columnl

"as we need to trim the raw data sheet according to depths of interests before
proceeding

Cells(10, 4).Select

ActiveCell.End(xIDown).Select

m = ActiveCell.Row '

n=m+1

Forj=15Ton
' counter for pasting the data picked

'test de fin de calculations, basee sur la colonne E de ILD

‘calcul of dGR (in column F), dDT (in column G), dRHOB (in column I)
Cells(j, 6).Select
Selection.NumberFormat = "0.000"
Selection.Font.ColorIndex = 5
ActiveCell.FormulaR1C1 = "=MAX(R[-4]C[-4]:RC[-4])-MIN(R[-4]C[-4]:RC[-4])"
Cells(j, 7).Select
Selection.NumberFormat = "0.000"
Selection.Font.ColorIndex = 5
ActiveCell.FormulaR1C1 = "=MAX(R[-4]C[-4]:RC[-4])-MIN(R[-4]C[-4]:RC[-4])"
Cells(j, 9).Select
Selection.NumberFormat = "0.000"
Selection.Font.ColorIndex = 5
ActiveCell. FormulaR1C1 = "=MAX(R[-4]C[-5]:RC[-5])-MIN(R[4]C[-5]:RC[-5]D)"
If Cells(j, 9) > 0.013 Then Selection.Font.ColorIndex =3
If Cells(j, 9) > 0.039 Then Selection.Font.ColorIndex = 8
' (Column H) : data pick selection test: dGR <3 and dDT < 3
Cells(j, 8).Select
ActiveCell. FormulaR1Cl1 = _
"=IF(RC[-2]<5,IF(RC[-1]<5,""OK"",""DISCARD""),""DISCARD"")"
Next j
End Sub

Sub selectons()
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Dimm,p,q,r

"we need to get a counter to locate the row: that's p

'q is a dummy counter just to support the else statment
Cells(10, 5).Select

ActiveCell. End(xIDown).Select

m = ActiveCell.Row

n=m

p=>5

q=0

Forj=15Ton

' Coulouring the value to be picked
If Cells(j, 8) = "OK" Then

Range(Cells(j, 1), Cells(j, 5)).Select
Selection.Interior.ColorIndex = 15
Cells(j - 2, 1).Select
Selection.Interior.ColorIndex = 6

Range(Cells(j - 4, 1), Cells(j, 9)).Select
Selection.Copy

Cells(j - 4, 11).Select
Selection.PasteSpecial Paste:=x1PasteValuesAndNumberFormats, Operation:= _
xINone, SkipBlanks:=False, Transpose:=False

Cells(j - 2, 11).Select
Selection.Interior.ColorIndex = 6

' Computing data picked properties (averages values): DEPTH, GR, DT, RHOB, ILD
Cells(j + 1, 11).Select
Application.CutCopyMode = False
ActiveCell FormulaR1C1 = "=AVERAGE(R[-5]C:R[-1]C)"

Cells( + 1, 12).Select
Selection.NumberFormat = "0.0"
ActiveCell.FormulaR1C1 = "=AVERAGE(R[-5]C:R[-1]C)"

Cells(j + 1, 13).Select
ActiveCell.FormulaR1C1 = "=AVERAGE(R[-5]C:R[-1]C)"
Selection.NumberFormat = "0.000"

Cells(j + 1, 14).Select
ActiveCell. FormulaR1C1 = "=AVERAGE(R[-5]C:R[-1]C)"
Selection.NumberFormat = "0.000"

Cells(j + 1, 15).Select
ActiveCell. FormulaR1C1 = "=AVERAGE(R[-5]C:R[-1]C)"

-192 -




Lubanzadio Mavatikua Appendix B

Selection.NumberFormat = "0.00"

Range(Cells(j, 16), Cells(j, 19)).Select

Selection.Copy

Cells((j + 1), 16).Select

ActiveSheet.Paste

Selection.PasteSpecial Paste:=x|PasteValuesAndNumberFormats, Operation:= _
xINone, SkipBlanks:=False, Transpose:=False

Range(Cells(j + 1, 11), Cells(j + 1, 19)).Select

Application.CutCopyMode = False

Selection.Copy

Cells(p, 21).Select

Selection.PasteSpecial Paste:=x]1PasteValuesAndNumberFormats, Operation:= _
xINone, SkipBlanks:=False, Transpose:=False

Cells(p, 29).Select
If Cells(p, 29) > 0.013 Then Selection.Font.ColorIndex = 3
If Cells(p, 29) > 0.04 Then Selection.Font.ColorIndex = 8

p=p+2

Else

q=q+1

End If

Next j

' Stressing the results

Range("A1:12").Select

Selection.Copy

Range("U1").Select

ActiveSheet.Paste

Selection.PasteSpecial Paste:=x1PasteValuesAndNumberFormats, Operation:= _
xINone, SkipBlanks:=False, Transpose:=False

Columns("Z:AC").Select

Selection.Font.ColorIndex = 5

Range("U1").Select

datapoint:
' This subroutine puts the picked data points (only) in a new sheets
"named "datapoints”
Range(Cells(1, 21), Cells(p + 2, 29)).Select
Selection.Copy
Sheets("datapicks").Select
Sheets.Add.Name = "datapoints”
Sheets("datapicks").Select
Selection.Copy

Sheet-si("'dz‘lvtap-(-)ints").Select
Range("A5").Select

ActiveSheet.Paste
" Sorting data picked in RHOB variations dRHOB(M,m) within range selection
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1=2%*p
Cells(9, 9).Select
Forj=9Tol
Cells(j, 9).Select
If Cells(j, 9) > 0.013 Then Selection.Font.ColorIndex = 3
If Cells(j, 9) > 0.04 Then Selection.Font.ColorIndex = 8
Next j

' Countouring cells with lines
Columns("A:E").ColumnWidth = 6.5
Columns("B:E").ColumnWidth = 5.15
Columns("F:G").ColumnWidth = 7
Columns("H:H").ColumnWidth = 3.8
Columns("I:I").ColumnWidth = 7

' column for lithology type (calcareous, silty, carbonaceous, other)
Columns("J:M").ColumnWidth = 3.1
Columns("N:N").ColumnWidth = 10
Range(Cells(5, 1), Cells(p + 3, 13)).Select
Selection.Borders(xIDiagonalDown).LineStyle = xINone
Selection.Borders(x1DiagonalUp).LineStyle = x]None
With Selection.Borders(xIEdgeLeft)

.LineStyle = xIContinuous
.Weight = x1Thin
.ColorIndex = x]Automatic
End With
With Selection.Borders(xlEdgeTop)
.LineStyle = xlContinuous
-Weight = x]Thin
.ColorIndex = xlAutomatic
End With
With Selection.Borders(xIEdgeBottom)
.LineStyle = xIContinuous
.Weight = xIThin
.ColorIndex = xlAutomatic
End With
With Selection.Borders(xIEdgeRight)
.LineStyle = xIContinuous
.Weight = x1Thin
.ColorIndex = xlAutomatic
End With
With Selection.Borders(xlInside Vertical)
.LineStyle = xlContinuous
.Weight = x]Thin
.ColorIndex = x]lAutomatic
End With
With Selection.Borders(xlInsideHorizontal)
.LineStyle = xlContinuous
.Weight = x]Thin
.ColorIndex = x]Automatic
End With
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' Finding number of data points picked

' p was the counter for the datapick with label "OK"

' Note that all data picks are not suitable, as:

" * some of the consecutive 5 data points picked OK could be within the same bed

' * moreover there is no provision to enter from keyboard

' the boundaries of the interesting formation. Among them is the Kimmeridge clays
picked

" Thus, suitability of any data points need to be confirmed manually with the
composite-log.

r=(p-7/12+1

Comments:
Range("A1").Value = "WELL.:"
Application.CutCopyMode = False
Range("A2").Value = "COMMENTS:"
Range("C2").Value =r
Range("D2").Value = " = Number of data points picked"
Range("A3").Value = "DATE:"
Range("Al1").Activate

"italicising the columns of dGR, dDT and DRHOB
' for print out easy reading.

Columns("F:I").Select

Selection.Font.Italic = True

Range("A1").Select

End
End Sub

Sub PicknowAll()
Dim n, m, ligne

Call Datapick

Call CALCULONS?2
Call selectons

End Sub
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