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Abstract
The crustal stress field is a fundamental, first order geophysical property which is intimately
related to tectonic processes and provides one o f the most effective demonstrations o f the
Earth’s dynamic behaviour.
It is generally assumed that the far-field stresses affecting stable intraplate regions result
from forces acting on the boundaries o f tectonic plates. Previous work has suggested that
throughout Western Europe these forces combine to produce a broadly consistent NW-SE
maximum compressive stress orientation.
For this study, a total o f 115,696m of dipmeter data from 115 boreholes have been acquired
from a number o f oil companies and the former U.K. Department o f Energy. The study
presented here is the most comprehensive of its kind to date for the North Sea. The data
were analysed using an extension to the W e ll o g borehole log analysis package developed
at the British Geological Survey (BGS).
When combined, the data illustrate that the breakout directions within the area are relatively
heterogeneous; the mean orientation o f minimum horizontal stress is 053"/233° ± 2 5 ° .
This is very similar to the minimum stress direction of 054°/234° ± 1 1 ° determined for
boreholes on the U.K. mainland by the BGS.
There is often good agreement between breakout orientations within particular geographical
domains, for example in the Southern North Sea basin. However, the data also show that
there are significant variations in orientation between different domains throughout the
North Sea region. Furthermore, a technique has been developed whereby breakout
orientations from individual chronostratigraphic intervals can be compared throughout the
region. Use o f this technique has shown that the history and age o f the rock formation has
a profound effect on breakout orientation.
It is highlighted that the stress distribution within the North Sea Basin has been controlled
throughout time by the reactivation o f ancient zones o f weakness within the crust and that
the superimposition o f local geological structure and the effects o f palaeostress fields onto
the present day tectonic stress field control the orientation o f the breakouts described here.
It is also apparent that the pre-Jurassic ‘basement’ rocks show closely related orientations
to the rest o f Europe whereas the ‘basinal’ rocks exhibit much more variability which
appears to be related to intermediate scale structures within the basin.
Finally, stress trajectory modelling has been undertaken across the North Sea Basin for each
geographic domain and each chronostratigraphic interval in order to better visualise
breakout orientation data and to infer the principal stress axes throughout the area with
special reference to those areas containing few breakout measurements.
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Chapter One - Introduction
1.1 Preamble - Stress as a Global Concern
An understanding o f the state o f stress in the earth’s lithosphere is one o f the paramount
concerns in geophysics today. The stress state is linked to causes such as loading and
unloading, heating and cooling, and the motion o f the tectonic plates. The resultant driving
forces are linked to consequences such as creep deformation and seismic failure (Solomon
et al., 1980).

Stresses in the Earth’s crust arise from plate boundary forces, temperature changes,
gravitational loading, and from poorly understood mid-plate tectonic processes. The
magnitudes and directions o f these stresses influence crustal deformation and thinning; the
propagation of faults; and the opening and closing of cracks. These processes in turn
influence basin formation and infilling; heat transfer; pore fluid circulation; and
hydrocarbon maturation.

A complete characterisation o f the state of stress in a rock mass requires a three
dimensional description of both the stress orientation and its magnitude. At present, there
is no easily available absolute method for the measurement o f in situ rock stress against
which others can be calibrated. This is partly attributable to the differences in scale over
which the various measurement methods apply and the interplay between the forces at work
within a rock mass from inter-granular to continental scales.

The determination of in situ stress is important in the interpretation of tectonic and
geological structures, for the design o f underground constructions and for the extraction of
geothermal, hydrocarbon, coal and other mineral resources, as well as to the understanding
of tectonic processes and crustal evolution in general.

Stress measurement methods which work on relatively small samples, such as anelastic
strain recovery and overcoring, will primarily relate to the inter-granular and microfracturing scale. On the other hand, information regarding the stresses active at depth in the
crust on scales o f hundreds o f metres to kilometres can be obtained from earthquake focal
mechanisms. Finally, borehole methods such as hydraulic fracturing experiments and
measurements o f breakouts are influenced by the stresses stored on a scale more
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representative of geological layering and enable measurements to be taken from the near
surface to depths of several kilometres.

The state of in situ stresses in the crust exerts a strong influence over a number of
hydrocarbon and hydrogeological reservoir characteristics related to drilling, reservoir
stimulation, and fluid production. During drilling operations, for example, the magnitudes
and orientations o f stresses determine the limits o f the drilling fluid density (mud-weight)
required to avoid wellbore collapse or unintentional wellbore fracture and lost circulation.
The orientation of principal horizontal stresses is especially important in the design of
inclined and horizontal boreholes, as the stability o f the wellbore, and its propensity to
fracture varies with the inclination o f the borehole and its azimuth.

During the extraction o f hydrocarbons from subsurface reservoirs, stress-induced, nearwellbore damage is known to cause sand production problems. In naturally or hydraulically
fractured reservoirs, effective fracture widths, fluid conductivity, and fracture orientation
are directly related to stress direction and magnitude. The resulting permeability anisotropy
must therefore be considered in terms o f well spacing and function during the development
o f such reservoirs.

Within structurally complex areas, variations in stress orientation with both depth and
structural location are common, these changes are often related to lithology and structure
and are known to arise from the inherent anisotropy of the rocks through which the drill
has passed (Bruno and Winterstein, 1994). While it is common practise in reservoir
engineering to account for spatial differences in stress magnitude, relatively little
recognition has been given in the past to the variations in stress orientation.

In order to compile a global database of contemporary in situ stress measurements in the
crust, the World Stress Map Project and, more specifically, the Global Sedimentary Basin
Stress Project have been established under the auspices o f the International Lithosphere
Program. These projects involve the use of a number o f geological and geophysical
measurement techniques and the collaborative efforts o f over 30 scientists from 19 different
countries (Zoback et a l , 1989; Bell, 1993). It was reported by Zoback (1992) that, at that
time, over 7200 data points from sites located across the globe have been compiled in a
digital database. The main focus of the work of the World Stress Map Project has been to
characterise the intraplate stress field rather than the details and complexities within and
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along plate boundaries where the overall kinematics and deformation are generally well
known. The principal thrust o f the Global Sedimentary Basin Stress Project is to document
the stress regimes o f the Earth’s major sediment bodies and to promote the compilation,
interpretation and publication of data from these areas.

1.2 Origin of Research
Since the turn o f the century, earth scientists have been interested in the state o f stress in
the lithosphere. Anderson (1905,1951) for instance concluded that in general, one principal
stress would be vertical and the other two would be horizontal. For example, for thrust
faulting to take place during episodes o f mountain building, the two horizontal principal
compressive stresses (ajj and

must both be greater than the vertical principal stress ( a j ,

and for normal faulting to take place during basin formation ajj and

must both be less

than (Ty.

Following this initial prediction, systematic measurements o f in situ stress began when Hast
(1958) discovered that at shallow levels within the Scandinavian crust, the magnitudes of
Sjj and Sh exceeded the stress developed due to the weight o f the overburden although the
reasons for this were not understood. With the advent o f plate tectonic theory, stress
measurements were viewed in a new light and could be related to both active tectonic
environments and ancient stress fields.

A whole plethora of data strongly suggests that the three principal stresses operating in the
upper crust lie in approximately horizontal and vertical planes (Zoback and Zoback, 1980).
Unequal horizontal principal stresses imposed on near vertical boreholes commonly cause
localised spalling of the wall-rock in a direction parallel to that o f the minimum compressive
horizontal stress. The resultant elongation o f borehole cross-sections have been termed
‘breakouts’ (Babcock, 1978).

The study o f stress induced wellbore elongations is relatively new and followed an initial
observation by Leeman (1964) that qualitative information regarding the stresses in a rock
mass may be obtained from observations o f the fracturing o f the sidewalls of horizontal and
near-horizontal boreholes. Leeman, a mining engineer, found that the sidewalls of
boreholes drilled at depth in the hard conglomerates and quartzites o f the Witwatersrand
gold mines tended to spall, particularly where the borehole passed through ‘highly stressed
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ground’. He also observed a similar phenomenon in horizontal boreholes drilled in soft
measures at comparatively shallow depths below the surface.

More recently, under the auspices of a Commission of the European Community (CEC)
grant, the British Geological Survey (BGS) carried out a detailed analysis o f the orientation
o f crustal stress derived from borehole breakout data within vertical boreholes drilled on
the U.K. mainland. This study was primarily concerned with the mapping o f stress
orientations for a geothermal energy programme and was consequently restricted to data
from onshore boreholes.

The initial aims and objectives of this project were to continue and extend the work o f the
BGS project and to enhance the World Stress Map database. It was clear from the beginning
that a potentially huge but under-utilised database existed in the form o f records from the
many boreholes drilled in the North Sea region. Following an initial visit to the then-called
Department of Energy (now the Department of Trade and Industry) and contacts within the
hydrocarbon industry developed as a result of this visit, we were able to obtain a large
amount o f borehole data from this region.

Recently, a great deal of work has been carried out to investigate the orientations and
magnitudes of tectonic stresses within the North Sea Basin and surrounding areas. A
number o f studies have concentrated on earthquake focal mechanism studies (King, 1980;
Assumpçao, 1981; Ambraseys and Jackson, 1985; Bungum et o /., 1991; Lisle, 1992), and
palaeoseismicity (Davenport et al.,

1989; Ringrose, 1989). The stress field and

seismotectonics of North West Europe has been documented by Ahomer, 1975; Baumann,
1981; Larroque et at., 1987; Muir-Wood, 1989; Whittaker et a l., 1989 and Ask et al.,
(1994). The orientations o f horizontal stresses in the North Sea basin derived from
breakouts have been analysed for small areas within the basin by Klein and Barr (1986),
Janot et al., (1988); El-Rabaa, (1989); Clauss et a l., (1989); Spann et a l., (1991); Yale et
al., (1991); Aleksandrowski et al., (1992); Addis (1993), Aadnoy et al., (1994) and stress
magnitudes have been documented by Breckels and van Eekelen (1981).

This study is the first, independent, systematic analysis of breakouts throughout the region
and for this purpose, borehole data from a number o f different organisations have been
obtained and analysed. A number of oil exploration companies were visited in an attempt
to increase the awareness o f company members o f the aims of this project and the
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importance o f rock stresses and rock stress measurement. Contacts with British Petroleum,
Amerada Hess, ARCO, Shell, Ranger and Unocal were made, all of which proved to be
successful with respect to the exchange o f ideas, opinions and ultimately, data.

1.3 The Data Used in this Research
During the past 15 years, increasing attention has been paid to the analysis o f geological
features within wellbores in order to ascertain the detailed nature o f reservoirs, the
characteristics of cap rocks, and reservoir sealing mechanisms. Several types o f geophysical
logging tools are routinely employed by the hydrocarbon industry for the measurement of
the strike and dip o f bedding planes, faults, fractures and other discontinuities which
intersect the borehole (Plumb and Hickman, 1985; Héliot et a l., 1989).

The tool most often used for this purpose is the four-arm, High-resolution Dipmeter Tool
(HDT). The HDT comprises two pairs of orthogonal spring-loaded arms with pads that
contact the borehole wall directly, and measure both the borehole diameter in two
orthogonal directions and the resistivity o f the rock over a small vertical distance. The HDT
is an ideal tool for the measurement o f stress induced borehole breakouts, despite the fact
that it was not designed specifically for this purpose. All of the data in this thesis were
obtained from measurements made by this tool.

Digital data, recorded on magnetic tapes, were obtained from a total o f 189 hydrocarbon
exploration, production and appraisal boreholes situated throughout the North Sea Basin.
The data were made available by a number o f oil companies and the Department o f Trade
and Industry (DTi), the amount o f data supplied by each organisation is listed in Table 5.1.
Following a systematic analytical technique devised and refined throughout the course of
this study, borehole data which were found to be inappropriate for this study and unreadable
tapes were eliminated from further analysis. In total, data from 115 boreholes conformed
with the adopted selection criteria discussed in detail in Chapter Five and were subsequently
examined in detail. The locations of all o f these 115 boreholes are illustrated in Figure 1.1.

A total of 115,696 metres o f borehole data have been analysed from the 115 boreholes
which conformed with the adopted selection criteria. The depth over which data has been
analysed ranges from 320 metres to 5490 metres below sea-level (Figure 1.2) and
encompass all geological periods from the Oligocene to the Precambrian. The rock types
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encountered range from soft, unconsolidated sands and clays to fully lithified basement
gneisses. The greatest proportion of the analysed data occur between 1000 and 4000 metres
below sea level (Figure 1.2).

In order systematically to identify the location o f the boreholes drilled within basins
surrounding the U.K. mainland, the United Kingdom Continental Shelf (UKCS) is divided
into a number o f quadrants, each bounded by lines o f latitude and longitude; for example,
quadrant 20 lies in the region between 57®N and 58°N and 1®W and 0°E. Each quadrant
is divided into blocks o f approximately 250 km^ arranged in a 5 by 6 grid. Throughout the
course o f this thesis the boreholes illustrated in Figure 1.1 are referred to according to their
geographical location and prefixed by ‘OS’, indicating that the borehole was drilled
offshore. For example borehole number OS 20/3-5 is the fifth borehole drilled in block 3
o f quadrant 20 (Table 1.1).

The Department of Trade and Industry borehole registration number format is:
[C] [QQQ]/[BB][S]-[WWW][5]
Where :
C = Country code for overseas boreholes i.e. N Norway, I Ireland.
QQQ - Quadrant.
BB = Block.
S = Block suffix, if the block has been subdivided.
WWW = Borehole number.
S = Borehole suffix.
Examples :
20/3-5, 15/21a-14, 16/7a-a2, 205/10-2b, 9/13b-28a, N 33/9-1
Table 1.1: The borehole registration number format used by the U.K. Department of Trade anc
Industry.

Once a borehole has been drilled within the North Sea Basin, the oil companies associated
with the drilling programme have an exclusive right to all the data obtained. However,
following a period o f five years from the completion of drilling, the oil companies are
required by law to release the data into the public domain. The information released
includes all the drilling reports, the final well logs and paper copies o f any geophysical
logging runs. These data are then forwarded to both the DTi and the BGS.
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Figure 1.1: Location map showing the distribution of all the boreholes from which data are
presented in this study.
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Figure 1.2; Chart illustrating the depth intervals for which data was obtained for each borehole
analysed in this study (see Figure 1.1.) The borehole names corresponding to those illustrated
in Figure 1.1 are given to the right of the corresponding data depth intervals. The largest
proportion of the data was recorded in the depth interval between 1km and 4km below mean
sea-level.
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With the kind permission o f Dr. Bernard Owens, Head of the Marine Geology section at
the BGS headquarters, Key worth, it has been possible to obtain chronostratigraphic
information from a large number of the boreholes analysed in this study. In other cases the
oil companies responsible for the drilling of a number of unreleased boreholes were
approached directly in order to obtain further information regarding the ages and types of
rocks drilled in individual boreholes. In all cases the dates quoted throughout this thesis are
taken from the geological time-scale compiled by Harland et al. (1989).

1.4 Aims of this Study
The initial aims o f this project were sixfold
Firstly, to obtain as large a data set as possible from the North Sea Basin.

Secondly, systematically to analyse these data in order to determine the orientation of the
present-day stress field within the basin and consequently to augment the databases o f both
the World Stress Map Project and the Global Sedimentary Basin Stress Project.

Thirdly, to determine the influence o f geological structures such as faults, folds, and
basement topography on breakout orientations within the basin.

Fourthly, to establish if rocks o f different chronostratigraphic ages contain residual stresses
reflecting their geological history. In addition, a further aim was to analyse the relationships
between breakout orientations in the Pre-Jurassic ‘basement’ rocks and the orientations in
the Jurassic and younger ‘basin’ rocks.

Fifthly, to complete a detailed case study of a single oil field in order to determine the
importance o f lithology, chronostratigraphy and local structure on breakout orientation and
modes o f wellbore failure in a number o f closely spaced boreholes.

Finally, to acquire a method by which stress trajectories can be drawn in order to visualise
breakout orientation data and to infer the principal stress axes, especially in areas of sparse
data.
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1.5 The Structure of the Thesis
This study is the first comprehensive survey of stress orientation data for the whole North
Sea region and contains a number of innovative techniques for the analysis and
interpretation o f these data. The thesis is divided into two main parts; the first encompasses
the terms and concepts used and is intended to introduce the non-specialist reader to the
ideas and theories regarding stress in the lithosphere, the geological history o f the North
Sea Basin, and wellbore breakouts. The second part describes the analytical techniques
employed during the course of this study, the presentation o f the acquired data and
interpretations and conclusions resulting from the analysis.

A concise introduction to ideas and theories regarding the nature of stress in the lithosphere,
its origin, distribution and measurement is contained in Chapter Two. This chapter is
divided into three sections; the first, a brief discussion of plate tectonic theory, is followed
by a discussion on the origin o f tectonic stress and the state o f stress in plates, on both local
and plate-wide scales. Finally, a number of stress measurement techniques are described.

An overview of the tectonic and stratigraphie history o f the North Sea area throughout
geological time is presented in Chapter Three. The chapter is based on the Joint Association
for Petroleum Exploration Courses (JAPEC) course book, entitled Introduction to the
Petroleum Geology of the North Sea edited by K.W. Glennie. In common with this book.
Chapter Three is subdivided into broad tectono-stratigraphic sections roughly equating to
the geological time periods from the Devonian to the present day with a short introduction
to the pre-Devonian development o f the basin.

Chapter Four examines the general concepts and ideas concerning wellbore failure with
special reference to breakout formation. The theories and models proposed for the
development o f stress induced wellbore breakouts are outlined in the first section in
chronological order. The development o f ideas is traced from those based on empirical
observations to those that are theoretically based and predict fracture initiation, growth and
stabilisation o f breakouts in the field and in laboratory experiments. The second section of
Chapter Four discusses the measurement and imaging o f borehole walls and criteria for the
recognition and identification of breakouts.
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The second part of the thesis initially deals with the analysis and presentation of the digital
data obtained during the course o f this study. Chapter Five discusses the ‘W ellcXj’
borehole log analysis package devised by the British Geological Survey and its modification
as a direct result o f input from this study. The data are processed using four methods of
analysis in order to obtain as much information regarding the breakout orientations as
possible. The caliper and resistivity data obtained from the dipmeter tool are initially
examined to determine the broad-scale features within the borehole. A second algorithm can
then be used on both caliper and resistivity data in order to better interpret the data,
especially in cases where some ambiguity is apparent from the initial inspection.

The development o f an online database system, and of a stress trajectory mapping program
which were obtained and modified during the course of this study are also discussed in
Chapter Five.

The main body o f results derived from the four methods o f data analysis are presented in
Chapters Six and Seven. In Chapter Six, data from the entire North Sea region are
presented initially, and attention is then focused on smaller areas within the basin that
contain greater concentrations of data. In order to focus on a number o f smaller areas, the
data have been subdivided into five geographical domains. For ease of viewing all data are
presented in the text of this thesis, but for increased clarity the rose diagram maps and other
illustrations containing large amounts o f fine detail or high concentrations o f data are also
reproduced on a larger scale in the supplementary volume o f this thesis. Each diagram cited
in the text is illustrated and, where necessary, a larger scale reproduction is held in the
supplementary volume (SV). The methodology used for the rejection o f data is briefly
introduced in Chapter Six, and discussed in detail in Appendix One.

Breakout orientation data from the chronostratigraphic intervals outlined in Chapter Three
are described and discussed in Chapter Seven. This is the first time that such a study has
been undertaken on a basin-wide scale. Previous authors have concentrated on changes in
breakout orientation with depth in single scientific test boreholes, or in a few closely spaced
boreholes in areas o f interest to subsurface engineering {e.g. Paillet and Kim, 1987; Zoback
et al., 1993). The data have also been transferred to a spreadsheet containing information
regarding breakout data from each borehole and from the relevant chronostratigraphic levels
within each borehole. This spreadsheet is presented in Appendix Two.
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The data presented in Chapters Six and Seven are discussed in Chapter Eight with reference
to breakout formation and development in the North Sea Basin within a plate tectonic
context. The relationships between the breakout orientations illustrated in Chapter Seven
and the tectono-stratigraphic outline o f the North Sea documented in Chapter Three are also
discussed. Finally, a number o f models and hypotheses regarding the observed breakout
orientations and their interpretation in terms o f crustal stress are described and critically
discussed in this chapter.

The work is summarised in Chapter Nine, final conclusions are drawn and suggestions for
further work are proposed.
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Chapter Two - Lithospheric Stress
2.1 Introduction
Ideas and theories regarding the origin, distribution and measurement o f stress in the
lithosphere are described and discussed in this chapter. The chapter is divided into three
parts, the first, a brief discussion o f plate tectonic theory, is followed by a discussion on
the origin o f tectonic stress and the state o f stress in plates. Finally, a number o f stress
measurement techniques are described.

2.1.1

Definitions o f Stress State

A great number o f terms have been used in the literature to describe the state o f stress in
rock masses. It is therefore, useful to summarise the terminology in common usage. A
glossary o f such terms has been proposed by Hyett et al. (1986) and is reproduced below:
• Natural Stress: The stress state which exists in a rock prior to any artificial disturbance.
The stress state is the result o f various events in the geological history o f the rock
mass and the natural stresses present may be the product o f many earlier states of
stress. Synonymous with ‘virgin’, ‘primitive’, ‘field’, and ‘active’ stress.
• Induced Stress: The natural stress state as perturbed by engineering.
• Residual Stress: The stress state remaining or retained in a rock mass, even after the
originating mechanism(s) has ceased to operate or has been removed. The stresses
can be considered as existing within an isolated body free o f external traction.
Synonymous with ‘remanent’ stress.
• Tectonic Stress: The stress state induced due to the relative displacement o f lithospheric
plates.
• Gravitational Stress: The stress state due to the weight o f the superincumbent rock mass.
• Thermal Stress: The stress state established as a result o f temperature change, variation
or gradient.
• Physico-Chemical Stress: The stress state set up as a result o f chemical and/or physical
changes in the rock mass. For example, recrystallisation, absorption o f water etc.
• Palaeostress: A previously active in situ stress state no longer in existence. It can be
considered as old and no longer in existence; whereas, a residual stress is old but
retained. Palaeostresses can therefore be inferred from geological structures but
cannot be measured.
• Near Field Stress: The stress state as perturbed by a local heterogeneity.
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• Far Field Stress: A stress state which is not perturbed by a local heterogeneity.
• Regional Stress: The stress state in a relatively large geological domain.
• Local Stress: The stress state in a small geological domain.

These definitions are strictly only qualitative; however they outline the fact that the stresses
which exist in a rock mass at any time are generally the result o f the superimposition o f a
number o f mechanisms. In many problems, the determination o f the natural stress is of
great interest. However, because the exact geological history o f rock masses can never be
precisely known and the detailed structure o f a rock mass cannot be determined exactly, it
is consequently impossible to evaluate the natural stress field by straight computation
(Brereton et al., 1993).

2.1.2 Basic Concepts
The best-known and most often quoted classification o f tectonic stress states is that of
Anderson (1905, 1951) where the maximum and minimum horizontal stresses (ajj and (7 ^,
respectively) vary in magnitude relative to the overburden load

where

« pgz; p is

the density o f the overburden, g the gravitational acceleration, and z is the depth within the
earth.

The Anderson classification o f stress regimes in the lithosphere is illustrated in Figure 2.1,
and involves the three major types o f faulting where the stress regimes are:
Normal Faulting Regime - o,, > a ^ >
Strike Slip Faulting Regime -

> Oy > %

Thrust Faulting Regime -

The two most important point about this scheme are firstly that one principal stress is
vertical and the other two are horizontal because the Earth’s surface acts as a free surface
which cannot support stress and secondly that, following Mohr-Coulomb failure criteria,
faulting is independent with respect to the intermediate principal stress, so that this stress
lies in the fault plane

Until the advent o f plate tectonic theory, the main theoretical basis for the creation of
horizontal stresses within the lithosphere was the thermal contraction o f the cooling Earth.
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FAULT REGIMES
IN THE LITHOSPHERE

Thrust-Fault Regime

Strike-slip Fault Regime

s =a,

Normal-Fault Regime

^1

Figure 2.1: The three "Andersonian" states of stress associated with thrust, strike-slip, anc
normal faulting. (After Engelder, 1993).

It is now thought that the primarily horizontal tectonic forces that arise from plate-tectonic
processes (section 2.2) give rise to the horizontal stresses within the lithosphere. The depth
distribution of these stresses is controlled by the plastic and brittle strength o f the rocks
(Kusznir, 1991). The stress-depth relationship within the lithosphere is controlled by the
rheology o f the rocks, which is in turn dependant on the geothermal gradient, and the
crustal composition and thickness (Kusznir, 1991). Brittle, lithospheric rocks can retain
these stress differences over long time periods, whilst ductile/plastic asthenospheric rocks
cannot retain the stress difference due to creep processes.

2.2 Plate Tectonics
The fundamental assumption o f plate tectonic theory is that the earth’s surface is made up
o f a number o f lithospheric plates whose relative motions can be described in terms o f the
motions o f rigid caps on a sphere. A lithospheric plate has been defined as "...all that mass
which moves as a unit along the surface of the Earth over a yielding mantle." (Brown and
Mussett, 1981). The recognition of the lithospheric plate as the fundamental kinematic unit
underlies the study o f all surface tectonic processes.
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The lithosphere can be defined as the outer layer of the Earth that rests on the underlying
asthenosphere. The boundary between the lithosphere and the asthenosphere has been
defined by the 1300°C isotherm (McKenzie, 1978). The lithosphere includes both the crust
and the upper mantle and has an average thickness o f around 100km (Turcotte and
Schubert, 1982), For time periods o f seconds to hours, the lithosphere generally behaves
as a strong elastic and rigid body with effectively infinite viscosity (Park, 1988). The
lithosphere also has the ability to support substantial deviatoric stresses, whereas stress
differences in the asthenosphere and deeper parts o f the earth are small as a result of creep
(Turcotte and Schubert, 1982). Plate tectonic theory describes the interactions of the
lithospheric plates which cover the Earth’s surface and the consequences o f these
interactions.

2.2.1 Plate Boundaries
Three types of plate boundary have been recognised; constructive boundaries, destructive
boundaries and conservative boundaries (Park, 1988). A network o f boundaries may be
drawn dividing the present Earth’s surface into six major plates and numerous smaller plates
(Figure 2.2). The smaller plates, especially those around the margins o f the major Pacific
plate, are associated mainly with destructive margins. The plate movement vectors
illustrated in Figure 2.2 are discussed in section 2.3.3.1.

Constructive boundaries, also known as divergent or accreting boundaries, occur where
adjoining plates move away from each other and new, mantle-derived material is emplaced
at mid-ocean ridges. The upwelling mantle rock cools and accretes to the diverging plates
(Turcotte and Schubert, 1982). An example o f this is the Mid-Atlantic Ridge separating the
North American Plate from the Eurasian Plate (Figure 2.2) which is a great influence on
the stress state in NW Europe.

Destructive boundaries, also known as convergent or consuming boundaries occur where
adjoining plates converge. As the newly-formed oceanic lithosphere moves away from an
ocean ridge, it cools, thickens, and increases in density due to thermal contraction. As the
rocks age, the colder sub-crustal lithospheric rocks create a gravitational instability with
respect to the immediately underlying mantle, the oceanic lithosphere founders and begins
to sink into the interior of the earth at ocean trenches (Turcotte and Schubert, 1982).

- 16-

120

"

150 '

90 ‘

GO"

30 '

30 '

60 '

Nonh

60*

A m eric an

Eurasian
Plate

Plate

China
Plate

Persian
Plate

Caribbean

30 '

X
/

Philippine
Plate

Pacific
Plate

Arabian
Plate

Plata

y Somali
African

/ f

30 '

Indian
Plate

80 '
90 '

80'
150 '

180 '

150 '

90'

60 '

30 '

60 '

90 '

Figure 2.2: Simplified map of the major tectonic plates, and of plate movement vectors relative
to a fixed, hot-spot, frame of reference. The lengths of the arrows are proportional to the plate
velocity. Dashed lines indicate destructive plate boundaries and solid lines constructive plate
boundaries (After Park, 1988, after Morgan, 1972).

A second type of convergent plate boundary can occur when the continental parts o f plates
collide following the complete subduction (or obduction) o f the intervening oceanic
lithosphere. The Alpine-Himalayan mountain belt, formed as a result o f the collision of the
continental parts of the African, Indian, and Eurasian plates, is such a boundary. A plate
margin of this type is transient in nature and convergence o f continental lithosphere can
only take place to a limited extent before ‘locking’ o f the continental masses occurs and a
suture zone is formed (Park, 1989).

Conservative boundaries occur where adjoining plates move laterally past each other with
an essentially horizontal strike-slip sense of displacement along transform faults such as the
San Andreas fault in California and the Alpine Fault in New Zealand. In this case,
lithosphere is neither emplaced nor displaced (Turcotte and Schubert, 1982; Park, 1988).

- 17 -

2.2.2 Plate-wide Stress Fields
The rigidity o f the lithosphere allows the plates to transmit elastic stresses during time
intervals on a geological scale. The plates also act as stress guides; stresses that are applied
at the boundary o f a plate can be transmitted throughout the interior o f the plate. Forces
from convection, and from buoyancy within the lithosphere and asthenosphere combined
with, or opposed by, tractions within the plate or at its boundaries are responsible for the
generation o f plate-wide stress fields (Engelder, 1993). The ability o f the plates to transmit
stresses over such large distances has important implications for the driving mechanism of
plate tectonics and for the deformation o f the lithosphere as a whole (Turcotte and Schubert,
1982).

2.3 The Origin of Tectonic Stress
The origins of the horizontal stresses within the lithosphere are many and complex. In the
simplest case they are a function of confinement and the vertical stress (section

2

. 1 .2 .).

Many other important categories of forces exist which cause the lithosphere to deviate from
this simple lithostatic case, these include tectonic stresses, residual stresses (section 2.3.1.4)
and near-surface thermal stresses induced by diurnal and annual heating cycles (Engelder,
1993).

2.3.1 Types o f Stress
The forces acting on plates were initially classified by Forsyth and Uyeda (1975), who
proposed two categories o f forces; those acting at the bottom surface o f the plate, and those
acting at plate boundaries. It is generally agreed that lithosphere-scale stress fields are a
manifestation o f the forces causing plate motion, and that stresses within the plates reflect
the "pushes" and "pulls" developed by body forces and surface tractions associated with
thermally-induced gravitational instabilities (Forsyth and Uyeda, 1975; Chappie and Tullis,
1977; Bott and Kusznir, 1984; Engelder, 1993).

Tectonic stresses are spatially persistent, and the resulting tectonic stress fields arise from
the balance o f forces driving and resisting plate motion. This balance arises between the
gravitational driving forces at trenches and ridges, the resistive tractions such as frictional
forces at transform boundaries and within collision zones, and viscous tractions between the
lithosphere and asthenosphere (Forsyth ancFUyeda, 1975; Chappie and Tullis, 1977).
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Eight plausible sources o f force acting on lithospheric plates have been proposed by Forsyth
and Uyeda (1975). These are illustrated in Figure 2.3 and are briefly discussed below:
• Mantle Drag (MD): the viscous coupling between the lithosphere and the asthenosphere.
Depending on the direction o f active flow o f thermal convection in the
asthenosphere, this can be either a driving or resistive force.
• Continental Drag (CD): the drag force acting on the base o f continental lithosphere.
Again this can be either a driving or resistive force.
• Ridge-Push (RP): the body forces developed as a consequence of gravitational loading
along elevated mid-oceanic ridges.
• Transform-fault Resistance (TR): the resistance to plate motion caused by frictional
resistance along transform boundary faults.
• Slab Pull (SP): the negative buoyancy force established by the relatively high density of
the cool, downward-moving slab at a subduction zone.
•

Slab Resistance (SR): the resistive drag of the asthenosphere on the subducting
lithosphere.

• Colliding Resistance (CR): the resistive force established across a subduction interface
due to frictional resistance between the two colliding plates.
• Suction (SU): the force that draws plates together (Elsasser, 1971). Possible sources for
this force include the seaward migration of trenches to create a gap between the
plates (Engelder, 1993).

Bott and Kusznir (1984) proposed a bipartite division o f stress into "renewable" and "non
renewable" stresses (Table 2.1). Renewable stresses have two origins, plate boundary forces
and intraplate body forces, and persist as a result of the continued presence or re-application
of the causative forces, even though the strain energy is progressively dissipated. The main
examples are stress systems arising from plate boundary forces and from isostatically
compensated loads. Non-renewable stresses are those which can eventually be relaxed by
the dissipation o f the initially present strain energy. Bending stresses, membrane stresses
and thermal stresses are o f this type (Bott and Kusznir, 1984).
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Figure 2.3: A representation of the possible forces acting on the lithospheric plates. The forces
are defined in the text. (After Engelder, 1993, adapted from Forsyth and Uyeda, 1975).

Recently, Ziegler (1993) has suggested that the drift patterns of the major continents
throughout geological time are difficult to explain in terms of conventional plate moving
forces such as slab-forces, ridge-push forces and deviatoric tensional stresses. Ziegler
proposed that the decay of old, downwelling mantle convection cells and the evolution of
new, upwelling mantle convective cells under the Mesozoic supercontinent, Pangaea, was
accompanied by a change in flow vectors and shear traction of mantle material along the
base o f the lithosphere. The assembly o f a Pangaea, he proposed, has an insulating effect
on the downwelling convection cells. These cells decay and the upper mantle convection
system is reorganised on a global scale. The development o f new upwelling and outflowing
asthenospheric cells under "mega-continents" gives rise to tensional stresses in the
lithosphere, causing its extension.

Furthermore, Ziegler (1993) proposed that plate interactions can have a profound effect on
the drift patterns of the major cratonic blocks. These interactions will, of course, influence
stress systems operating in the lithosphere; for example, he suggested that continental
collision during the Alpine orogeny impeded the opening o f the Norwegian-Greenland sea.
He concluded by proposing that plate interaction, ridge-push, and slab forces all play an
important role in the development o f intra-continental rift systems, the opening of new
oceanic basins, and the inception of and activity along subduction zones.

A further significant source of tectonic stress, defined by Bott (1993), originates from
mantle regions of anomalous density. Three of the most important types of anomaly, all
thermal in origin, are (i) upper mantle hot spots originating from plumes, (ii) upwelled
asthenosphere beneath ocean ridges, and (iii) cool, dense, subducting slabs (Figure 2.4).
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All can be related to the convective escape o f heat from the deep interior. In contrast to the
conclusions of Ziegler (1993) outlined above, Bott proposed that ridge-push and subductionpull plate boundary forces are able to drive the plates without need for major underside drag
from large scale mantle convection currents.
S w ells

CORE

Figure 2.4: The mantle convection process, showing the associated sub-1 ithospheric density
anomalies produced by the two stages of upwelling and the return flow; A, low density
asthenospheric hot-spot above a mantle plume; B, low density upwelling asthenosphere beneath
an oceanic ridge; C, high density subducting slab. (After Bott, 1993).

2.3.1.1

Renewable Stresses

Slab-Pull
The slab-pull force acts on the subducting plate at a convergent plate boundary and results
from the negative buoyancy o f the cooler, denser lithosphere o f the sinking slab (Bott and
Kusznir, 1984). Because the lithosphere behaves elastically, it can transmit stresses and acts
as a stress guide. The body force acting on the descending part o f the plate is transmitted
to the surface part o f the plate, which is pulled towards the ocean trench (Turcotte and
Schubert, 1982).

The forces acting on the slab have been modelled as the sum of two terms: slab-pull and
the resistance to the downgoing motion (Forsyth and Uyeda, 1975). Slab-pull is velocity
independent and directed normal to the strike o f the trench. The resistance to the downgoing
motion, is directly proportional to the rate o f descent of the slab into the mantle. When a
plate sinks, the density contrast (Ap) at shallow depth is small due to the small temperature
difference between the slab and surrounding mantle. With increasing depth, Ap will increase
until the heating of the slab becomes significant. The value o f Ap will be greatly enhanced
at a depth of 300-400km where the olivine-spinel transition takes place within the slab
(Forsyth and Uyeda, 1975). It has been estimated that V 3 to V2 o f the total body force may
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be due to this phase boundary change (Forsyth and Uyeda, 1975). The resistance to the
downgoing motion is due primarily to viscous drag and is assumed to be proportional to the
viscosity of the surrounding mantle and the velocity of the descending slab (Forsyth and
Uyeda, 1975).

Slab-pull is, potentially, the largest o f the plate boundary forces, but is partly counteracted
by the resistances encountered during the subduction o f the plate. These resistive forces
may affect the total force produced by the downgoing slab to such an extent that Bott and
Kusznir (1984) estimated a wide range in magnitudes produced by this force o f between 0
and 50 MPa.

Subduction Suction
The subduction suction force, originally recognized by Elsasser (1971) and named the
‘trench suction force’, pulls the overriding plate towards the trench (Bott, 1982). This
poorly understood force is essentially caused by a lack o f support for the overriding plate
and is estimated to be around 20 MPa in magnitude (Bott and Kusznir, 1984). It has been
proposed that a convection cell is set up in the region o f a subduction zone whereby motion
is engendered by a cold top layer sinking rather than by a hot bottom layer rising (Elsasser,
1971). Due to the uncertain nature o f this force it has been modelled as velocity
independent, and acts normal to the strike o f the trench (Forsyth and Uyeda, 1975).

Both the slab-pull and subduction-suction forces will produce tensional stresses in adjacent
lithosphere, provided that the resistance forces are sufficiently low. It is thought that the
compressional features observed to affect the overriding plate near the plate boundary are
a result o f local stresses in the vicinity o f the underthrust boundary (Bott, 1982).

Ridge-Push
The ridge-push force acts at mid-ocean ridges, helping to force the plates apart and causing
lateral compression within the adjacent ocean plates (Bott and Kusznir, 1984). It is thought
that mid-ocean ridges are approximately in isostatic equilibrium, as indicated by their
essentially zero free-air gravity anomaly (Forsyth and Uyeda, 1975). Material of
anomalously low density is thought to underly the ocean ridges and isostatically supports
the elevation of the ridge relative to the "old" ocean floor (Wuming et al., 1992; Bott,
1993). The elevation of the ridge has also been explained by a passive, thermal expansion
model in which hot mantle material enters the crack left when two lithospheric plates are
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pulled apart. Once the elevated topography is produced it has excess potential energy, and
spreading occurs in an attempt to attain equilibrium (Forsyth and Uyeda, 1975).

The ridge-push force has been calculated to be 20-30 MPa in magnitude, and acts
perpendicular to the strike of the ridge (Bott and Kusznir, 1984). Local resistance to the
separation of the plates at spreading ridges occurs, indicated by shallow earthquake activity
and the diverse faulting types seen in the brittle, uppermost part o f the lithosphere (Figure
2.5). This ridge resistance force is thought to be a relatively minor influence which causes
only a slight decrease in the effective magnitude of the ridge-push force (Bott, 1982).

A BOUT 7 5 0 “ I SO T HE RM

SPREADING A X IS :

YOUNG LITH O SPHERE:
R I O G E - P A R A L L E L E X TE N S I O N
DIV ERS ITY O F FA UL T IN G T Y P E S

OLDER LITHOSPHERE:
L O W E R S EI SMI CI TY RATE

S T R E S S FI EL D C O N T R O L L E D B Y Ï HE Rt ÊA L
CO N T R A C T IO N AND L O CA L E F F E C T S

Figure 2.5: A schematic diagram relating observations of seismicity to the tectonics of the
oceanic lithosphere. (After Stein and Pelayo, 1991).

Drag Forces
The mantle drag forces are defined as those forces which act on the base of a moving plate
if the velocity o f the plate is different from that o f the underlying mantle (Forsyth and
Uyeda, 1975). If the convecting mantle is moving faster than the overlying plate and in a
similar direction, the viscous drag exerted by the relatively fast-flowing mantle will act to
drive the plate motion. Conversely, if the plate is moving faster than the mantle, or the two
masses are moving in different directions, then the viscous drag caused by the differential
motion will act to resist the plate motion (Bott, 1982). The viscosity of the upper mantle
beneath the continents is higher than that beneath the oceans, hence the resistance to plate
motion beneath the continents is consequently higher (Figure 2.2). Because o f the relatively
low viscosity of the asthenosphere, this force is considered to be small compared with the
plate boundary forces (Bott and Kusznir, 1984).
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Transform Fault and Collisional Resistance
A number o f local resistant forces can be produced in the vicinity of plate boundaries,
including (i) resistance to the sinking tongue of the lithosphere and to its downbending in
subduction zones, (ii) resistance to overriding plate motion in the vicinity o f convergent
plate margins, (iii) a small amount of ridge resistance at ocean ridge crests, (iv) frictional
resistance along transform faults, and (v) collision resistance in mountain belts such as the
Alpine-Himalayan front (Bott and Kusznir, 1984).

2.3.1.2 Non-renewable Stresses
Several sources o f stress in the lithosphere cause substantially larger stress differences than
the renewable types discussed above. However, because o f their non-renewable nature, they
can be relaxed by transient creep and brittle fracture over relatively short periods of
geological time. In addition, these non-renewable stress systems are not affected by the
stress amplification phenomenon (section 2.3.1.3), so that the resulting large stresses do not
concentrate in the uppermost, elastic, part o f the lithosphere.

Bending Stresses
Flexure of the lithosphere gives rise to bending stresses as a result o f uncompensated
loading and downbending at subduction zones. Horizontal compression occurs on the
concave side o f a bend and tension on the convex side i.e. below and above the neutral
axis, respectively (Bott and Kusznir, 1984).

Thermal Stresses
Thermal stresses are caused by temperature changes within the lithosphere. Such stresses
are most likely to occur in the oceanic crust as it initially cools after formation and later
heats up during subduction (Bott and Kusznir, 1984). The cooling of the oceanic crust
would lead to the development o f tensile stresses which are thought to be dissipated by
brittle fracture long before reaching the magnitude o f 500MPa quoted in Table 2.1
(Engelder, 1993).

Membrane Stresses
Membrane stresses are caused by changes in the radii o f curvature of a plate as it migrates
towards the equator or towards the pole, for example, as a plate migrates towards a pole
it is horizontally compressed in the interior and the periphery is placed in tension (Bott and

-25

Kusznir, 1984). Although these stresses are theoretically thought to occur, to date there is
no compelling evidence that these stresses exist (Engelder, 1993).

Other Mechanisms
Changes in volume associated with phase transitions can generate stresses in a manner
analogous to thermal stresses. Erosion may also give rise to local and regional stressing.
The oscillatory strain associated with ocean tides may lead to stresses o f the order of
lO’^MPa, and, may enhance existing stress systems to the extent o f triggering earthquakes.
Finally, lateral heterogeneity in strength or elastic properties may cause variations in the
local stress fields, for example the redistribution o f stress in the vicinity o f a sedimentary
basin (Bott and Kusznir, 1984).

2.3.1.3 Stress Amplification
On the basis of differences in rheological properties, Scholz (1990) divided the lithosphere
into the "schizosphere" or brittle region and the "plastosphere" or ductile region. The extent
o f the schizosphere is demarcated by shallow seismicity (regarded as a manifestation of
brittle behaviour) and its ability to retain substantial deviatoric stress. The boundary
between the schizosphere and the plastosphere is, however, somewhat blurred as non-elastic
brittle processes such as pressure solution creep and sub-critical crack growth are known
to occur within the schizosphere.

This subdivision of the lithosphere into an upper elastic layer overlying a lower ductile layer
o f transitional properties has important implications on the state of stress caused by systems
o f boundary forces acting on lithospheric plates (Bott, 1982). The lower part of the
lithosphere can deform by creep whilst the apparent viscosity is effectively infinite in the
brittle and elastic upper portion (Bott and Kusznir, 1984). Externally applied stresses can
therefore be concentrated in the upper lithosphere (schizosphere) as a consequence of creep
and stress decay in the lower lithosphere (plastosphere). For the case o f renewable stresses,
where the force is continually applied and retains the same value, the "effective" stress can
be doubled if the "effective" thickness o f the lithosphere is halved.

It has been shown, (Park, 1988) that, depending on the temperature structure o f the
lithosphere and on the size o f the applied force, an amplification o f the stress in the upper
part of the lithosphere of about x 2 occurs for cool continental shield regions after one
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million years, and about x8 for very warm lithosphere, after only 1000 years. With larger
initial stresses, or the application of stress over a longer time-scale, the lithosphere can fail
completely as the strength of the strongest part is overcome, with the resultant development
o f large strains (Figure 2.6; Park, 1988).
STRAIN

O

o

STRESS

o

o

Figure 2.6: Schematic representation of the response of the lithosphere to an applied horizontal
tensile stress. 1, Initial elastic response causes a uniform distribution of strain and stress with
depth. 2, Ductile creep in the lower lithosphere causes stress decay there, and results in the
amplification of stress in the upper lithosphere, sufficient to cause fracture development in the
weaker uppermost part. 3, Further stress amplification results in stress levels sufficient to cause
failure of the whole lithosphere and consequential large strains. (After Park, 1988).

This principle is critically important in explaining how the relatively small forces available
from renewable plate boundary sources (giving stresses in the range 10-30 MPa when
applied over the whole thickness o f continental lithosphere) are nevertheless able to
overcome the known strength o f rocks in the middle and upper crust, which is in the range
100-400 MPa (Park, 1988).

2 .3 .1 .4 Residual and Remanent Stresses
Residual and remanent stresses have already been defined in section 2.1.1 as the stress state
remaining in a rock mass, even after the originating mechanism(s) has ceased to operate
(Price, 1966). The theory of residual elastic strain in rocks was first discussed by Friedman
(1972) and Varnes and Lee (1972). Further mathematical modelling was undertaken by
Holzhausen and Johnson (1979), and field-based studies have been reported by Engelder
and Sbar (1976) and Hoskins and Russell (1981).

Residual stress is defined on the grain scale where "locked-in" and "locking" stresses are
balanced in constituent grains and cement respectively (Friedman, 1972). Hence, a body
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of rock may contain residual stresses without the aid o f boundary tractions (Engelder,
1993).

Remanent stress, on the other hand is a component o f the present stress field and arises as
a consequence of a number of situations including unloading o f the rock mass under
uniaxial strain conditions (Engelder, 1993). Two processes leading to the development of
remanent stress under uniaxial strain include the removal o f overburden and the drainage
o f a highly pressured pore-fluid.

An example of residual stress taken from engineering is that o f the manufacture of a "pretensioned" concrete beam (Figure 2.7) whereby a steel-rod is subjected to tension and
concrete is poured around it. The concrete is allowed to set and then the tension in the rod
is released. Because the rod is cemented in place, its partial relaxation puts the concrete into
compression. This two-element body is free of boundary tractions and, yet, each element
contains elastic strains which would relax should one element be cut free of the other.
Following Friedman’s (1972) definition, the tensile stress in the steel rod is locked in by
the concrete beam which contains locking stresses as a result of being compressed by the
steel-rod.

ockea-in

compression

locking
tension

Post-tension

Pre-tension

Figure 2.7: An example of residual stress in civil engineering. A steel-rod is placed in tension
and concrete is poured around it. The concrete is allowed to set and then the tension on the rod
is released. Because the rod is cemented in place, its partial relaxation puts the concrete into
compression. This two-element body is free of boundary tractions and, yet, each element
contains elastic strains which would relax should one element be cut free of the other. (After
Engelder, 1993).

As in the reinforced concrete beam, equilibrium in a unit of rock containing residual
stresses is achieved by counterbalancing elements which are in tension with elements that
are in compression. The "equilibrium volume" (Varnes and Lee, 1972) is defined as the
smallest unit of rock volume within which all forces balance. In a natural system, this
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volume may vary in size from the grain-scale to the scale of granite plutons, and the
residual stress within the rock mass may vary in magnitude and orientation from place to
place, particularly if the rock consists o f many elements (Engelder, 1993).

The concept o f residual stresses being set up in multilayered bodies such as a sequence of
interbedded sandstones and shales with differing elastic properties was discussed by
Holzhausen and Johnson (1979) and is illustrated in Figure 2.8.

1

.1

SHALE

unloaded

loaded
(b)

(a)

Figure 2.8: (a) An infinite elastic multilayer composed of stiff sandstone and compliant shale
layers. Contacts between layers are initially ffictionless, but layers are bonded together while
under the homogeneous initial external stresses
and S^. (b) A finite block subsequently cut
from the infinite multilayer along the dashed line in (a) so that it is now free of external
tractions. The block represents an "equilibrium volume". Residual stresses in the stiff layers are
tensile, whereas the residual stresses in the soft layers are compressive (assuming that
was
originally greater than S J. Each layer acts as a single residual stress domain. (After Engelder,
1993, adapted from Holzhausen and Johnson, 1979).

On deposition, the boundaries of the horizontal beds are assumed to be frictionless while
each bed is loaded by the same initial external stresses (Sjj and S J under plane-strain
conditions. While under load, the beds are cemented to each other and the strain arising
from the superposition of both external (Sy and S J and internal (ujj and a^) stresses can
be expressed as:
sh
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sh

sh
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Where "ss" and "sh" represent sandstone and shale respectively, € is the horizontal strain,
and the material properties w and x are given by:

- 6

« -T < ra

where E is the Young’s Modulus and v is the Poisson’s Ratio of the respective materials
(Engelder, 1993).

Under the conditions prevailing at the time o f cementation (after initial external loading),
the internal and external stresses were equal, equations [2 . 1 ] and [2 .2 ] define the zero stress
state for consideration of residual stress. When the block (b) is removed and the
sedimentary rock is freed from all boundary tractions, there is nothing to constrain
expansion or contraction normal to the layers so that

- ^ ^ - 0 (Holzhausen and Johnson,

1979). However, this still leaves residual stresses parallel to bedding which arise because
horizontal expansion in the sandstone and shale layers are necessarily equal after removal
o f all boundary tractions due to the cementation between the layers (Engelder, 1993).

It was proposed by Holzhausen and Johnson (1979) that the magnitudes o f the residual
stresses depend on the external stresses, the ratio of the elastic properties o f the beds and
the thicknesses o f the beds. For instance, if the sandstone beds are stiffer than the shale
beds and if Sjj > S^, then the residual stress in the sandstone layer will be tensile and the
residual stresses in the shales are compressive. Residual stresses are vested in the trans-bed
strain incompatibility on release of the external tractions. This transvestite effect is
consistent with many observations o f the fracture distribution within bedded sediments
which indicate that joint development is more common in layers o f sandstone than within
shales (e.g. Hancock, 1991).

Residual stress accumulated in this manner is highly anisotropic with large stresses parallel
to bedding, and is one mechanism proposed for the development o f an orientated residual
stress field in the crust (Hyett et al., 1986).

A major drawback to the proposal that residual stresses can exist on both regional and
mesoscopic (bedded sedimentary rocks) scales as well as the microscopic scale, is that it
requires large volumes o f rock to remain in a state of tension. As discussed in section
2 .3.1.2, tensional stresses in the lithosphere are, in general, quickly dissipated by brittle
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fracture (since the tensile strength of most rocks is very low). It has therefore been
suggested that residual stresses may only exist for extended periods of time on the
microscopic or intergranular scale (Friedman, 1972). The propagation o f joints in rocks
during unloading by erosion and the consequent removal o f overburden may, however, be
controlled by the presence o f residual stresses.

Detailed geological and geophysical studies o f the rocks o f the Appalachian Plateau, New
York, summarised in Engelder (1993), suggest that residual stresses have been retained in
the sandstones o f this area. The orientation o f maximum horizontal stress active during the
Alleghanian Orogeny (Carboniferous to Permian) is at 60°-90“ to the contemporary
orientation o f jg . The orientations o f fold axes, finite strain markers. Joint sets and the
mechanical twinning o f calcite crystals all suggest that a significant grain-scale stress is
locked within the rocks as a residue of the Alleghanian Orogeny.

Further studies on the Upper Devonian sediments of the Appalachian Plateau (Evans et al. ,
1989) have revealed that, during the Alleghanian Orogeny, the lower portion o f the
Devonian Catskill Delta was subjected to anomalously high pore fluid pressures, whereas
the overlying section (the Rhinestreet Formation) was normally pressured. From hydraulic
fracturing measurements, Evans et al. (1989) revealed an abrupt decrease in both <jjj and
at the base o f the Rhinestreet Formation (Figure 2.9). This abrupt decrease in the
contemporary horizontal stress field correlates with the inferred transition from normal to
anomalously high palaeo-fluid pressures in this area (Engelder, 1993).

The decrease in horizontal stress is consistent with the effect o f the bleeding o ff (under
uniaxial-strain conditions) o f the high pore pressures to the hydrostatic levels observed at
the present time (Evans et a l., 1989). Drainage o f the high pore fluid pressure to normal
levels results in a tendency for the rock to contract elastically in proportion to the difference
between the bulk and intrinsic compressibilities o f the rock (Engelder, 1993).

In summary, residual stresses are manifest in the elastic strains left in a body after all the
boundary tractions are removed. In addition to residual stress, some lithospheric stress data
may be explained by the presence of a remanent stress in the form of surface tractions
which can be removed upon excavation o f a block o f rock. The distinction between these
two types o f stress is vague other than the stipulation that a locked-in residual stress domain
requires a specific locking domain (Friedman, 1972). It is also supposed that the models
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describing residual and remanent stresses are not yet sophisticated enough to enable our full
understanding o f these phenomena (Engelder, 1993).
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Figure 2.9: A summary of the total stress estimates from the Wilkins Well, Appalachian
Plateau, New York (data from Evans et al., 1989). The estimates assume that each isip (Initial
Shut In Pressure) is equal to the least horizontal stress at that depth. The dashed lines denote
the Spj thresholds for failure assuming a cohesionless Coulomb failure criterion and hydrostatic
pore pressure. The thresholds are shown for two different friction angles for slip on favourably
oriented faults at hydrostatic pore pressure. The least principal stress is taken as equal to Sy
above the K-silt horizon and \ below. (After Engelder, 1993).

2.3.2 The State of Stress in Lithospheric Plates
The state of stress in individual lithospheric plates can be speculated upon based on their
applied boundary forces. Some simple scenarios are illustrated in Figure 2.10.

These simple stress systems ignore many of the possible complications, such as
irregularities in the shape o f the plate boundaries, etc., and have been summarised by Bott
and Kusznir (1984) as follows:
1.

A plate which has ocean ridges on opposite sides should be in compression

throughout as a result of ridge-push forces acting on opposite sides (Figure 2.10a); for
example, the present African plate which has ridges on its eastern and western boundaries.
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2.

A plate with an ocean ridge on one side and a subduction zone on the opposite

side would be expected to show a stress system which grades from compression at the ridge
to tension adjacent to the subduction zone, this assumes that the driving forces are mainly
balanced by mantle drag (Figure 2.10b and 2.10c). Such a situation may be modified by
resistances, particularly in an overriding plate adjacent to a trench; if the resistances
outweigh mantle drag, the plate may be in compression throughout. Two good examples
exist; the Pacific plate with slab pull force on the eastern side and ridge-push on the western
boundary, and the South American plate with trench suction force on the western edge and
ridge-push on the eastern boundary.
O cean ridge

U thosohere m com pression

C ontnental cru st

Oceanic crust

Lithosphere
(a)

Tension (?)

C om pression

(b)

Tension —

C ompression

(C)

Continental

lithosphere in tension

E nhanced Tension

Figure 2.10: Examples of stress systems within lithospheric plates caused by plate boundary
forces, (a) Ridge-push force developed at ocean ridges on opposite sides of a plate, causing the
whole plate to be in compression; for example, the present African plate, (b) Ridge-push force
on one side of a plate and trench suction force on the opposing side, causing a stress system
which grades from compression at the ridge to (possible) tension at the trench. If the local
overriding plate resistance is high, compression may occur throughout the plate; for example,
the present South American plate, (c) Ridge-push force on one side of a plate and slab pull on
the opposite side; the stress systems will develop in the same way as in (b); for example, the
Carboniferous basin formation in the U.K. (d) Trench suction on opposite sides of an entirely
continental plate producing tension throughout; for example, the Pangaean supercontinent just
prior to its break-up. (After Bott and Kusznir, 1984).
Frp = ridge-push force; F^p = slab pull force; F^^ = trench suction force; R^j = mantle drag
resistance.
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3.

If subduction occurs on the opposite sides o f an essentially continental plate, then

the trench suction force acting on opposite sides o f a plate with small overriding resistance
should cause the whole plate to be subjected to lateral tension (Figure 2.10d). This situation
does not exist at the present stage of plate evolution, but it thought to have applied during
the early Mesozoic when Pangaea formed a large continental plate with subduction
occurring on opposite sides. This stress state, and the effects o f continental hot spot
activity, may have been responsible for the break-up o f Pangaea during the Mesozoic (Bott
and Kusznir, 1984).

2.3.2.1 Models of Relative and Absolute Plate Motion
A method for the determination o f the "absolute" motion o f lithospheric plates was devised
by Wilson (1963) and adapted by Morgan (1972). Wilson noted that volcanic activity had
been concentrated in specific localities, such as Hawaii, over a long period o f time and
could therefore provide a frame of reference for the development o f a series o f plate
movement vectors (Figure 2.2). Further models for the analysis o f plate motion, such as
that developed by McKenzie and Parker (1967), provide vectors for plate motion relative
to a "stationary plate".

By the late 1970’s, present day plate motions and angular velocity vectors for 13 major
plates had been calculated (Minster and Jordan, 1978). Both relative and absolute plate
motions were worked out, and the relative plate motion model (known as RM2) is used
today as the major reference work by the World Stress Map Project (section 1.1).

A number of independent studies comparing stress fields observed within plates (Forsyth
and Uyeda, 1975; Solomon et al., 1980; Zoback et a l., 1989; Jurdy and Stefanick, 1991;
Wortel et al., 1991; Richardson, 1992; Wuming et a l., 1992) have found that, in general,
there is a very strong correlation between the observed orientation o f maximum horizontal
stress and the absolute plate motion direction. For example, the NNW-SSE orientation of
maximum horizontal stress observed in the ‘stable’ portion o f North America are very close
to the calculated direction of plate motion (Richardson, 1992).

In western Europe, on the other hand, the stress orientations are, on average, rotated by
about 17° clockwise from the absolute-velocity direction, that is, the observed ctjj
orientations trend more northerly than the WNW absolute-velocity field (Zoback et al..
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1989; Müller et al., 1992). This point is considered in detail in Chapter Eight. The NNW
to NW oriented maximum compression observed throughout Western Europe has been
successfully modelled as the combined effects of ridge-push along the northwestern border
of the plate (E-W to NW-SE oriented stresses associated with the separation of Europe from
North America) and convergence and collision between Africa and Eurasia along the
southern border creating N-S and NE-SW oriented compressive stresses (Brereton and
Müller, 1991; Grünthal and Stromeyer, 1992).

2 .3.2.2 Stresses Around Major Crustal Fault Systems
A great deal of literature has appeared within the last decade discussing the apparent
weakness o f the San Andreas Fault (Zoback and Healy, 1984; Zoback et a l., 1987; Shamir
et al., 1988; Rice, 1990; Lachenbruch and Sass, 1992; Liu and Zoback, 1992; Saucier et
al., 1992). It is evident from these and other studies that the San Andreas Fault (SAF) is
weak not only in the absolute sense {i.e. it moves under very low shear stresses), but also
relative to the strength of adjoining crust (Rice, 1990). However, the detailed physical
mechanisms associated with slip and seismicity along the San Andreas Fault and other major
zones o f weakness in the lithosphere are outside the remit o f this study.

The World Stress Map compilation (section 1.1) has illustrated that, in general, maximum
horizontal stresses adjacent to plate boundaries such as the SAF and the Great Sumatran
Fault, Indonesia, are oriented at a very high angle to the strike of the fault (Mount and
Suppe, 1992).

2.3.2.3 Stress Around Small Faults
In common with the ideas discussed above but on a smaller scale, the spatial perturbation
of horizontal principal stress orientations around individual, relatively small, faults and
fractures has been analysed using data from borehole breakouts (Bell et a l., 1992) and from
joint patterns (Rawnsley et a l., 1992). Both analyses illustrate the deflection of stress
trajectories in the neighbourhood of open fractures that are not oriented perpendicular to
the least principal stress (Figure 2.11).

The open fractures in a rock mass constitute, in a geomechanical sense, tabular-shaped
voids enclosed by a free surface. These free surfaces will deflect stress trajectories in their
immediate vicinity so that the least principal stress approaches the free surface at right
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angles (Jaeger and Cook, 1979). Thus, in the case of a free surface such as a vertically
dipping non-sealing fault,

will be deflected unless it is already oriented exactly normal

to the fault. As a consequence, the orientation of horizontal principal stresses immediately
adjacent to the fault will be different to the far-field stress orientations. On the other hand,
if the fractures are sealed, stress will be transmitted across them with no deflection of
trajectories, unless the sealing minerals exhibit strong elastic contrasts with the country rock
(Bell et a l , 1992).

CLOSED
FRACTURE

OPEN
FRACTURE
Figure 2.11: The deflection of stress trajectories in the neighbourhood of open fractures that
are not oriented perpendicular to the least principal stress. A plan view of vertical fractures is
illustrated, with one open (white fill) and one closed (solid fill) fracture. The closed fracture
does not deflect the stress trajectories. (After Bell et a l , 1992).

2 .3 .2 .4 Stress around Salt Diapirs and other Domal Structures
As discussed in section 2.3 .2 .3 , lithospheric stress fields can become significantly modified
by the influence of both micro- and meso-scale features, the most common of which are
boundary effects associated with geological discontinuities or free surfaces. The occurrence
of structurally controlled, localised stress rotations have also been suggested from data
presented by Springer (1987). The refraction o f mean stress trajectories around a
Precambrian basement high has also been reported, and it has been suggested that this was
associated with a contrast in elastic properties between the crystalline basement and the
overlying sediments (Bell and Lloyd, 1989),

Measured principal stress orientations, derived from borehole breakouts, around a salt dome
in northern Germany have been compared with calculated principal stress directions from
a finite element model by Brereton and Müller (1991). The shape of the salt dome was
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determined from analysis of seismic data, and representative material parameters were
incorporated in the model (Figure 2.12a). A clear alignment is apparent between the
measured and calculated stress orientations. The principal stresses realign at the vicinity of
the edge o f the dome, whereas within the core of the dome, the stress orientations are more
representative of the far-field stresses. The salt dome was therefore proposed to behave as
a soft inclusion in the surrounding material (Brereton and Müller, 1991). Comprehensive
modelling o f stress rotations caused by bent dislocations and around elliptical inclusions has
also been reported by Ivins and Lyzenga (1986).

Further evidence for the effect o f domal structures on stress orientations has been provided
by a study o f the halokinetically-induced Ekofisk dome within the Central Graben o f the
North Sea (Teufel and Farrell, 1990). The orientation o f the local stress field mapped in
the vicinity o f the dome (Figure 2.12b) suggests that the maximum horizontal stress is
oriented perpendicular to the structure contours around the dome and that a local stress field
has developed which overprints the regional stress field seen throughout much of Western
Europe.

(2930
2961

2991
3021
305(
3080

Figure 2.12: (a) Observed orientations of principal horizontal stress around a salt dome in
northern Germany compared with the calculated stress orientations (crosses) using a finite
element model (After Brereton and Müller, 1991). (b) The structure contour map for the top
of the Ekofisk Formation, North Sea (adapted from Teufel and Farrell, 1990). Arrows indicate
the azimuth of
determined from anelastic strain recovery tests on oriented core. The crest
of the formation is at a depth of 2900m and the contour intervals are 30m. (After Engelder,
1993).
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2.3.2.5 The Distribution of Stress With Depth
A compilation of stress data from the upper 3km of the Earth’s crust by Brown and Hoek
(1978) suggests that horizontal stress magnitudes within the upper crust can often become
significantly larger than vertical ones, but only at very shallow depths o f less than 0.25 to
2.5km. Figure 2.13 illustrates their conclusion from data obtained from sites worldwide,
but with the majority of data coming from measurements made in mainly crystalline rocks
in mines and other engineering sites in Australia, Canada, the U .S, Southern Africa, and
Scandinavia.

0.5

K (Ohav ! ^v)
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2.5

Figure 2.13: Relationships of K, the ratio of the average horizontal stress to vertical stress, with
depth. The measured data falls within the shaded area bounded by the two curves (defined in
the text) and were derived from measurements made in crystalline rocks. The data show a
strong trend of decreasing values of K with depth, and imply very large values of K at very
shallow depths. (After Brown and Hoek, 1978).

In Figure 2.13, the ratio of average horizontal stress to vertical stress K (where
K =

is plotted against depth (Z). It is clear from Figure 2.13 that K generally lies

within limits defined by:
0.1/Z 4- 0.30 < K < 1.5/Z + 0.5.

[2.4]

Brown and Hoek (1978) asserted that the essential feature shown by Figure 2.13 is the very
wide range of values that may be taken by K at a given depth, particularly if that depth is
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shallow. Within the near-surface environment, popups, stress-relief buckles, and late-formed
faults are, according to Engelder (1993) a manifestation o f the relief of large horizontal
stresses. Since these problems are all near surface ( < 1000m) phenomena and may well be
related to the presence o f a free surface, and this study is concerned with the stress field
at depth in the crust well away from the free surface (Le. >l(X)Om) these points are
included only for completeness and are not discussed further.

Data reported by McGarr and Gay (1978) and discussed by Brace and Kohlstedt (1980)
suggest that the minimum horizontal stress within rocks buried to depths o f up to 5km in
sedimentary basins in the U.S. are greater than hydrostatic but less than lithostatic (Le. the
pressure exerted by the overburden). Further data (Breckels and van Eekelen, 1981) from
the U.S. Gulf Coast have shown that an approximate trend (the solid curve in Figure 2.14)
for the minimum horizontal in situ stress (a^) can be defined by two simple functions:
ffh = 0.053
and
where

4- 0.46 (p^ - p^^) for D < 3500 metres

uj, = 0.264 D - 317 + 0.46 (p^ - p^^) for D > 3500 metres

[2.5a]
[2.5b]

p^ (the measured pore fluid pressure), and p^^ (the hydrostatic pore fluid

pressure) are in bars (1000 bar = l(X)MPa) and D (depth) is in metres.

Data from other areas including Venezuela, Brunei, the North Sea and the Netherlands were
also presented by Breckels and van Eekelen (1981), who concluded that:
"the Gulf Coast curve [of Figure 2.14] can be used with a fair degree o f confidence to
describe the horizontal total stress as a function of depth in tectonically relaxed areas such
as the North Sea and the Netherlands".
The data obtained by Breckels and van Eekelen from the North Sea are presented and
discussed in Chapter Eight.

2.4 Crustal Stress Measurement Techniques
The main techniques currently employed for stress measurement are described in this
section. Most methods do not attempt to determine the complete stress tensor. For example,
some only measure the orientation of the horizontal in situ principal stresses, whilst others
attempt to measure the relative stress magnitudes. The techniques can be conveniently
divided into three types; (i) indirect methods, such as geological indicators and earthquake
focal mechanisms, (ii) borehole methods, including borehole breakout studies and hydraulic
fracturing, and (iii) direct methods, including anelastic strain recovery, flat-jack, and
overcoring.
-39-
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Figure 2.14: Minimum horizontal stress versus depth from hydraulic fracturing measurements
and formation integrity (leak-off) test data in normally pressured boreholes from the U.S. Gulf
Coast. The solid curve forms a lower bound to 93% of the data points. (After Breckels and van
Eekelen, 1981).

2.4.1

Indirect Methods

Geological Indicators
Patterns of folding, faulting and jointing are the surface manifestations of the varying
magnitudes and orientations o f tectonic stress throughout geological time (see, for example,
Bevan and Hancock, 1986). A well documented example of a geological indicator o f the
present day tectonic stress regime is the alignment of volcanoes and feeder vents which
propagate parallel to the maximum principal far-field stress (Zoback et aL, 1989; Strecker
and Bosworth, 1991).

However, care must be taken when interpreting surface geological features in terms o f the
present day stress field, since they may reflect the influence of crustal weaknesses resulting
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from much earlier tectonic regimes. Hence, only late neotectonic geological structures can
be used with any confidence in interpreting contemporary stress orientations.

Earthquake Focal Mechanisms
Contemporary stress directions deeper within the crust can be determined from the study
o f earthquake focal mechanisms. For example 54% o f the stress measurements compiled
by the World Stress Map Project (Zoback, 1992) were derived from earthquake focal
mechanism data. When seismic waves from an earthquake are recorded by a suitably
distributed network o f seismic stations, the distribution o f first motions can yield
information on the orientation o f the fault plane and consequently information regarding the
orientation o f the causative principal stresses. A major drawback with this technique is that
most crustal earthquakes occur on pre-existing planes of weakness that are not necessarily
aligned with the contemporary principal stresses, rather than newly induced fractures.
Therefore, reliability cannot be placed on single measurements, but when a large number
of such measurements are analysed, the average is likely to provide information which
accurately measures the contemporary stress field. In the U .K ., the low magnitude and
intermittent frequency o f earthquakes means that it is rare for these events to be recorded
in detail (Brereton and Evans, 1987; Whittaker et al., 1989). Some microseismic activity
from the subsurface, such as from underground coal and tin workings and geothermal wells
have been documented, and can be used in the same way but on a more local scale
(Batchelor and Pine, 1986).

2.4.2

Borehole Methods

Hydraulic Fracturing
The technique o f hydraulic fracturing was pioneered in the late 1950’s in the petroleum
industry to enhance the permeability of reservoir rocks by the propagation o f tensile
fractures (Hubbert and Willis, 1957). By 1980, this technique was also being used on a
regular basis for the determination of the in situ stress field (see Haimson, 1993, for a
detailed review).

A hydraulic fracturing test is performed by first sealing o ff a short interval (typically 0.5
to 2m) of a borehole with inflatable rubber packers. Ideally the lithology should be
consistent throughout the sealed-off interval and free from natural fractures. Drilling fluid
is then injected into the sealed-off interval of the borehole at a rate sufficient to raise the
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hydraulic pressure rapidly (Figure 2.15). At a certain, critical "breakdown" pressure, tensile
failure of the borehole wall occurs, theoretically along a plane normal to the minimum
principal stress (i.e. normal to

if

=

although shear fractures may develop in

boreholes where the difference between the stress magnitudes is large). The pressure is then
reduced until the induced hydrofracture closes at what is termed the "shut-in" pressure.
Often, the pressure is then increased once more until the previously induced fracture re
opens at the so-called re-opening pressure. The "shut-in" or "re-opening" pressure is
normally considered to be equal to Oj, or

if

The magnitudes o f the horizontal

stress ratio can then also be calculated from a number of simple expressions reviewed in
Haimson (1993).

NITIAL PUMPING CYCLE

vu

LATER PUMPING CYCLE

Pb

TIME

Figure 2.15: A typical time-pressure record from a hydraulic fracturing experiment. The initial
pressurization cycle is illustrated as a linear increase of pressure with time. This is followed by
a very sharp and distinct breakdown, Py, fracture propagation, Pp, instantaneous shut-in
pressure, Pj, and the tensile strength of the formation T. The second pumping cycle also shows
a linear increase in pressure with time but is not followed by a sharp peak. Instead, the
measured pressure decreases slowly. This is interpreted as the pressure required to re-open the
fracture induced during the first cycle. The point at which the time-pressure record deviates
from linearity during the second cycle is taken as the re-opening pressure P^. (After Ervine and
Bell, 1987).

In order to obtain the complete stress tensor, the orientation o f the fracture must also be
determined, and a variety of borehole logging tools, such as the borehole televiewer and
the formation microscanner, have been used for this purpose (Zemanek et al., 1970;
Bjarnarson 1986; Kim et al., 1986; Bourke, 1992).
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The major problems associated with the hydraulic fracturing technique are the extremely
high cost, the technical difficulties associated with sealing off a section of borehole (leakage
past the packers is common and leads to an over-estimation o f a^), and the possibility that
a pre-existing fracture may be re-opened. One recently developed method (Comet, 1992)
attempts to create hydraulic tests on pre-existing fractures. The "HTPF" tool combines
hydraulic testing with the provision o f electrical images of the borehole wall. Initial results
suggest that the hydro-mechanical behaviour o f some o f the most significant fractures in a
given rock mass is not controlled by the regional stress state as determined by standard
stress measurements (Comet, 1992; 1993).

Borehole Breakouts
The concentration o f horizontal stresses around a vertical or near-vertical wellbore can
cause failure o f the borehole in the direction o f
breakouts. The orientation of

such failures are known as borehole

can therefore be determined by using a number of

geophysical logging tools to monitor these zones o f failure. Since all the data in this study
were obtained by this method, the discussion o f which comprises the whole of Chapter
Four, borehole breakouts are not discussed further here.

2.4.3 Direct Methods
Flat Jack
This is a simple and reliable stress magnitude measurement technique that can be used only
at the surface or at shallow mine faces. A series o f rectangular slots are cut, at orthogonal
azimuths between measuring pins securely fixed into the rock, using a diamond saw. As the
slots are cut, the previously secured measuring pins record the stress released in the form
o f recovered strain. Hydraulic flat jacks are then cemented into the slots and the pressure
required to recover the initial strain is recorded.

This relatively cheap, robust technique has been used throughout Western Europe for the
last 15 years {e.g. Froidevaux et al., 1980). The main disadvantages o f the technique are
that six emplacements are normally needed for the assessment o f the complete stress tensor,
and only surface or shallow mine measurements are possible. Additionally, the
measurements may be adversely influenced by local variations in the stress field (Brereton
and Evans, 1987).
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Overcoring
A number of overcoring methods have been devised, all of which rely on the principal of
strain recovery upon the release o f the in situ stress field (Brereton and Evans, 1987).
Essentially, a borehole is drilled into a rock mass to a specific required depth, and a
second, narrower hole is then drilled beyond the base o f the first hole (Figure 2.16). The
narrower, second hole is drilled to a diameter matching that o f the measuring instrument
(the deformation meter, comprising an array of strain gauges) that is to be used. The
deformation meter is then cemented into the second hole and its surrounding rock volume
is finally overcored, with the strain in the rock annulus being measured as the rock expands
due to the overcoring stress relief.

'^777777TTT777777777ri

(a) 15cm hole drilled to required depth.

(c) Deformation meter installed into the second hole.

"

frrittfn rn TTTf'
r"
^^r777?T777777777m

(b) Second hole drilled 30cm beyond.

(d) Deformation meter overcored.

Figure 2.16: The overcoring technique for in situ stress measurement at shallow depths or
within mines. (Adapted from Herget, 1993). (a) A 15cm diameter borehole is drilled in to the
rock mass under investigation; (b) a second, smaller borehole is drilled to a depth of 30cm
beyond the base of the original hole; (c) the deformation meter is installed in the smaller hole;
(d) the deformation meter is then overcored and the strain relief measured.

This method has an obvious advantage over the flat jack method in that the test can be
carried out at depth in the rock mass, thus eliminating surface perturbations to the stress
field. However, technical problems are increased as the deformation meters require careful
handling and calibration. A minimum of four to six tests are required to be certain of a
reliable in situ stress measurement and consistency between measurements. A good review
of the technique is provided by Herget (1993).

- 44 -

Anelastic Strain Recovery
The strain relaxation of a rock core after removal from its in situ stress state comprises an
instantaneous, elastic component and an anelastic (time-dependent) component. The anelastic
strain recovery (ASR) technique measures the time dependent component o f strain recovery
which then theoretically enables an estimate o f the entire in situ stress tensor to be made.
The method requires oriented core which is placed in a strain cell able to measure the strain
recovery o f the core as it relaxes over time from its in situ stress state (Teufel, 1983,1993;
Butterworth, 1993). Although ASR can theoretically recover the full stress tensor, in
practise it is useful for the determination of in situ horizontal principal stress orientations
but is less useful for the determination o f stress magnitudes, since estimates of stress
magnitude depend upon assumptions about the stress strain relationship o f the rock which
are very poorly constrained.

Other methods which have been used in attempts to characterise the microcrack fabric of
rocks in the laboratory and in the field in order to provide estimates o f the in situ stress,
such as Differential Strain Curve Analysis (Batchelor and Pine, 1986; Teufel and Farrell,
1990), Kaiser Effect Gauging (Stuart, 1992; Holcomb, 1993), Core Discing (Kim et al,
1986; Dyke, 1989), Extensive Dilatency Anisotropy (Crampin, 1987), Acoustic Shear Wave
Anisotropy (Yale et a l., 1991), Holographic Stress Measurements (Schmitt et a l., 1984) and
Borehole Slotting (Bock,

1993), have some individual advantages for particular

measurement purposes, but none are, as yet, in widespread or routine use.
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Chapter Three - The North Sea
3.1 Introduction
The Mesozoic North Sea rift system (Figure 3.1) forms an integral part o f the Arctic-North
Atlantic rift system. Rifting activity in the area commenced during the earliest Triassic,
peaked during the Late Jurassic-Early Cretaceous, and terminated during the Palaeocene.
The rift system comprises the Viking, Central and Moray Firth-Witch Ground Grabens and
the Horda-Egersund half graben and is continuous for over 1000km. Its Cenozoic evolution
is characterised by the development o f a broad thermal sag basin with a thick sequence of
post-rift sediments. Four generalised cross-sections o f the basin are presented in Figure 3.2.

The North Sea is the most important hydrocarbon province associated with the Arctic-North
Atlantic rift. Its productive ‘fairway’ is closely associated with the graben structures and
the total recoverable reserves in established accumulations are o f the order of 35 billion
barrels o f oil and 120 trillion cubic feet o f gas (Brennand et al., 1990; Ziegler, 1990).

Hydrocarbon exploration in the North Sea was initiated in May 1964 with the drilling of
the first offshore borehole, Nordsee B-1, by a German consortium. Natural gas was first
discovered in the British Sector in 1965 and oil production commenced in 1971 from the
Norwegian Ekofisk field. Oil production from the United Kingdom Continental Shelf
(UKCS) started in 1975 from the Argyll field and was closely followed by production from
the giant Forties field (Brennand et al., 1990).

The object o f this chapter is to provide an overview o f the tectonic and stratigraphie history
and development of the North Sea area throughout geological time. The chapter is based
on the Joint Association for Petroleum Exploration Courses (JAPEC) course book, entitled
Introduction to the Petroleum Geology o f the North Sea edited by K.W. Glennie. In
common with Glennie’s book, this chapter is subdivided into broad tectono-stratigraphic
sections based on the data presented in Table 3.1.

Following the work of Gibbs (1984); Beach (1985); McClay et al. (1986); Frost (1987);
Haszeldine (1988); and Haszeldine and Russell (1987), the chapter will concentrate on the
premise that much of the younger structural and sedimentological history o f the North Sea
area has been controlled to a considerable extent by the distribution o f older cratonic blocks
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and intervening lines of weakness. At the present time, apart from seismicity due to post
glacial uplift along the Norwegian coast, the basin is relatively aseismic, although in later
chapters it is demonstrated that these faults exert a significant influence on the pattern of
crustal stress throughout the region.

"A

rllB IO -lC A IlC H

W T

^«KCTLAHe

DUTCH tANR

OATC
M
AA#F
hoA
NC9
•A9IM

S'iTfHM
ID
M

rT
SHILF-t

ouRHaH

M
ANX

SJLVIR PIT

aaUN

.FURNtM
■A8 IN

CLtavca

eawK

$AXOHt

basin

h a h psh ir e

I^O U SH -C M A N R C U

8ASIN

Figure 3.1: An outline of the main prospective basins in the North Sea Basin illustrating the
major faults, shallow Palaeozoic basement, changes in slope/basin margins, and the Variscan
deformation front. After Brennand et al. (1990).

- 47 -

SH E! LAND PLATFORM

SOGNSPIIR

VIKING GRABEN

-T'Xrv
METHES

DUTCH
BANK
BASIN

HALIBUT HORST

i

WITCH GROUND
HALIBUT BASIN

GRABEN

# # # # #

F o u r typical geoio(f|cal cross-sections of th e
N orth Sna B asin, show ing its complex
fauil-controlled stru c tu re

6000
METRES

MID NORTH SEA HIGH
CENTRAI GRABEN

wsw

DOWSING
FAULT

SOLE PIT
INDE SHELF

/

‘ NORWAY

I

IKlVllliliM

0
I

1

I

I

Tertiary
Cretaceous

kin qdom

T

Jurassic

^

A tf'S -

V

:______

.

ÛfiftMANY

Tri as si c

.

NicfH^m
iANO:
[

Ze c h s t e i n ( Permi an)
Palaeozoic

I

I

Ba s e m e n t

Figure 3.2: Four typical geological cross-sections of the North Sea Basin showing its complex
geological structure. Adapted from Glennie (1990a). Note especially the complex nature of the
Dowsing Fault Zone in the southern North Sea, the Zechstein salt diapirism in the southern and
central North Sea, the relatively uplifted nature of the Halibut Horst and Mid-North Sea High,
and the nature of the faulting in the Viking Graben.

- 48 -

i Q

I il

4

. . ►-

c

11-

u

EE

III

II

i

E ES

5 z
0 5

g=

? =

5

s

iSSjo
l

if i

m

ü

(A-

-

il

5z

o>

Z

-

Sî

i
N -

E
i
o «

: i§

I ir
i p

gii
9<

m
iii

ii
toz

■§i

s“
1 2

II

îî?

5

g<< ^

û:

I il

--------

Oh

îi

iï

il
il'
o

Q

<1

5

il

11

5

Sn033Vi3U0

D is s v ia i

|5
I

SnO U 33IN O SU V 3

NVIN0A3Q
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The crustal structure beneath the North Sea Basin has been studied from deep seismic
profiles by McGeary et al., (1987) who concluded that:
"the present continental crust is not just a version o f the original Precambrian crust
modified by Caledonian and Variscan activity but is a greatly modified product o f a series
o f major tectono-thermal events...the Precambrian crust has been overprinted by the
compressional orogenies o f the Palaeozoic and by the extensional episodes o f the Devonian,
Permo-Triassic and Jurassic".

3.2 The Tectono-Stratigraphic History of the North Sea Basin
A simple outline o f the most important events in the geological evolution o f the North Sea
area can be given very briefly; these events are listed in Table 3.1 and are highlighted in
historical order as a series o f cartoons in Figure 3.3.

• The combined Late Cambrian to Late Silurian Athollian and Caledonian Orogenies
(Figure 3.3C). Prior to these events, the North Sea area comprised widely separated
continental fragments in, and marginal to, different parts o f the Early Palaeozoic lapetus
Ocean and Tornquist Sea (Figure 3.3A, 3.33; Glennie, 1990a).

• Rifting during the Devonian and Carboniferous possibly as a result of adjustments
between and along the margins o f the formerly separate Laurentian and Baltic cratons. This
is exemplified by Devonian movement along the Great Glen Fault (Figure 3.3D) and by
Early Carboniferous structural relief (Glennie, 1990a).

• The Late Carboniferous Variscan Orogeny marked the closure o f the southern ProtoTethys Ocean and the creation o f the supercontinent Pangaea (Figure 3.3E; Glennie,
1990a).

• During the Early Permian, subsidence o f the Moray Firth and the E-W trending Northern
and Southern Permian basins was followed by the initiation o f the N-S trending Viking and
Central Graben system (Figure 3.3F). The grabens began to subside rapidly during the
Triassic and reached their maximum structural development by the beginning o f the
Cretaceous due to Mid-Jurassic domal uplift and widespread erosion centred over the axis
o f the Central Graben.
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• Late Jurassic to earliest Cretaceous strike-slip movements and fault-block rotations within
and adjacent to the Viking and Central Grabens is thought to have coincided with the
opening o f the Central Atlantic and rifting between Iberia and Newfoundland (Glennie,
1990a; Figure 3.3G; Table 3.1). Thus, the duration o f an active Viking-Central Graben
system coincided with the slow break-up o f Pangaea into North America, Europe and
Africa.

• The end o f the North Sea Graben development was linked to the onset o f sea-floor
spreading in the North Atlantic Ocean (Figure 3.3H).

3.2.1 Caledonian Basement Complex (2700Ma to 400Ma)
The North Sea Basin lies above the orogenic belt formed where three continental plates,
Laurentia (Scotland, Western Norway, North America and Greenland), Baltica (the
Scandinavian Shield) and Avalonia (England, Wales and Western Europe) collided in early
to middle Palaeozoic time (Cocks and Fortey, 1982; Soper and Hutton, 1984; Glennie,
1990a; Trench and Torsvik, 1991). This collision was associated with the closure o f the
early Palaeozoic lapetus Ocean (the proto-Atlantic: Wilson 1966) and its eastern arm, the
Tornquist Sea, to form the supercontinent Laurussia (Figure 3.4). This collision created the
Arctic-North Atlantic Caledonian mountain belt, the lapetus suture and the TomquistTeisseyre shear zone and is thought to have come to a close during the early Devonian
(Ziegler, 1988).

Three structural trends have been documented in the basement rocks o f the North Sea
(Ziegler, 1990):• The Scottish-Norwegian Caledonides, which cross the northern North Sea and are
characterised by a NE-SW striking structural grain.
• The North German-Polish Caledonides (the approximate site o f the Tornquist Sea; Soper
and Hutton, 1984; see Figure 3.4) which branch o ff from the Scottish-Norwegian
Caledonides in the central North Sea and are characterised by a N-S striking structural
grain.
• In the south-central and southern North Sea, the North German-Polish Caledonides
exhibit an ESE-WNW structural grain (Frost et al., 1981; Ziegler, 1990).
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Figure 3.3: A series of cartoons illustrating the relative plate movements which affected the
North Sea area during the late Proterozoic and Phanerozoic. (After Glennie, 1990a). It must be
noted that the scales are not constant.
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An important factor with regard to the location of boreholes within the North Sea (an
consequently the spread of available data for this research) is the economic basement. This
is determined by the depth of burial of the rocks and the geothermal gradient. It has been
defined by Selley (1980) as "the lowest depth from which fluid hydrocarbons can be
produced at a profit" and is consequently variable in both time and space. In some parts of
the region, the economic basement corresponds to crystalline basement. Geological factors
influencing the economic basement include the scale and type of trap, the quality (porosity
and permeability) of the reservoir and the nature of the hydrocarbons (Selley, 1980). Those
lithologies whose porosity and permeability is of a non-reservoir quality as a result of
compaction and diagenesis, or where the temperatures of burial have exceeded those at
which economic hydrocarbons would be preserved are examples of the economic basement.
In the North Sea, these depths are in the order of 5000 to 6000 metres (Selley, 1980).
4 2 0 Ma
4 4 0 Ma

o

« fc t.
oroQ #nic c o U a o t*

^

Figure 3.4: Cartoon reconstructions to illustrate the closure of the lapetus Ocean during the
Silurian, (a) 440Ma, the boundary between the Ordovician and Silurian, bt, British Caledonide
terranes; bto their position during the Ordovician; w, c, e. Western, Central, and Eastern
Svarlbard; eo, the Ordovician position of the latter; uma. Uppermost Allochthon; uc. Upper
Allochthon; ml a. Middle and Lower Allochthons. (b) 420Ma, the boundary between the
Wenlock and Ludlow. The large arrows show the general displacement directions of Baltica and
Avalonia with respect to Laurentia. (c) 400Ma, the Early Devonian, showing the late Silurian
to Mid-Devonian gravity spreading, and convergence directions of the Acadian orogeny (Early
Devonian) and Ligerian orogeny (Mid-Devonian), t, possible location of the remnants of the
Tornquist Sea; ngpc. North German-Polish Caledonides. (After Soper et al., 1992).

3.2.2 Devonian (400Ma to 360Ma)
During the Devonian, the post-orogenic ‘collapse’ of the Arctic-North Atlantic Caledonides
(of which the Scottish-Norwegian Caledonides of the northern North Sea form part) was
accompanied by a major sinistral movement of crustal blocks within the newly formed
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Laurasian continent (Glennie, 1990a). A great deal of attention in the literature has focused
on the movement of the Great Glen Fault (GGF) with estimates of post-Devonian
displacement along it ranging from 2000km in a sinistral direction (van der Voo and
Scotese, 1981) to 600km sinistral movement in the late Mid-Devonian followed by 300km
dextral movement during the Hercynian orogeny (Storetvedt, 1987).

In the northern North Sea area, these and other earth movements associated with the postorogenic crustal re-organisation gave rise to the rapid subsidence of wrench-induced basins
such as the Midland Valley and Orcadian basin (Figure 3.5) in which thousands of metres
of Devonian Old Red Sandstone (ORS) clastic sediments accumulated (Richards, 1990).

UK

UK

UK

B
c
Figure 3.5: Simplified Devonian palaeogeographic maps of the North Sea region. A, Lower
Devonian; B Middle Devonian; C, Upper Devonian. T = Turrif Basin, onshore Scotland;
O = Orcadian Basin; CG = Central Graben; and MV = Midland Valley. Stippled fill indicates
terrestrial areas, horizontal hatching shows marine area. (After, Richards, 1990).

Seismic reflection profiling across the North Sea basin has revealed NNE-SSW trending
half-graben basins which have been interpreted as being formed by the reactivation of
Caledonian thrust faults and filled by Devonian sediments (Johnson and Dingwall, 1981).
Further profiling (Berthelsen, 1992) has revealed a curved, N-S to NW-SE trending shear
zone termed the Loke shear. This fault zone (Figure 3.6) appears to cause a dextral offset
of the Caledonian (lapetus) suture of 150-200km. The Loke shear is thought to have been
initiated during the Early Devonian and is proposed to have influenced the Mid-Devonian
palaeogeography of the North Sea region (Berthelsen, 1992). The N-S to NW-SE trend of
the shear indicates that it probably predestined the later development of the Central-Viking
Graben rift system. To the west of the Loke shear, Caledonian deformation is thought to
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have been active throughout the Early Devonian, whilst to the east, it ceased at the very end
of the Silurian (Soper and Woodcock, 1990).
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Figure 3.6: The Caledonian triple junction of northwestern Europe illustrating the proposed
position and sense of movement of the Loke Shear (After Berthelsen, 1992). STZ = SaxoThuringian Zone; TTZ = Tornquist-Teisseyre Shear Zone; CDF = Caledonian Deformation
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During the Devonian, North-West Europe contained an extensive back-arc rift system
thought to be associated with the final stages of closure of the lapetus Ocean (Ziegler,
1988). Subsidence and sedimentation within the basins was accompanied by widespread
calc-alkaline igneous activity including the intrusion of granitic bodies in the Scottish Border
area which are thought to be the result of anatectic remobilization of subducted crustal
material (Donato et al., 1983; Glennie, 1990a).

TTie Orcadian Basin
The Orcadian Basin was a large, complex depo-centre which extended some 600km from
the north-east coast of Scotland to the western coast of Norway and was bounded by the
Scandinavian Highlands in the east and a combination of the Scottish Highlands and other
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isolated positive areas including the Southern Uplands, the Manx-Cumbria High and the SE
Ireland-Wales-London-Brabant Massif to the west (Figure 3.5). It has been suggested
(McClay et al., 1986) that the Orcadian Basin comprised many smaller sub-basins, each of
which has a distinct tectonic and depositional history.

The Midland Valley
The Midland Valley (Figure 3.5) is a NE-SW trending basin, bounded to the north by the
Highland Boundary Fault and to the south by the Southern Uplands Fault. The erosion of
an almost vegetation-free continental landmass, which has been interpreted to have
experienced seasonal rainfall (Barrell, 1916), resulted in the deposition o f widespread fluvial
sequences throughout the area (Anderton et a l., 1985). The general flow o f these rivers was
along the Midland Valley towards the NW (Richards, 1990), little o f these sediments
entered basins situated in the area of the present North Sea.

The Central Graben
Little is known of the Palaeozoic history o f this area. From Figure 3.5A it is clear that a
broad area of high ground covered much o f the central North Sea during the Devonian.
During the Mid-Devonian, an arm of the Proto-Tethys Ocean (Figure 3.5B) spread
northwards into the Central Graben area (Richards, 1990). This seaway possibly followed
a line o f structural weakness into the area and it may have been this structural feature which
was later exploited in the initiation of the Central Graben rift.

Relatively few commercially drilled boreholes have penetrated Devonian sediments in the
North Sea. Little is therefore known about their offshore stratigraphy. However, facies can
be inferred along strike, and in the Buchan Field (Block 21/1), a 500m thick fining-upwards
cycle interpreted as a waning-flow sheetflood sequence in a distal alluvial fan environment
has been documented (Anderton et al., 1985). Devonian sediments have also been reported
from the East Shetland Platform, the Fladen Ground Spur, the Mid-North Sea-RingkobingFyn High, the Fennoscandian Shield and the London-Brabant Massif (Ziegler, W .H., 1975;
Johnson and Dingwall, 1981).

By the Late Devonian, progressive overstepping o f basin margins, related to rising sea
levels caused the individual basins to become connected with each other (Figure 3.5C) and
with the Rhenohercynian basin via Southern Ireland and the North Sea (Ziegler, 1988).
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3.2.3 Carboniferous (360Ma to 290Ma)
The Carboniferous successions o f the British Isles and North West Europe have been
divided into the Dinantian and Silesian sub-systems (Harland et al., 1989). The D inantian
sub-system (360Ma to 326Ma) comprises the Tournasian (360Ma to 350Ma) and the Viséan
(350Ma to 326Ma) series. The Silesian sub-system (326Ma to 290Ma) comprises the
Namurian (326Ma to 315Ma), the Westphalian (315Ma to 305Ma) and the Stephanian
(305Ma to 290Ma).

The slow northward drift o f Laurasia, the subduction o f the proto-Tethys Ocean, and
migration o f the Hercynian orogenic front continued into the Early Carboniferous (Besly,
1988). Towards the end o f the Carboniferous, the closure o f the ocean and collision
between Gondwanaland and Laurasia occurred (Figure 3.5E). The consequent formation of
the Pangaean supercontinent gave rise to new upland areas (Glennie, 1990a).

Throughout the Early Carboniferous, the British Isles were dominated by tensional stresses
and rifting tectonics

(Haszeldine,

1988).

Onshore,

NE-SW

trending grabens in

Northumberland and the Midland Valley o f Scotland are recognised (Figure 3.7). These
basins appear to continue along strike into the North Sea but are poorly defined. A further
basin has been identified within the Moray Firth area (Ziegler, 1990). Basin subsidence was
synchronous with abundant alkali-basaltic volcanism (Ziegler, 1981; Anderton et a t., 1985;
Haszeldine, 1988): this contrasts with the calc-alkaline igneous activity o f the Devonian.
Graben development and igneous activity abated during the Namurian and ceased during
the Early Westphalian. This is presumed to be in response to N-S compression related to
the Variscan orogeny (Glennie, 1990a).

During the Early Carboniferous, the stable ‘Old Red Sandstone Continent’ was broken up
by widespread crustal extension (Besly, 1990). The location o f the zones o f lower
subsidence rate appears to have been controlled to a large extent by basement heterogeneity,
particularly the location o f Devonian and Precambrian granite plutons and by the tectonic
grain inherited from earlier orogenic events (Besly, 1990).

The orientation of the prevailing stress field during the Lower Carboniferous remains a
subject for debate, Leeder (1988) argued in favour o f a N-S oriented stress field, driven by
back-arc extension to the north o f the Variscan subduction system. Alternative hypotheses
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suggest that extension may have occurred in a E-W direction, in response to an early phase
of opening in the future North Atlantic (Haszeldine, 1984) or that extension may have been
accompanied by a significant component of transtension (Read, 1988).
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Figure 3.7: The pattern of Carboniferous sub-crops at the pre-Rotliegend erosion surface in the
North Sea and adjacent areas. (After Besly, 1990).

The Carboniferous is an economically important period in that it was during this time that
the carbonaceous source rocks for the whole of the southern North Sea and Dutch-GermanPolish gas belt were deposited (see for example Oele et al., 1981; Glennie, 1990a). During
the Westphalian, up to 3500m of coal measures sequences accumulated in localised areas
reaching a cumulative thickness of 75-lOOm of coal (Ziegler, 1981; Glennie, 1990a).

Throughout the Carboniferous, the source lands for the sediments changed little, it has been
proposed (Doré and Gage, 1987; Leeder, 1988) that a drainage basin covered a large part
of Caledonian Scotto-Scandinavia (including the present day northern North Sea). The
hinterland of this basin (Figure 3.8) was of granitic or gneissic composition and was
initially covered by Devonian sediments. Progressive uplift and fluvial incision in Namurian
times provided the sediments for the Carboniferous delta systems (Glennie, 1990a). The
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northern North Sea is thought to have remained as an upland area until the Mid-Permian
(Doré and Gage, 1987).
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Figure 3.8: A Mid-Late Carboniferous palaeogeographic reconstruction. (After Doré and Gage,
1987).

3.2.3.1 Dinantian (360Ma to 326Ma)
Palaeomagnetic data and sedimentary evidence indicates that the arid conditions experienced
during the Devonian persisted into the earliest Carboniferous. The Dinantian represents a
transition from the relatively arid ORS conditions o f the southern hemisphere tropics to the
more humid equatorial conditions of Coal Measure deposition (Glennie, 1990a).

During the Early Carboniferous, carbonate rocks were deposited as the result of a major
northerly transgression o f the equatorial proto-Tethys Ocean which covered most of the
British Isles (Anderton et al., 1985; Haszeldine and Russell, 1987). During the late
Dinantian and throughout the Carboniferous, glacio-eustatic controlled changes in sea level
have been proposed to be responsible for the deposition of cyclic alternations of marine and
terrestrial sediments, including coal seams (Besly, 1990; Glennie, 1990a). The best-
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documented glacially influenced falls and rises in sea level are recorded by the Yoredale
cyclothems o f NE England (Anderton et a l., 1985; Besly 1990).

To the north of the Mid-North Sea High, Carboniferous sedimentary rocks are known in
the Outer Moray Firth (Leeder and Boldy, 1990), the Forth Approaches Basin and in the
Western Platform o f the central North Sea (Besly, 1990; Figure 3.7).

Within these areas, the rocks form an offshore extension o f the Carboniferous strata within
the Midland Valley and comprise two distinct elements: a fluvial red-bed facies
(corresponding to an extension of the Old Red Sandstone formation) and a coal-bearing
sequence, the stratigraphy o f which remains comparatively unknown as existing borehole
data do not allow a detailed regional correlation (Besly, 1990). These coal-bearing facies
have been interpreted by Leeder and Boldy (1990) as fluvial and lake/bay deposits with
minor marine influences.

To the south o f the Mid-North Sea High the stratigraphy o f the Dinantian is poorly known
from scattered well penetrations (Besly, 1990). Two broad areas o f facies development can
be recognised. In the northern and central parts of the area, the Dinantian is developed in
a dominantly clastic facies comprising coal-bearing deltaic sediments with minor marine
influences (Besly, 1990).

3.2.S.2 Silesian (326Ma to 290Ma)
Following the late Viséan uplift of the Scottish Highlands and rejuvenation o f other major
clastic sources to the west, north, and north-east (Figure 3.7), the marine influence o f the
proto-Tethys was driven back by coastal plain progradation (Anderton et a t., 1985;
Haszeldine and Russell, 1987; Besly, 1988, 1990; Glennie, 1990a). The shales, siltstones,
sandstones and coals of the Millstone Grit series were deposited by a series o f overlapping,
turbidite-fronted, fluvially dominated deltas which prograded into the UK from the north
and east (Haszeldine and Russell, 1987; Kirby et al., 1987; Lawrence et a /.,1987). Thick
sequences o f turbiditic sandstones and shales were deposited in basinal areas whereas thin
mudstones predominate on shelf areas (Kirby et al., 1987). The marine shales are laterally
extensive, stretching from Yorkshire to Russia and are presumed to be the result o f eustatic
sea level change (Bristow 1988; Ziegler, 1988). The sequence is best developed in a N-S
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trending zone coincident with the present Pennine uplift. To the east and west of this axis
the sequence thins markedly (Anderton et a l., 1985, Glennie, 1990a).

The facies and stratigraphy o f the Silesian rocks within the southern North Sea Basin are
broadly similar to that o f the UK onshore sequence described above (Besly, 1990). During
the late Namurian, sedimentation rates exceeded subsidence rates and deltaic deposits
rapidly infilled the basinal topography (Ziegler, 1981; Kirby et a t., 1987).

The Westphalian is the major coal-bearing stage in the British Isles and NW Europe.
Crustal subsidence continued on the Carboniferous shelf throughout this time, indeed,
1060m o f Coal Measures strata are preserved in the Midland Valley, 3050m in the
Lancashire-North Staffordshire area, 2440m in South Wales, and 760m in Kent (Anderton
et al., 1985).

During the Late Carboniferous, the central and southern North Sea was occupied by the
distal parts o f the Variscan foreland basin. In this basin, a southward-expanding thick
wedge of paralic coal measures accumulated (Ziegler, 1990). Siltstones, numerous
interbedded coals, laterally discontinuous sandstones and carbon-rich mudstones in Marine
bands were deposited within the basin. The last basin wide transgression is recorded by the
marine mudstones o f the Gastrioceras cambriense Marine Band (Westphalian C) (Kirby et
a l., 1987; Ziegler, 1987; Haszeldine, 1988).

The Upper Carboniferous humid, tropical climate is traditionally thought to have ended
during the late Westphalian to Stephanian (Ziegler, 1990). Over most o f the southern North
Sea, the uppermost 50m of the Carboniferous sequence has been affected by penetrative
oxidation below the Permian desert land surface and is linked to increasing aridity in the
Permo-Triassic period (Besly, 1988; 1990; Glennie, 1990a).

During the Stephanian-Autunian, following a proposed change in relative movement
between Laurasia and Gondwana, a system of NW-SE and conjugate NE-SW trending
wrench faults are thought to have aided the ‘collapse’ of the Variscan fold belt (Glennie,
1990a). In the southern North Sea, many of these wrench faults are aligned parallel to
Precambrian lineaments and may be related to a rejuvenation o f these structures (Glennie,
1990a). The Mid-North Sea-Ringkobing-Fyn trend o f highs (Figure 3.9) also developed
during the Stephanian-Autunian (Ziegler, 1990). This structural high may have been created
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by Variscan compression or by the intrusion of granitic plutons along an E-W line (Donato
et al., 1983; Doré and Gage, 1987).
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Figure 3.9: The pre-Permian sub-crop in the southern North Sea illustrating the distribution of
Carboniferous strata, Rotliegend reservoirs, and the trend of the Mid-North Sea-Ringkobing-Fyn
High and the location of the London-Brabant Platform, (After Glennie, 1990a).

3.2.4 Permian (290Ma to 245Ma)
During the Permian, subsidence of the E-W trending Northern and Southern Permian basins
and the Moray Firth basin (Figure 3.10) was followed by the initiation of the N-S trending
Viking and Central Graben system within the Pangaean supercontinent (Ziegler, 1981; Doré
and Gage, 1987; Glennie, 1990a).

The outlines and geometry of the Northern Permian basin located in the central North Sea
are not well known. During Rotliegend times it was separated from the southern basin by
the Mid-North Sea-Ringkobing-Fyn Highs (Ziegler, 1975). The Southern Permian basin is
broadly saucer-shaped and extended from the east coast of England into northern Germany
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and Poland (Ziegler, 1988, 1990). Deposition also occurred In the Moray Firth Basin and
a series of half-graben basins stretching from south-west England to west and south-west
Scotland (Marker et aL, 1987; Glennie, 1990b). It has been suggested that uplift, especially
during the Westphalian, was not solely confined to the orogenic belt and the Permian
sequence within the North Sea Basin Is separated from the Carboniferous by the substantial
Saallan unconformity (Anderton et al., 1985; Besly 1990).
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The Permian stratigraphy of NW Europe Is based on the German classification of Early
Permian Rotliegend clastic deposits and evaporltes and Late Permian Zechsteln carbonates,
salts and evaporltes (Harland et al., 1989).
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3.2.4.1 Lower Permian - Rotliegend (290Ma to 256Ma)
Rotliegend sediments comprise continental red beds, basinal shales, and evaporltes and
reach a maximum thickness of 1500m in the southern basin and 600m in the northern basin
(Glennie, 1990b, Ziegler, 1990). The stratigraphy of the Rotliegend sediments is illustrated
in Figure 3.11. The Rotliegend sands which are developed in a broad belt along the margin
of the Southern North Sea basin form the reservoir rocks for a number of major gas
accumulations in this region (Ziegler, 1988; Glennie, 1990b) and are thought to have been
deposited under increasingly arid conditions (Ziegler, 1981).
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Figure 3.11: The stratigraphy of the Upper and Lower Rotliegend groups encountered in the
North Sea region. The names in parentheses refer to formations in the Northern Permian Basin.
Dotted areas represent fluvial or mixed fluvial and aeolian sands. (After Glennie, 1990b).

The Lower Rotliegend sediments comprise an association of volcanic rocks with some
sedimentary sequences of lacustrine, fluvial, and aeolian origin deposited in a climate that
alternated between humid and arid (Glennie, 1972). In comparison to the Upper Rotliegend,
the distribution of Lower Rotliegend is very limited. The range from basic to intermediate
volcanic rocks and their distribution adjacent to known or inferred faults, suggest that their
origin was possibly related to the earliest tensional movements connected with the creation
of the basins and the graben systems of the North Sea (Glennie, 1990b).

The Upper Rotliegend is made up of four distinctive facies interpreted as products of
deposition in fluvial (wadi), aeolian, sabkha, and lacustrine environments. All four facies
are widely distributed throughout the asymmetric basin, whose floor sloped from south to
north over much of its area (Glennie, 1990b). The Weissliegend dune sands which form the
uppermost part of the Rotliegend sandstone sequence are, in general, grey or white in
colour, and structureless (Glennie, 1990b).
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In the Northern Permian Basin and the Moray Firth, the facies distribution of the
Rotliegend is less well known than the southern basin (Figure 3.10). The sedimentary facies
are assumed to be similar to those in the southern basin although the presence o f some
minor facies is yet to be demonstrated (Glennie, 1990b). Rotliegend sabkha, wadi, fluvial
and aeolian sands have been described from the Northern Permian Basin as well as basaltic,
dacitic and rhyolitic extrusive rocks, some o f which are interpreted as involving subaerial
activity under arid conditions (Sorensen and Martinsen, 1987). Borehole and seismic data
indicate the presence o f Rotliegend deposits throughout the Central Graben area (Sorensen
and Martinsen, 1987).

To the north o f the Mid-North Sea High, the Upper Permian Zechstein sediments lie
conformably upon Rotliegend deposits and overstep them on the Mid-North Sea High (Day
et al., 1981). During Rotliegend time, the Northern Permian Basin was the site of
significant tectonic activity (Ziegler, 1975, 1988), including the development o f the OsloHorn Graben, and early structures within the Viking Graben (Figure 3.10). Extension
within the Oslo-Horn Graben was associated with considerable Lower Rotliegend volcanic
activity (Ziegler, W .H., 1975; Glennie, 1990a).

In both basins the whole sequence is capped by a thin, copper coloured, highly organic
shale known as the Kupferschiefer (Taylor, 1990). This shale marks the transition from the
Rotliegend to the Zechstein (Taylor, 1990) and reflects the low energy of the epicontinental
basin; little or no circulation o f bottom waters led to conditions suitable for the formation
of these sapropelic shales (Anderton et al., 1985).

Throughout the Lower Permian, it has been suggested that subsidence of the Rotliegend
Basins greatly exceeded sedimentation with the subsequent development o f basin-wide
topographic depressions below the level o f the worlds oceans (Ziegler, 1982). The Caspian
Sea Basin in Asia has been interpreted as a broad, modem analogue to the Rotliegend
basin(s) both in areal extent and general environmental conditions (Anderton et a l., 1985).

3.2.4.2 Upper Permian - Zechstein (256Ma to 245Ma)
The Upper Permian began with a major, very rapid, marine transgression (Ziegler, 1981).
This sea extended over parts o f the Netherlands and Germany and led to the deposition o f
cyclical carbonate and evaporite sequences of the Zechstein formation (Taylor, 1990).
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Progressive subsidence of the Norwegian-Greenland Sea Rift, combined with an assumed
glacio-eustatic rise in sea level related to Gondwanan deglaciation, resulted in a rapid
southward transgression o f the Arctic Seas (Ziegler, W .H., 1975; Ziegler, 1988). From the
Norwegian-Greenland rift, the sea advanced southward into the Faeroe Rift (Figure 3.12)
and entered the Rotliegend intra-continental depressions via the Irish Sea and across the East
Midlands (Ziegler, 1988). Evidence for the rapid nature o f the initial transgression is
provided by the presence o f basal conglomerates and Rotliegend dune sands which have
been reworked and exhibit slumping compatible with sudden drowning (Anderton et a l. ,
1985). This sea is thought to have extended over parts o f the Netherlands and Germany and
led to the deposition o f the cyclical carbonate and evaporite sequences o f the Zechstein
Formation (Taylor, 1990).

It has been suggested (Caputo and Crowell, 1985) that long-term and short-term sea-level
changes played an important role during the Permian. These changes have be related to the
glaciation of Gondwanaland that peaked at the boundary between the Carboniferous and the
Permian and waned rapidly at the beginning of the Late Permian (Caputo and Crowell,
1985). The cyclical nature o f the Zechstein series suggests continued glacio-eustatic sea
level fluctuations (Ziegler, 1988), however, local tectonic activity may also have played a
major role in the deposition o f this series of rocks.

In the North Sea, Zechstein deposits comprise five major sedimentary cycles, Z1-Z5. Each
cycle begins with shelf carbonates and grades up into evaporites (Taylor, 1990). The
carbonates are best developed around the margins o f the basin, and the thickest evaporites
(up to 1000m) occur towards the centre (Figure 3.13). Salt diapirism has since complicated
the thickness patterns considerably (Anderton et al., 1985). The cycles in both basins are
correlative and indicate that both basins were in communication across the Mid-North
Sea-Ringkobing-Fyn High (Jenyon et a l , 1984). Evidence from the Danish sector o f the
Central Graben suggests that this segment of the rift had not started to subside at this time
(Taylor, 1990).
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The ‘ideal’ Zechstein cycle illustrates the influence of increasing salinity and decreasing
water depth through evaporation of a marine incursion, commencing with a thin clastic
member which passes upwards through limestone/dolomite, anhydrite, halite and,
occasionally, to magnesium and potassium salts (Ziegler, 1981; Taylor, 1990). Within the
Zechstein sequence as a whole there are many omissions and reversals of cyclic stages. If
the overriding cyclic control was eustatic variation in ocean level, it was modified by the
action of a barrier which, whenever it was exposed, caused evaporative drawdown of the
water in the Zechstein basin behind it (Taylor, 1990). It has been proposed that the nowsubmerged Hitra Fault Alignment formed this barrier (Doré and Gage, 1987). This barrier
was eventually breached by a combination of continued marine transgression and local
tectonics associated with the northwards propagation of the northern North Sea graben
system (Badley et al., 1988; Taylor, 1990).
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Figure 3.13: A diagrammatic shelf-basin profile of the Zechstein sequences in the U.K.
southern North Sea, showing the German nomenclature in common usage. (After Taylor, 1990).

The Zechstein sequences are very thick in sub-basins adjacent to the WNW-ESE trending
faults south of Norway, and in the UK-Dutch gas basin (Figure 3.14). These sub-basins are
elongated and have been modelled to have been generated by compressional plate-tectonics
with a WNW-ESE oriented palaeo-stress-field (Figure 3.14). This palaeo-stress field
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orientation has been inferred as the axes of the two basins are subparallel to the left- and
right-lateral strike-slip shear directions (Olsen, 1987).
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Figure 3.14: A map of Zechstein isopachs and a possible compressional tectonic model.
Contour interval = 250m. (After Olsen, 1987). Note the NW-SE orientation of maximum
compression in the Southern North Sea Basin.

3.2.5 Triassic (245Ma to 208Ma)
During the Triassic, the break-up of Pangaea, the associated tensional stresses and
subsequent extension dominated the North Sea area (Sdater and Christie, 1980, Fisher and
Mudge, 1990). The subsidence that had begun in the Permian rapidly accelerated (Sorensen,
1986), block faulting led to the establishment of a complex set of multidirectional horsts and
grabens (Ziegler 1975, 1990; Anderton et al., 1985). The localisation of these Mesozoic
grabens was, to a large extent, governed by the tensional reactivation of pre-existing
fracture systems (Johnson and Dingwall, 1981; Ziegler, 1982).
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The major new structural element in the North Sea was the Viking-Central Graben (Figure
3.15). This 1000km long structure transected the northern Permian Basin and the MidNorth Sea Ringkobing-Fyn High and is related to early rifting along the Arctic-North
Atlantic rift zone (Ziegler, 1975).
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It has been proposed (Ziegler, 1982) that the truncation of the Newfoundland-Scotland
Caledonides by the Scandinavian-Central European Caledonides was the result o f the
formation o f a triple junction by successive collision o f Caledonian plates. Beach (1985)
added that such a geometry makes it quite feasible that the Viking-Central Graben was
inherited directly from a Caledonian suture zone.

The Triassic series consists predominantly o f continental red-beds and include alluvial-fan,
fluvial, aeolian, sabkha, lacustrine, and shallow-marine facies (Jakobsson et al., 1980;
Fisher and Mudge, 1990). The inter-relationship between the facies is dependant on the
tectonic setting, for example, in tectonically active basins alluvial fan deposits will merge
with those formed in playa lakes or other basin-centre environments (Jakobsson et at.,
1980; Ziegler 1982; Fisher and Mudge, 1990). With the final regressive phase of the
Zechstein seas, continental and paralic environments extended from the periphery, where
they were already established, into the centre of the basins (Fisher and Mudge, 1990).

Throughout the Early Triassic, sedimentation is thought to have kept pace with subsidence
(Ziegler, 1982) it has been proposed that the northern and southern Basins continued to
subside along fault lines established in the Permian (Ziegler, 1982). The progressive
downwarping and widening of the basins resulted in the gradual burial o f the Mid-North
Sea-Ringkobing-Fyn High (Ziegler, 1975). During the Triassic, rising sea levels, combined
with subsidence o f the Tethys and Arctic-North Atlantic graben systems, caused a
progressive overstepping o f the Permian Basin margins (Ziegler, 1988). It is thought that
the Northern and Southern Permian Basins became fully connected during the Early
Triassic, thus forming the much larger North West European Basin (Ziegler, 1988).

In the Southern North Sea Basin the sediments have remarkable lateral continuity (Figure
3.16; Fisher and Mudge, 1990). In contrast, to the North o f the Mid-North SeaRingkobing-Fyn High, regional tectonism played a much more important role in controlling
sedimentation throughout the Triassic and lithostratigraphic correlations are less satisfactory
(Ziegler, 1981; Fisher and Mudge, 1990). A secondary, but significant tectonic influence
was that of halokinesis: the Zechstein halites were mobilised by a combination of tectonism
and overburden pressure (Ziegler, W .H., 1975; Fisher and Mudge, 1990).
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3.2.5.1 The Southern North Sea Basin
It is likely that the Triassic Southern North Sea Basin occupied approximately the same
geographic position of the Southern Permian Basin (Figure 3.15; Ziegler, 1988). Positive
structural features around the area were the Mid-North Sea-Ringkobing-Fyn High to the
north and the Pennine High to the west (Fisher and Mudge, 1990). Subsidence of the
Central and Horn Grabens led to 1500m of sediments being deposited in the southern part
of the Central Graben (Ziegler, 1982; Fisher and Mudge, 1990).
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Figure 3.16: The Triassic lithostratigraphy of the North Sea Basin. (After Fisher and Mudge,
1990).

The Triassic succession in the area falls into two distinct groups:
The Bacton Group: red sandstones, shales and mudstones, which exhibit a broad
coarsening-upward sequence as a result of progradation of clastic sediments into the basin
(Fisher and Mudge, 1990), and;
The Haisborough Group: a predominantly fine grained clastic and evaporitic sequence
comprising distal flood-plain deposits alternating with deposits from coastal sabkha or
shallow-marine environments (Fisher and Mudge, 1990).

It is assumed that the sandstones of the Bacton Group (Figure 3.16) result from the periodic
rejuvenation of a major southern source area such as the London-Brabant Massif, and
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represent a succession o f northward prograding braided fluvial complexes separated by
dominantly argillaceous lacustrine sediments (Anderton et al., 1985; Fisher and Mudge,
1990).

It is probable that the Bacton Group accumulated in a relatively arid continental interior in
low northern palaeolatitudes, within a central trade-wind zone (Anderton et a t., 1985).
Seasonal precipitation is proposed to have initiated short-lived sheet floods that deposited
the sediments in the large playa lake or inland sea (Michelsen and Andersen, 1983; Fisher
and Mudge, 1990).

During the late Scythian (Figure 3.16), the first marine conditions between NW Europe and
the Tethys Ocean were established: the ‘Rôt’ sea is proposed to have transgressed
westwards into the basin (Ziegler, 1981). This direction o f transgression contrasts strongly
with the southerly transgression of the Zechstein seas (Anderton et a t., 1985).

Greater tectonic stability was contemporaneous with deposition o f the Haisborough Group
(Fisher and Mudge, 1990), while the Mid-North Sea-Ringkobing-Fyn High still formed the
northern limit o f the basin (Ziegler, 1975; Anderton et a l., 1985; Doré and Gage, 1987).
Periodic ingressions of the Tethyan marine realm, the deposition o f the Muschelkalk shelly
limestone series, the Keuper Halites and Marls, and the cyclical nature o f the sediments
have been proposed to relate to a combination of sea-level changes on a global scale and
local tectonic activity (Biddle, 1984; Doré and Gage, 1987; Ziegler, 1988).

Towards the end of the Triassic, the brackish and shallow marine claystones and sandstones
o f the Winterton Formation were deposited (Michelsen and Andersen, 1983; Fisher and
Mudge, 1990). The sands and shales o f this formation onlap onto structural highs and it is
assumed that this formation was deposited during a locally significant marine transgression
(Fisher and Mudge, 1990).

3.2.5.2 The Central North Sea Basins
The Central North Sea Basins lie to the North of the Mid-North Sea-Ringkobing-Fyn High
approximately in the same geographic position as the Northern Permian Basin (Figure
3.15). Triassic sediments from the Central North Sea attain maximum thicknesses of some
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2000m in the Central Graben, 4000m in the Horn Graben and 3500m in the Egersund Sub
basin (Ziegler, 1990).

In the Central North Sea the Triassic succession can be divided into the Smith Bank
Formation and the Skagerrak Formation (Figure 3.16). The Smith Bank Formation
comprises basinal silty mudstones with rare sandstone stringers and marginal conglomeratic
beds. The mudstones within the Smith Bank Formation are comparable with the Bunter
Shale Formation o f the Southern North Sea (Fisher and Mudge, 1990).

The Skagerrak Formation is, in part, younger than, and in part o f equivalent age to the
Smith Bank Formation. It comprises interbedded conglomerates, sandstones, siltstones, and
shales which are thought to have accumulated at the margins o f the basin and are proposed
to have been derived from the Fennoscandian Shield (Fisher and Mudge, 1990; Ziegler,
1990). In some parts of the Witch Ground Graben, the Skagerrak Formation unconformably
rests on the truncated Smith Bank Formation. This has been interpreted as the initial phase
in the subsidence of the Witch Ground Graben (Barker et a /., 1987).

It has been suggested that significant deposition in the Central North Sea only occurred
when lacustrine or marine sedimentation extended beyond the limits of the Triassic southern
North Sea Basin (Michelsen and Andersen, 1983).

The Triassic sequences within the Central and Southern North Sea Basins have been
analysed by Olsen (1987) who proposed that the dominant compressional stress during the
Triassic was oriented WNW-ESE (Figure 3.17). This orientation is comparable to that
determined by Olsen (1987) for the Permian successions (Figure 3.14), however, during
the Mid to Late Triassic a change in the direction o f compressive stress to a NW-SE
orientation has been modelled in the N-S trending grabens (Olsen, 1987).

3.2.5.3 The Northern North Sea Basins
During the Triassic, the Northern North Sea was dominated by north-south faulting which
formed deep and well defined grabens (Figure 3.2). Faulting commenced in the Permian,
and rapid subsidence occurred throughout the Triassic (Ziegler, 1982; Doré and Gage,
1987; Badley et al., 1988; Fisher and Mudge, 1990). It is assumed that in the basins
bordering the Viking Graben, deposition would have been dominated by alluvial fans at the
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fault-bounded margins, with finer-grained fluvial or lacustrine sediments in the ‘lows’
(Fisher and Mudge, 1990).
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Figure 3.17: A map of Triassic isopachs and a possible compressional tectonic model. Contour
interval = 250m. (After Olsen, 1987). Note the NNW-SSE orientation of maximum horizontal
compression in the Southern North Sea Basin.

The Northern North Sea Basins are thought to have been separated from the Central North
Sea Basins by a structural block in the vicinity of the triple junction between the Witch
Ground, Viking and Central Grabens (Fisher and Mudge, 1990). The Triassic sequences
in this area has been divided into the Cormorant Formation south of the latitude 60°N, and
the Hegre Group to the north. Both groups are overlain by the Statfjord Formation (Fisher
and Mudge, 1990).

The Cormorant Formation is mainly composed of argillaceous sandstones with some
siltstones, shales, conglomerates, and coarser-grained sandstones deposited in a fluvio-75 -

lacustrine environment (Fisher and Mudge, 1990). Correlation o f this sequence between
separate fault blocks has proven to be very difficult due to the unfossiliferous nature of the
rocks and the use of this term has been proposed to be restricted to attenuated sequences
on structural highs (Fisher and Mudge, 1990).

The Hegre Group, comprising the Teist, Lomvi, and Lunde Formations, is used as a broad
term to cover the Triassic sediments in this area. The rocks comprise interbedded
sandstones, shales and claystones resulting from deposition in fluvial, aeolian and lacustrine
environments (Fisher and Mudge, 1990). Detailed correlation between the Hegre Group and
the Cormorant Formation is not feasible from the current published data (Fisher and
Mudge, 1990).

The Statfjord Formation overlies both the Cormorant Formation and the Hegre Group. Its
base is defined by an coarsening-upward succession of grey, green, and red shales
interbedded with thin siltstones, sandstones and dolomites indicative of a slow marine
transgression (Fisher and Mudge, 1990). It is thought that the environment o f deposition
o f the formation was from coastal alluvial fans or fan deltas which show evidence of
repeated progradation onto a coastal plain (Roe and Steel, 1985).

3.2.6 Jurassic (208Ma to 145Ma)
From an economic standpoint, the Jurassic is the most important period in the history of
the North Sea. Jurassic sandstones provide reservoir rocks for many North Sea oil fields
and, more importantly, rocks from this stratigraphie system provide the main source rocks
in the central and northern North Sea (Brown, 1990). A generalised outline o f the Jurassic
lithostratigraphy within the North Sea basin is illustrated in (Figure 3.18).

During the Jurassic the North Sea was flanked by the large, active rift systems within the
Arctic-North Atlantic and Tethyan Oceans (Ziegler, 1981). Jurassic strata occur for the
most part in fault-bounded basins related to the crustal extension initiated during the
Permian (Brown, 1990). Fault-controlled differential subsidence, contemporaneous with
sedimentation, had a marked influence on stratigraphie thickness and facies distribution
throughout the area (Brown, 1990).
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Figure 3.18: A generalised outline of the Jurassic lithostratigraphy within the North Sea Basin.
(After Brown, 1990).
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Many o f the recognised faults appear to follow older structural trends, including reactivated
Precambrian, Caledonian and Variscan lineaments (Selley, 1975; Eynon, 1981; Johnson and
Dingwall, 1981). However, Janet Watson (1985) pointed out the discordance of the main
graben system with the NE-SW grain o f the Caledonian orogenic belt and with major late
Palaeozoic structures such as the Mid-North Sea-Ringkobing-Fyn High, and suggests that
this raises questions about the importance o f inherited structural trends in determining the
orientation o f major rift basins. Recent evidence from deep seismic reflection profiling
suggests that many extensional structures within the basin must have been newly formed
during the Mesozoic, and evidence o f reactivation o f Palaeozoic compressional faults is
limited (Klemperer and Hurich, 1990). However, as discussed in section 3 .2.2, the evidence
for a Palaeozoic shear zone (Figure 3.6) which is thought to have predestined the
development o f the Viking-Central Graben rift system suggests that at least some o f the
major faults in the North Sea Basin have been active since the Palaeozoic and reactivation
o f these lineaments has been important in the structural evolution o f the Basin.

The earliest interpretations of the origin o f the main graben system envisaged plume
generated crustal uplift centred on the mid-Jurassic volcanic pile at the intersection o f the
Viking Graben, Central Graben and the Witch Ground Graben (Brown, 1990). Further
interpretations emphasised the presence o f anomalously thin continental crust under much
o f the main grabens (Christie and Sclater, 1980) which relied on a hypothesis of regional
lithospheric stretching (after McKenzie, 1978). Wood and Barton (1983) associated the
extrusion of basalts during the mid-Jurassic with the most significant and rapid phase of
extension. This model envisaged stretching and fault-controlled subsidence throughout the
mid- to late-Jurassic and into the Early Cretaceous, when, as extension in the North Sea
area ceased, thermally induced subsidence became the dominant influence on basin
formation (Brown, 1990).

In localised areas, detailed analyses o f seismic and borehole data (McQuillan et al.y 1982;
Badley et al.y 1984; 1988) have refined or suggested departures from this regional model
and incorporate initial Permo-Triassic rifting in the Viking Graben and Moray Firth
followed by a second phase during the Jurassic.

After tectonism, the second major influence on Jurassic sedimentation was a eustatic change
in sea-level (Brown, 1990). The Jurassic period is thought to have been characterised by
a gradual rise in sea level until the Kimmeridgian (Brown, 1990) followed by a net fall into
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the Lower Cretaceous (Rawson and Riley, 1982). However, the interplay between
subsidence, sedimentation and eustatic sea-level change are difficult to disentangle.

The Jurassic sequences within the Central and Southern North Sea Basins have been
analysed by Olsen (1987) who proposed that deposition in basins controlled by N-S and
NW-SE trending faults are parallel to the strike-slip shear directions that a dominant
compressional stress oriented NW-SE would give (Figure 3.19). This orientation is identical
to that determined by Olsen (1987) for the Late Triassic successions in this area (Figure
3.17).
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Figure 3.19: A map of Jurassic isopachs and a possible compressional tectonic model. Contour
interval = 250m. (After Olsen, 1987). Note the NNW-SSE and NW-SE orientation of
maximum horizontal compression in the Southern North Sea Basin and the Central Graben
respectively.
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3.2.6.1 Lower Jurassic (208Ma to 178Ma)
The Lower Jurassic, consisting of a broadly transgressive marine argillaceous deposits has
the most restricted distribution of the three Jurassic series in the North Sea basins (Brown,
1990). Lower Jurassic strata are absent, or at best patchily distributed over much o f the
northern North Sea, however, such strata attain maximum thicknesses of 500m in the north
Viking Graben, 750m in the Danish Basin and 250-500m in the Central Graben (Ziegler,
1981; 1990). Away from the uplifted areas, the Lower Jurassic succession reaches around
900m in the Sole Pit Basin and includes the organic-rich Posidonia Shale (Brown, 1990).

Within the Inner Moray Firth, the Lower Jurassic is represented by a transgressive
sequence, consisting o f shales with minor sandstones which is overlain by a coarseningupward sandy sequence formed in a broadly deltaic setting capped by the Middle Jurassic
Brora Coal Formation (Andrews and Brown, 1987; Brown, 1990). As illustrated in Figure
3.18 these facies do not continue into the Outer Moray Firth/Witch Ground Graben.

Lower Jurassic marine shales above a basal sand are widely distributed throughout the
Viking Graben (Brown, 1990). These shales overlie the upper Triassic Statfjord Formation
and show evidence of a diachronous marine transgression (Anderton et a l., 1985; Brown,
1990).

3.2.6.2 Middle Jurassic (178Ma to 157Ma)
During the Middle Jurassic, crustal extension accelerated in the Arctic-North Atlantic and
Tethys-Central Atlantic Rift. This was accompanied by late Aalenian-Bajocian upwarping
o f a large rift dome centred over the Central Graben and by the development o f a large
volcanic complex at the triple junction between the Viking Graben, Central Graben and
Moray Firth-Witch Ground Graben system (Ziegler, 1982; 1990). This volcanic complex
displayed a bimodal mafic-felsic alkaline chemistry typical o f intracontinental rifts (Fall et
at., 1982; Latin et al., 1990). The volcanic rocks appear to thicken southwards and reach
a maximum thickness o f 1500m in presumed vent areas (Fall et al., 1982). Geophysical
modelling of seismic data reported by Ritchie et a l., (1988) indicates that the thickness of
the volcanic rocks rarely exceeds 2.5km. The bulk o f the volcanic rocks were extruded by
the end o f the Bajocian although radiometric ages support both extrusive and intrusive
activity into the Early Cretaceous (Fall et al., 1982; Ritchie et a l., 1988).
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The upwarping and development o f the volcanic dome which has been proposed to have had
a structural relief of 2-3km, created a barrier between the Boreal and Tethys oceanic
provinces (Ziegler, 1982; Doré and Gage, 1987). More importantly the dome provided a
major clastic source for a series o f radially draining fluvio-deltaic systems which followed
major structural alignments. One such system is the Brent Group deposited within the protoViking Graben. This sequence o f rocks is probably the single most productive reservoir unit
in the North Sea (Brown, 1990). It comprises 5 formations: the Broom, Rannoch, Etive,
Ness and Tarbert Formations which are composed o f fluvial sands, prograding shorefaceforeshore sandstone and marine mudstones, coastal plain deposits and a transgressive
sandstone unit (Eynon, 1981; Hallet, 1981; Brown, 1990).

Within the South Viking Graben, the continually rising sea-level resulted in the deposition
o f thick shallow-marine and, eventually, deep-marine sediments (Brown, 1990). Clastic
supply in the Callovian is recorded by the barrier shoreline sand bodies of the Hug in
Formation which are overlain by the Late Jurassic Heather Formation (Harris and Fowler,
1987).

In the southern North Sea, sedimentation was continuous throughout the Lower and Middle
Jurassic, shallow-marine lagoonal sandstones and shales, and occasional calcareous
sediments conformably overlie the Posidonia Shales (Anderton et al., 1985; Brown, 1990).

In the Witch Ground Graben, Middle Jurassic strata rest unconformably on Triassic
continental sediments (Figure 3.18) and consist of basaltic lavas and tuffs o f the Rattray
Formation which are thought to be the products of subaerial eruptions (Fall et al., 1982;
Harker et al., 1987). The precise age range of the lava flows remains uncertain (Ritchie et
al., 1988). Within the Forties and Piper oilfields, a 740m-thick sequence o f undersaturated
alkali basalts is interbedded with Bajocian-Bathonian volcaniclastic sediments, tuffs, and
coal seams of the Pentland Formation which have been interpreted as being fluvio-deltaic
sediments coeval with the Brent Group in the north Viking Graben (Fall et al., 1982;
Anderton et al., 1985; Harker et al., 1987).

In addition to the mid-Jurassic volcanics to the north o f the Central Graben, the fluviodeltaic Bryne Formation rests unconformably on either the late Triassic Winterton
Formation or directly on continental Triassic deposits (Figure 3.18; Brown, 1990).
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3 .2 . 6 .3 Upper Jurassic (157Ma to 145Ma)
During the Upper Jurassic, it is thought that subsidence rates within the North Sea greatly
exceeded those o f sedimentation (Ziegler, 1981). The development of extensive marine
basins and a restriction o f water circulation, coupled with minimal clastic input, led to the
formation o f anoxic bottom conditions and the accumulation o f the organic-rich Kimmeridge
Clay Formation (Ziegler, 1981). The Kimmeridge Clay Formation forms the principal
source rocks within the northern North Sea area (Brown, 1990).

Tectonic activity in the Upper Jurassic was concentrated around the Viking, Central and
Moray Firth-Witch Ground Graben systems, normal faulting in these areas is proposed to
have been accompanied by local dextral wrench deformations (Ziegler, 1990). By midKimmeridgian time marine connections had been established between the central and
southern North Sea across the Mid-North Sea High (Ziegler, 1988, 1990).

Along the margins o f the Central Graben, sand bodies accumulated contemporaneously with
the shales adjacent to a number intra basinal ‘highs’. These form important reservoir units
such as the Fulmar and Ula Formations and are thought to result from a complex interplay
o f local tectonic activity and halokinesis (Armstrong et a l., 1987; Brown, 1990).

In the Moray Firth area. Upper Jurassic strata consist o f shales and minor beds o f sandstone
with pronounced spatial thickness variations which are overlain by shales equivalent to the
Kimmeridge Clay Formation (Brown, 1990; Underhill, 1991). The thickness variations in
this area are thought to be controlled by a number of planar, normal faults which were
active during the deposition of the sediments (Underhill, 1991).

The Upper Jurassic sequence of the Outer Moray Firth and Witch Ground Graben
comprises three widely distributed units: the deltaic to shallow-marine heterolithic deposits
o f the Sgiath Formation, the shallow-marine sandstones o f the Piper Formation (Marker et
al., 1987) and the overlying Kimmeridge Clay Formation (Figure 3.18). In places, shales
o f the Kimmeridge Clay Formation are replaced by Turbiditic sands derived from faultcontrolled ‘highs’ (Maher and Marker, 1987).

The Upper Jurassic sequence within the Viking Graben consists of marine shales and
turbiditic sandstones of the Heather Formation. These sediments are overlain by submarine-
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fan sandstones and conglomerates o f the Brae Formation (Figure 3.18) which is in turn
blanketed by the Kimmeridge Clay Formation and its Norwegian equivalent, the Draupne
Formation (Cayley, 1987; Harris and Fowler, 1987; Brown, 1990).

Along the western graben-margin fault, in the South Viking Graben, coarse, proximal
submarine fan sediments originating from the Fladen Ground Spur were deposited whilst
distal sands were deposited in the East Shetland Basin (Brown, 1990). The coarse clastic
sediments are overlain by a thin veneer o f Kimmeridge Clay which passes laterally into
intercalations o f sandy siltstones and shales (Brown, 1990).

Within the literature, the identification of a ‘base Cretaceous’ unconformity is commonplace
(see Brown, 1990). It has been proposed that a major ‘Late Cimmerian’ rifting pulse during
the earliest Cretaceous produced a regional unconformity (Ziegler, 1981) however,
increasingly refined palynological age determinations (Rawson and Riley, 1982) have
illustrated that the hypothesis o f a regional unconformity is a gross over-simplification. An
unconformity between Jurassic and Cretaceous strata is documented from marginal and
intra-basinal ‘highs’ (see, for example, Boote and Gustav, 1987; Brown, 1990), but, for the
most part, the Jurassic-Cretaceous transition is a conformable one.

3.2.7 Cretaceous (145Ma to 65Ma)
The Cretaceous sediments within the North Sea area document the transition from
tectonically-controlled sedimentation with extensive stable massifs, to much quieter, fully
marine conditions o f regional subsidence over the axial graben system (Ziegler, 1981; Doré
and Gage, 1987; Hancock, 1990).

During the Lower Cretaceous, deep-water sedimentation, with half-grabens being infilled
by shales and minor pelagic carbonates, is thought to have kept pace with subsidence
(Ziegler, 1990). The area was then blanketed by more uniform Albian and Upper
Cretaceous sediments (Hancock, 1990). In some basins, however, the rate o f subsidence
was faster than that of clastic supply, and water depth increased (Hancock, 1990).

Not all structural changes during the Cretaceous were simply a matter o f broad crustal
downwarping, in some areas such as the Sole Pit and Broad Fourteens Basins the process
was reversed, the basins being uplifted along inversion axes (Doré and Gage, 1987;

- 83 -

Hancock, 1990). The change from basin to Inversion axis is thought to have been episodic
and there is no unique pattern of timing (Hancock, 1990).

Facies distribution of Cretaceous strata in the North Sea was controlled by tectonic setting,
climate and availability of source materials (Hancock, 1990). The sea-level reached a
maximum in the late Campanian-mid Maastrictian, during which time pelagic chalk facies
dominated the continental shelf (Ziegler, 1981; Rawson and Riley, 1982). Only in the
Viking Graben and the northern part of the Shetland Platform do fine-grained clastic
sediments predominate (Hancock, 1990).
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Figure 3.20: A map of Cretaceous isopachs and a possible compressional tectonic model.
Contour interval = 250m. (After Olsen, 1987). Note the NNW-SSE orientation of maximum
horizontal compression in the Southern North Sea Basin and the proposed change from NW-SE
compressive stress in the Lower Cretaceous to NNE-SSW in the Upper Cretaceous.
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The NW-SE trending stress regime of the Upper Jurassic discussed in section 3 .2 .6 is
proposed to have continued into the Lower Cretaceous (Olsen, 1987) resulting in the
deposition o f Lower Cretaceous sediments in areas with thick Jurassic deposits (Figure
3.20). The orientation o f maximum tectonic stress is proposed by Olsen to have changed
at the end o f the Lower Cretaceous to a NNE-SSW orientation resulting in reactivation of
shear zones in the Central Graben and compression leading to inversion in the Southern
North Sea.

3.2.7.1 Lower Cretaceous
During the Lower Cretaceous, the North Sea was cut off from the southern European Ocean
by the London-Brabant Massif (Figure 3.21) and its extension across the Rhenish Massif
(Ziegler, 1981). Marine connections existed to the east through Germany and to the north
via the Viking Graben into the early Atlantic (Hancock, 1990). The major transgressions
o f the Aptian and Albian more than doubled the submerged area o f the North Sea
(Hancock, 1990). Outside the main depositional basins, Aptian and Albian sediments
dominate the Cretaceous system (Hancock, 1990).

In the Moray Firth Basin, the thickest sequence o f arenaceous Cretaceous sediments occurs.
This 1150m thick pile consists of submarine fan conglomerates and turbidites at the base
o f fault scarps (Hancock, 1990). These sediments are associated with gravity-collapse on
the upthrown sides of contemporaneous faults and deposition in a deep topographic low
(Harker et a/., 1987; Hancock, 1990). Marls, shaly sandstones, and sandstones were
deposited towards the centre of the basin (Harker et al., 1987; Hancock, 1990).

On the uplifted horst blocks in the Outer Moray Firth and Witch Ground Graben, a thin
veneer o f pelagic marls and limestones were deposited (Boote and Gustav, 1987). In the
basins, on the other hand, debris flows and turbidites are again apparent (Hancock, 1990).
These sediments are considerably better sorted than the primary mass-flow deposits,
consequently enhancing the reservoir quality (Boote and Gustav, 1987; Harker et a l., 1987;
Maher and Harker, 1987). These deposits are capped and sealed by Aptian marls and marly
limestones which complete the transition to a low energy sedimentary basin (Rawson and
Riley, 1982; Harker et a l., 1987). At the eastern end o f the Witch Ground Graben, pale
tuffs o f Aptian-Albian age occur, these are thought to have originated from a volcanic
centre at the southern end o f the Viking Graben (Hancock, 1990).
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Within the Viking Graben, deposition was continuous from the Jurassic, and hundreds of
metres of shales of the Cromer Knoll Group (Table 3.2) were deposited in relatively deep
water (Ziegler, 1981; Hancock, 1990).
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Figure 3.21: The thickness and structural setting of the Lower Cretaceous. (After Hancock,
1990).
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In the Central Graben, the Lower Cretaceous succession of grey shales and occasional marls
such as the Plenus Marl (which form important marker horizons), reach thicknesses of up
to 800m (Hancock, 1990). Sedimentation in the northern and central parts of the graben was
continuous from the Jurassic, whilst in the Dutch Sector a distinct break has been observed
(Hancock, 1990).

fO
JO

!Z g

Table 3.2: Approximate correlation of Cretaceous formations in the North Sea region. (After
Hancock, 1990).
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The Lower Cretaceous succession in the Sole Pit Basin consists o f basal sandstones of the
Spilsby Formation, which are overlain by pyritic clays o f the Speeton Clay Formation, and
a ferruginous marlstone o f Aptian-Albian age, known as the Red Chalk Formation
(Hancock, 1990),

3.2.7.2 Upper Cretaceous
The Upper Cretaceous was characterised by a major rise in global sea level (Hancock,
1990). Most o f the London-Brabant Platform, and the Mid-North Sea and Ringkobing-Fyn
High became submerged during the Albian (Figure 3.22). Submergence o f the highs was
completed during the Campanian, when the sea spread over the Fladen Ground Spur and
the Halibut Horst (Hancock, 1990). It is clear from Figure 3.22 that, in the trenches away
from the relatively uplifted areas, large thicknesses o f Upper Cretaceous sediments were
deposited: 1800m in the north Viking Graben, 1200m in the Central Graben, and 1000m
in the South Halibut Basin and Witch Ground Graben (Hancock, 1990).

Basinal facies were widespread during the Upper Cretaceous. Coccolith lime muds were
deposited below wave base, in water depths between 100 and 1000m (Selley, 1975).
Subsequent diagenesis resulted in the development o f the micritic limestones o f the Chalk
Group (Selley, 1975; Ziegler, 1988). It is thought that much o f the chalk in the trenches
was deposited by mass-flows from the flanks (Hancock, 1990).

In the southern North Sea, south of 57®N, most of the Upper Cretaceous is represented by
chalk. This continues across the Cretaceous-Lower Palaeocene boundary as the Danian or
Ekofisk Formation (Hancock, 1990).

Pelagic carbonate deposition gives way northward to calcareous claystone deposition, either
as a consequence o f climatic change or of increased fine clastic input from the Atlantic rift
shoulders (Doré and Gage, 1987). Over the Shetland Platform and in the Viking Graben
north o f 59®30’, the succession is dominantly clastic and comprises 1000 to 2500 metres
o f pelagic marls and clays; only a few metres of Maastrictian chalk are apparent (Hancock,
1990).
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Within the Witch Ground Graben, Late Cretaceous carbonate deposition occurred in a stable
marine basin, the topography being infilled and buried by pelagic and hemipelagic shales,
marls and chalks (Boote and Gustav, 1987; Harker et al., 1987).
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3.2.8 Cenozoic (65Ma to Present)
The North Sea Basin exhibited its present day north-south configuration by Cenozoic times,
the axis following the trend o f the rift systems described throughout this chapter. Sediments
deposited during this time are largely unfaulted and only slightly deformed, halokinesis o f
Zechstein salts again has a marked influence on formation thickness (Ziegler, 1982; Lovell,
1990).

Within the Cenozoic rocks of the North Sea Basin, two main phases o f pyroclastic
sedimentation are recognised. The first, dated around 58-57Ma, the other around 55-52Ma.
The top o f the latter, the Balder Tuff Formation, is a widespread seismic and stratigraphie
marker (Lovell, 1990). These ashes result from contemporaneous igneous activity to the
west o f the British Isles that was associated with a particularly active phase in the opening
o f the North Atlantic (Ziegler, 1988; Lovell, 1990).

Figure 3.23 illustrates the great changes in the palaeogeography o f the British Isles from
the Upper Cretaceous to the Early Tertiary from almost total submergence, to the
emergence o f a landmass exhibiting the shape o f the present day British Isles (Lovell,
1986).

3.2.8.1 Palaeocene (65Ma to 56Ma)
During the Lower Palaeocene (Danian), subsidence of the North Sea basin continued. Chalk
deposition persisted within the Central Graben, whilst in the Viking Graben, clastic
sediments became the dominant lithotype (Ziegler, 1981; Lovell, 1986).

Four major oil- or gas-bearing sandstone units can be recognised within the Palaeocene of
the central North Sea. Two of them were derived from the Scottish Highlands, and the
other two were derived from the Shetland Platform (Lovell, 1990). These clastic rocks
comprise sands o f deltaic, shelf, and submarine fan origin (Ziegler, W.H. 1975). The large
submarine fans are separated in basinal areas by hemipelagic muds (Lovell, 1990).

It has been proposed that a large Palaeocene fluvial delta built out into the Moray Firth and
East Shetland Platform (Rochow, 1981; Whyatt et al., 1991). The Moray Firth delta
developed a series o f extensive submarine fans which prograded into the Central Graben
and were responsible for the deposition of the major sand bodies o f the Montrose, Forties
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and Frigg fields (Figure 3.24). At the end of the Palaeocene, coarse clastic input was halted
by a basin-wide rise in sea-level and sedimentation was reduced to hemipelagic fallout of
clays and tuffs into what had become an anoxic basin (Whyatt et al., 1991).
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3.2.8.2 Eocene (56Ma to 35Ma)
Prograding sedimentation from the margins to the centre of the basin was coupled with slow
subsidence (Lovell, 1986). Clastic supply from the west diminished, subsidence rates and
rising sea levels are thought to have been greater than sedimentation rates, and the basin
deepened (Ziegler, 1981, 1982).
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û/., 1991).

-92-

3.2.8.3 Oligocène, Miocene and Pliocene (35Ma to 2Ma)
Throughout the Oligocene, water depths decreased (Lovell, 1986). This was followed by
an increase in the rate of sedimentation and a slight increase in subsidence rates due to
sedimentary loading (Ziegler, 1982; Lovell, 1986). Sediments derived from the east and
south-east were deposited as deep water Oligocene shales and upward shallowing Neogene
sediments (Ziegler, 1981).

3.2.8.4 Quaternary (2Ma to Present)
Quaternary sediments within the Central North Sea are between 500 and 1000m thick and
are associated with an acceleration o f subsidence rates brought about by renewed build up
o f NNW-SSE oriented compressional stresses (Ziegler, 1990).

Following the Pleistocene glacial events the present-day geography o f the North Sea Basin
and surrounding areas was revealed. Following the removal o f the ice-sheet from northern
Britain the UK mainland has undergone isostatic uplift centred on the point o f maximum
loading in SW Scotland (Anderton et al., 1985).

3.3 Geophysical Studies Within The North Sea Basin
Two main types o f geophysical studies have been carried out within the North Sea area:
these are: (i) gravity modelling and (ii) deep seismic reflection profiling. The remainder o f
this chapter will concentrate on these studies.

3.3.1 Marine Gravity Data
Marine gravity data have steadily been acquired over the past 20 years or so by a number
o f regional and local organisations such as the British Geological Survey, the Danish
Geodetic Institute, and the Norwegian Geographical Survey as well as Universities and
private companies. These data have been assembled by Day et al. (1990) and form a
virtually complete coverage o f the North Sea Basin between 51 °N and 62°N.

The results of this amalgamation of these data are illustrated in Figure 3.25. The Bouguer
gravity anomaly was calculated by Day et al. (1990) from the network-adjusted free air and
depth values according to the relationship:
Bouguer anomaly = free air gravity + 0.068765 x depth.
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This assumes a Bouguer correction density o f 1.64 g/cm^, which represents the correction
for rock and water densities of 2.67 g/cm^ and 1.03 glcvc? respectively (Day et al.y 1990).

It is generally accepted that the interpretation o f gravity anomaly data is inherently
ambiguous (Kearey and Brooks, 1989). From Figure 3.25, it is apparent that, on a regional
scale, the gravity field is dominated by relatively weak gravity anomalies over the graben
structures which are indicative o f near-isostatic equilibrium (Fichier and Hospers, 1990).
There is a gradual northward increase in Bouguer Gravity Anomaly values throughout the
North Sea Basin. Within the southern North Sea, a broad band o f generally negative values
stretching along the latitude o f 54®N from the Yorkshire Coast in the west to southern
Denmark in the east. The southernmost tip o f the Central Graben (co-ordinates, 4®E, 54° N)
is illustrated as a relative gravity high in this area as is the western portion o f the AngloDutch Basin (2°E, 54°N).

A band of relatively high values occur along a latitude o f 56°N . This approximately
coincides with the location and orientation of the Mid-North Sea and Ringkobing-Fyn High.
The highest values occur at the intersection of the Central Graben and the Mid-North Sea
High (2°E, 56°20’N).

In the Inner Moray Firth (2°W , 58°N ), a restricted but relatively deep gravity low can be
seen from the data compiled by Day et al. (1990). This low is bounded to the northwest by
the Great Glen Fault and to the south by the Banff fault, both o f which have a long history
o f movement along them (see section 3.2 for example).

The northern North Sea basin is dominated by areas representing large, positive, gravity
anomalies; the two most noticeable o f these features from Figure 3.25 are the North
Shetland Platform to the north east o f the Shetland Islands (1°E, 61 °N) and a linear area
parallel to the Norwegian Coast (centred around 4°E , 59°N ).
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Figure 3.25: A Bouguer gravity anomaly map of the North Sea region indicating gravity lows
over the southern North Sea Basin and Inner Moray Firth and highs over the Central and Viking
Graben areas. (After Day et al., 1990).
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3.3.2 Deep Seismic Reflection Profiling
Since the mid-1980’s nearly 10,000km o f deep reflection profiling has been carried out in
the North Sea Basin (Klemperer and Hurich, 1990). This extensive amount o f profiling
provides an opportunity to study the tectonic evolution of the North Sea on a crustal scale.

Deep seismic profiles have helped to locate some Caledonian crustal-scale structures (for
example, the lapetus Suture and the Great Glen Fault) and imply that these structures have
helped control subsequent basin development (Klemperer and Hurich, 1990). Other major
Palaeozoic faults such as the Tomquist zone and the Highland Boundary Fault have no clear
expression on deep seismic profiles across the basin and it has therefore been proposed that
these structures were o f little importance in the Mesozoic episode o f basin extension in the
North Sea (Klemperer and Hurich, 1990).

The pattern o f crustal thinning in the North Sea Basin is approximately symmetric, and
centred beneath the main graben structures, which are, in turn, centred beneath the thickest
parts o f the post-rift thermal subsidence basins (Day et al., 1981). The coaxial alignment
o f rifting and subsidence is characteristic o f basins produced by stretching models {e.g.
McKenzie, 1978) and also o f those basins formed by whole-lithosphere normal simple shear
along low-angle detachments proposed by Wernicke (1985) and illustrated from the North
Sea by Beach (1986). Although the discussion o f the applicability o f these models and other
models to the development o f the North Sea Basin is interesting, they are o f limited
relevance to the main topic o f this thesis and will therefore be avoided.

3.4 Concluding Remarks/Summary
In conclusion, it is useful to quote from Olsen (1987) who stated that ‘The North Sea is a
huge and very complex geological region, which cannot be documented or explained in one
short chapter’.

The chapter has shown that the development o f the North Sea Basin through geological time
is a complex interaction o f the distribution o f ‘old’ rigid cratonic blocks and the constant
reactivation of the intervening zones o f weakness and the development o f ‘new’ zones of
weakness. There is, at present, no unifying model for the evolution of the basin, and due
to the proprietary nature of much o f the data in this area, much o f the evidence presented
in this chapter is the result o f the interpretations of other authors.
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Chapter Four - Wellbore Breakouts
4.1 Introduction
In this chapter I discuss all aspects concerning wellbore breakouts, and is divided into two
sections. The first discusses breakout theory and the development o f hypotheses. The
second section discusses measurement and imaging o f borehole walls and the identification
o f breakouts.

This chapter is not intended to comprise a definitive or detailed review o f breakout
literature, more a discussion o f ideas and models relating to breakout formation. For a
detailed literature review, the reader is directed to the paper by Prensky (1992) who used
data and ideas from over 100 papers in a 5 page review.

4.2 Borehole breakouts - Theoretical Considerations
4.2.1 Initial Observations
The breakout hypothesis is a relatively new theory which followed an initial observation by
Leeman (1964) that qualitative information regarding the stresses in rock may be obtained
from observations o f the fracturing o f the sidewalls o f horizontal and near-horizontal
boreholes. Leeman, a mining engineer, found that the sidewalls o f boreholes drilled at depth
in the hard conglomerates and quartzites of the Witwatersrand gold mines tended to spall,
particularly where the borehole passed through ‘highly stressed ground’. He also observed
a similar phenomenon in horizontal boreholes drilled in soft measures at comparatively
shallow depths below the surface (Figure 4.1). The fracturing, and elongation o f the
borehole wall was attributed to a high compressive stress applied normal to the direction
o f spalling (Leeman, 1964).

The idea that boreholes show variability in diameter was revived by Cox (1970) who,
following a study of Schlumberger 4-arm dipmeter logs in a vertical borehole drilled in
Alberta, Canada, realised that a significant number of elongations were preferentially
orientated. A further 17 boreholes were studied and were found to be elongated in 31 zones
with an average true azimuth of 137° (Cox, 1970); however, elongations perpendicular to
this azimuth were also observed. The hole elongations observed by Cox were found to be
confined to discrete depth intervals within individual boreholes. He proposed that they were

-97-

related to changing stress conditions caused by a rapid change in dip angle of the rock
formations or erosion of the borehole wall due to an increase in the angle of hole deviation.

Gay (1973) investigated the fracture patterns around circular, elliptical and rectangular
openings within mines. Two rock types were analysed; the first, a homogeneous, isotropic
ferruginous sandstone, and the second, an anisotropic argillaceous quartzite containing bedparallel pyrite-rich partings.

Figure 4.1: Photograph of fracturing of the sidewalls of a borehole in a coal pillar. (After
Leeman, 1964).
Initial spalling was found by Gay (1973) to begin at a single site around the opening, and,
as the spalling progressed it became concentrated in this region and the region diametrically
opposite. Thus, he proposed that the initial position of spalling would be controlled by the
location of a flaw, heterogeneity or a weak mechanical anisotropy in the rock (Gay, 1973),
the resulting elongation being symmetric in cross-section.

Following a suggestion by Sebastian Bell that the elongations may be caused either by the
drill encountering zones of steeply dipping fractures or that the phenomena may be induced
by in situ stress within the rock, Babcock (1978) carried out a more detailed study. Babcock
introduced the term "breakout" to cover the discrete intervals of elongate, oversize hole
previously described by Cox. It was determined from Babcock’s study that, from a total of
246 broken-out (caved) zones in 23 wells situated throughout Alberta, over 90% showed
a preferential breakout orientation in a northwest-southeast direction. This direction is
parallel with one of the principal joint sets in the region and led to the suggestion that
breakout mapping could lead directly to the measurement of subsurface fractures. A second
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suggestion proposed by Babcock was that the breakouts were controlled by the stresses
existing within the rocks. Babcock however knew o f no theory that could explain either
fracture development or spalling o f the hole wall in a direction parallel with the least
principal stress. Two independent studies (Bell and Gough, 1979; Hottman et al., 1979)
offered an alternative explanation for breakouts which is now generally accepted. Both
studies pointed out that, if the subsurface horizontal stresses were unequal, a vertical,
circular borehole would concentrate compressive stresses which could become large enough
to cause shear failure at the borehole wall. These models are discussed in detail in the next
section.

4.2.2 Breakout Modelling
Modelling o f breakout formation and the implications o f breakout measurement have been
undertaken since the above ideas were first suggested. The development of ideas and
models regarding breakout formation from the initial model of Bell and Gough (1979 et.
seq.) through the more complex models of Zoback et al. (1985) and Zheng et al. (1989)
are discussed here. The more recently proposed ideas, simulations and experimentally
derived models are also discussed here.

All the models discussed share the simple unifying assumption that the three principal
stresses are orthogonal to each other and lie in approximately vertical and horizontal planes
apart from in areas with marked relief.

4.2.2.1 Model One (Bell and Gough 1979, Gough and Bell, 1981, 1982)
Following Babcock’s initial study. Bell and Gough (1979) found that the azimuthal
distribution o f breakouts in Alberta is radically unlike that o f joint sets at the surface. Four
concentrations o f Joint directions are mappable on the surface and only one significant
concentration o f subsurface breakout directions is apparent at depth. They went on to argue
that the process of drilling a vertical borehole through rocks bearing unequal horizontal
stresses could concentrate the stresses so as to produce sub-surface breakouts parallel to the
minimum stress direction. Equations derived by Kirsch (1898) and given in Timoshenko and
Goodier (1984), relating the principal far field horizontal stress to a circumferential stress
acting on the circumference o f a hole in a plate were utilised by Bell and Gough (1979) and
Gough and Bell (1981, 1982). These authors suggested that, providing that the plate is
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infinitely large compared to the hole and is under uniaxial compressive stress S, (Figure
4.2a); at distance r from the centre of a circular hole of radius a, the stress components are:

1
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cos 20
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where 0 is measured from the direction of S and

and

tangential and shear stresses. At the hole wall r = a,

and

are respectively, the radial,
vanish, as they must at a

free surface, and the tangential stress is:
00

= S - 2S cos 20

[4.2]

which varies between a maximum compressive stress of 35 on the diameter at right angles
to the applied stress, and maximum tensile stress -5 on the diameter parallel to 5.

l U U U U U U
m
S

(a)
Figure 4.2: (a) Stress near a small circular hole in a large plate under uniaxial compression.
The curves show the radial variation of transverse stress, cr^, along the diameter transverse to
the applied compression 5; (b) A small circular hole in a large plate under biaxial compression.
(After Bell and Gough, 1979).

Bell and Gough (1979) suggested that the distribution of stresses around a borehole can
induce two possible modes of failure (Figure 4.3); compressive shear failure at the wall in
the vicinity 0 = 90° and 270° and tensile failure at 0 = 0° and 180° involving the
propagation of cracks parallel to the applied stress.

A closer approximation to the geological situation is displayed in Figure 4.2b where unequal
compressive stresses 5 and s, where 5 >

5

, are applied orthogonally to a plate with a small

hole in it. From superposition it follows that, at the hole boundary, r = a\
" r

= ’■,« = 0
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[4.3]

Oq = s + s -2 (S - s) cos 26

[4.4]

It was therefore proposed that oq varies between the maximum value (35 - s) at points m
and n and the minimum

(35

- 5) at points p and q. The concentration of tangential stress

near m and n is illustrated in Figure 4.3.

Figure 4.3: Mechanism of a breakout in a borehole. The trajectories (solid lines) give the
directions of the principal stresses in a uniaxially loaded plane with a circular hole. The
magnitude of the compressional stresses is indicated by the density of the trajectories. The
accumulation of compressional stresses in the area of 6 = 90° and 270° leads to conjugate shear
failure (dashed lines) so that the borehole is elongated by brittle deformation. In the area of
0 = 0° and 180° the stresses become tensile and fractures develop parallel to S. (Adapted from
Bliimling et aL, 1983).

Where measurements have been made, for example McGarr and Gay (1978), the horizontal
principal stresses in the upper crust (% and
(ur = (Th) (0

“

where Ujj > a^) range from equality

( ^^ or more. In situations where the horizontal stresses are

4 7

approximately equal, Oq = 2(Jr (Bell and Gough, 1979). In a borehole drilled under such
conditions, the horizontal stress acting on the borehole wall is doubled and spalling may
occur, but without a preferential orientation. When ur =

or more, large, consistently

oriented breakouts are developed throughout the borehole (Bell and Gough, 1979).

In a layered sequence of sedimentary rocks Bell and Gough (1979) suggested that some
beds will behave elastically and subsequently fail due to brittle fracture, whereas others will
undergo some form of anelastic or plastic deformation. They concluded that well-aligned
breakouts will form preferentially in the most competent rocks. The region of failure is
predicted to be roughly triangular in cross-section and enclosed by flat, conjugate shear
planes oriented at a constant angle to the azimuth of the far-field horizontal principal
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stresses. In the words o f Zoback et al. (1985) the breakouts would have the appearance of
pointed ‘dog ears’ on opposite sides o f the borehole.

A study by Brown et al. (1980) in the Cotton Valley sandstone. East Texas, concluded that
the consistency in orientation o f elliptical boreholes is due to in situ stresses within the
rock. The authors went on to state that the direction o f hydraulically induced fractures could
be predicted from breakout analysis. However, Brown et al. (1980) were incorrect in
assuming that the direction of such fractures would be parallel to the minimum stress
direction, as Hubbert and Willis (1957) demonstrated that hydraulically induced fractures
would be oriented normal to the least horizontal stress.

Gough and Bell (1982) proposed that a linear Mohr-Coulomb failure criterion could provide
a first order explanation for both the location and geometry of localised compressive shear
failure. In this hypothesis, the vertical stress is assumed to approximate the overburden
pressure Epgd (where p is the density, g is the gravitational constant and d is the depth of
each rock layer) and is essentially constant over a depth range o f several hole diameters so
that the stress near the wall is essentially plane stress (Gough and Bell, 1982).

The stresses at the wellbore wall close to the ends o f the diameter PQ (at right angles to ajj)
in Figure 4.4 were modelled by Gough and Bell (1982). At P and Q,
-

= 0 and Uq = 3ajj

At Q’ (a point very close to Q; or P’ very close to P) the horizontal stress difference

is nearly 3ajj -

this stress difference falls rapidly as the distance from the centre o f the

borehole (r) increases (Gough and Bell, 1982). It has been proposed that, at approximately
four borehole radii from the centre o f the borehole, the stresses are essentially equal to the
far-field applied stress (Springer, 1987).

The theory of brittle shear fracture according to a linear Mohr-Coulomb failure criterion
and illustrated in Figure 4.5 led Gough and Bell (1982) to the following predictions for the
development o f borehole breakouts:1. Fracturing will commence at the wellbore wall (where r = a).
2. The shear strength tq at a = 0 is highly significant, any non-zero Oq

must causefracture

if Tq is small.
3. Shear fracture will produce breakouts o f limited depth.
4. Tensile fractures may occur at the ends o f the diameter parallel to
to be wide enough to be recorded as breakouts.
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Figure 4.4: Principal stresses near the maximum stress concentration produced by a circular
hole in rock under biaxial stress. A points P and Q,
At Q’, very near
Q, the stress difference is nearly
compared with
far from the hole. (After Gough
and Bell, 1982).
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Figure 4.5: Mohr circles for four points at, and near the wellbore wall, along a line
perpendicular to the maximum horizontal stress. For rock with the fracture criterion shown,
shear fracturing will produce breakouts with well grouped azimuths. (Adapted from Gough and
Bell, 1982).

In general, fractures intersecting the wellbore wall will make an angle \l/ with
and Bell, 1982); for example, when

(Gough

the coefficient of internal friction of the rock = 1,

\J/ = 22.5°. Gough and Bell (1982) proposed that fractures would initiate at Q and lead to
outward migration of the stress maximum (Figure 4.6).

Consequently, the spalling will migrate away from the centre of the borehole as long as the
fracture planes continue to intersect it. Further fracturing may occur, for instance at N
(Figure 4.6), but the fractures will no longer intersect the borehole, and in a perfectly
homogeneous, isotropic rock volume, spalling was predicted to terminate near point M
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(Figure 4.6). Bell and Gough (1983) continued the use of Mohr-Coulomb failure criteria
to predict that, ‘with typical rock parameters’, breakouts will initially extend the hole to
between

8

and

1 0

% of its original diameter and that appreciable initial shear strength is

necessary to produce tightly grouped breakout azimuths throughout a wellbore section.

Figure 4.6: Shear fractures leading to a breakout. For /x=l and \p=22.5°. Fractures such as
those through point N will not intersect the borehole and breakout will not occur. (Adapted
from Gough and Bell, 1982).

Hottman et al. (1979) assumed that failure initiates at the wellbore surface, as opposed to
at some distance behind the surface and modelled failure by comparing octahedral shear
stress (T^gJ and the effective confining pressure near the wellbore (P^ - Pp) where

Toe,

-

i

«r)^

+("e-

"

[4.5b]

-P .

P c-P p -

and Pg is the confining pressure, Pp is the pore pressure and Oq,

and

are, in turn,

functions of the three principal stresses. The model presented in Figure 4.7 was proposed
following the drilling of a series of boreholes off the coast of Alaska where the stress
regime is thought to be

> Sy. Breakouts were observed to develop in portions

of the wellbore where pore pressure was abnormally high (Hottman et al., 1979). This
increase in pore pressure was proposed to have initiated a lowering of the wellbore strength
and caused failure to occur. An increase in the drilling fluid density (mud weight) was seen
to add support to the wellbore wall, thereby decreasing the tendency for the borehole to fail
(Hottman et al., 1979).
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For the propagation of a tensile crack, the elastic solutions proposed by Gough and Bell
(1982) predict that the minimum tangential stress at the borehole wall is tensile if

>

( ^. However, the nucléation of a tensile fracture is controlled not only be the magnitude

3 7

of the externally applied stress but also by the existence of a suitable flaw to initiate crack
growth (Griffith, 1925). The exact location of tensile failure within a general region of
tension cannot be categorically predicted from consideration of the stress distribution alone.
Rock
Strength
Curve

UNSTABLE
(borehole breakouts)

increasing

2

STABLE
(no breakouts)

Effective Confining Pressure (P, - P^)

Figure 4.7: Octahedral shear stress versus effective confining pressure for borehole breakouts
occurring in the Gulf of Alaska. (Adapted from Hottman et al., 1979).

The interest in breakout formation, theory and applications grew throughout the early
1980’s (Zoback and Zoback, 1980; Gough and Bell, 1981; Plumb, 1982; Zoback et al.,
1982; Bell and Gough, 1983; Bliimling et al., 1983; Cheatham, 1984) culminating in a
paper by Fordjor et al. (1983) who realised that the ‘insignificant regression of breakout
azimuths on depth supports the view that the orientation data represent stress in the
lithosphere rather than in the sediments alone’. This followed the proposal by Zoback and
Zoback (1980) that stress patterns within provinces delineated in the conterminous United
States can be attributed to the direction of present plate motion and residual thermal and
dynamic effects.

4.2.2.2 Model Two (Zoback et al., 1985)
A second predictive model of the location and geometry of wellbore instabilities and
breakout initiation was developed by Zoback et al. (1985). This model, as with previous
models (Bell and Gough, 1979; Gough and Bell, 1982), considered the stress distribution
around a circular hole in a biaxial stress field again adopting a linear Mohr-Coulomb failure
criterion using the modified Griffith criterion of McClintock and Walsh (1962) for failure
of a material with closed cracks, the faces of which obey Amonton’s law for surficial
sliding.
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Zoback et al. (1985) again used the Kirsch (1898) equations in order to model breakouts
in cylindrical holes in a thick, homogeneous, isotropic elastic plate subjected to effective
biaxial stresses {S and s):
*
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is the radial stress, Oq is the circumferential stress,

is the tangential shear

stress, R is the radius of the hole, r is the distance from the centre of the hole, d is the
azimuth measured from the direction of 5 and AP is the difference between the fluid
pressure in the borehole and that in the formation (a positive value indicates excess pressure
in the borehole).

Near the wellbore, the rotation of the maximum and minimum principal stress azimuths
results in markedly curved potential shear surfaces (Figure 4.8a). The magnitude of shear
and effective normal stresses along these potential failure surfaces varies as a function of
r and 6 (Zoback et at., 1985).
Oh

(SX

-Oh

Figure 4.8: (a) The orientation of potential shear failure surfaces adjacent to a wellbore under
the following conditions:
= 45MPa,
= 30MPa, AP = 0, and /x = 1.0; (b) Area in which
failure is expected where the cohesive strength of the rock ( ) = 12.5MPa. The other variables
are described in the text. (Adapted from Zoback et at., 1985).
tq
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The region where compressive shear failure is expected to occur can be predicted from the
extended Griffith criterion (Griffith, 1925; McClintock and Walsh, 1962). This criterion
considers the extension o f closed cracks which have a finite frictional strength in a biaxial
stress field. In this context, potential failure surfaces around a wellbore are considered as
cracks with a coefficient o f sliding friction (/i), subjected to a shear stress and an effective
normal stress. Zoback et al.y stated that:
"As discussed by Paterson (1978) and Jaeger and Cook (1979), the McClintock and Walsh
(1962) analysis is equivalent to the Coulomb criterion in which the failure envelope has a
slope equal to /z and an intercept Tq equal to the cohesive strength o f the rock".
The region o f failure can then be computed in terms o f a simple Mohr’s circle. Failure will
occur where the radius of the circle (r'), given by:
2

(aff-Cr)
2

^ -

[4.7]
2

is greater than or equal to the distance (d) from the centre o f the circle to the failure line
given by [equation 4.8] (Zoback et aL, 1985).
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Assuming that the Navier-Coulomb criterion (a^ = Tq - fiOg) applies, the maximum value
of cohesive strength at which the material will fail is given by equation 4.9.
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For most rocks, ji varies between 0.6 and 1.0 (Byerlee, 1978) and Tq can vary from several
megapascals to a few tens o f megapascals. It is possible to substitute appropriate values into
the above equations to enable the prediction o f the size o f the initial region in which the
ratio o f shear stress to normal stress on the potential shear surfaces is large enough to cause
failure.

As illustrated in Figure 4.8a, the modelled shear surfaces are curved and failure was
predicted (Zoback et al., 1985) to occur as crescent shaped zones resembling breakouts
(Figure 4.8b). Breakouts with rough surfaces defined by a similar series o f intersecting
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fractures (Figure 4.9) have been documented from boreholes drilled in the tuffs beneath the
Nevada Test Site (Bell, 1990).

Two particular aspects of the geometry of the broken out borehole illustrated in Figure
4.8b; the angular extent of the breakout (2<^y), and the maximum depth of the breakout (ry R) were noted by Zoback et al. (1985) and it was proposed that a knowledge of

ry and

II was sufficient to determine the ratio of the principal stresses acting perpendicular to the
borehole axis (Figure 4.10).

Figure 4.9: A wellbore breakout within a volcanic tuff beneath the Nevada Test Site. The
rugged surface of the breakout is consistent with an origin due to spalling of the wall rock
following the growth of intersecting fractures (Redrawn from a photograph in Bell, 1990).

The effect of increasing the ratio of the horizontal principal stresses was inferred by Zoback
et al. (1985) to make the modelled breakouts much larger for given values of /x and tq
(Figure 4.11). Similarly, for a given stress ratio and Tq, much smaller breakouts result for
larger values of fi, especially where the stress ratio is large. In general, the breakouts were
modelled to deepen as the stress ratio increases (Zoback et al., 1985).

From the model proposed by Zoback et al. (1985) the region of initial spalling and breakout
formation is seen to be less extensive where there is excess fluid pressure in the borehole
(AP is positive). It was proposed that the strong influence of AP on the size and shape of
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breakouts was due to the change in normal stress on potential failure planes near the well
bore. It was concluded that positive AP increases normal stresses on those planes and
inhibits failure, whereas negative AP lowers normal stresses and promotes failure (Figure
4.12).
3-1
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1.08

0.6

1.16

1.12

Distance from centre o f borehole (r)
Initial Radius (R)

Figure 4.10: The relationship between the ratio of the horizontal principal stresses and the
maximum depth and width of breakouts. The curves correspond to breakouts with various
values of
the half-width, where ^ = 0.6 and AP = 0. (Adapted from Zoback et al., 1985).
The cross-sectional shape of the breakouts produced by the mathematical model of Zoback
et al. (1985) were shown to be more similar to natural breakouts than the idealized ‘dog
ear’ shaped breakouts suggested by the Gough and Bell analysis.

Oh= 10 MPa
Oh= 15 MPa

a, = 10 MPa
Oh=20 MPa

Oh= 10 MPa
Oh=30 MPa
ft = 0.5

|L l=

1.0

Figure 4.11: The theoretical size of the areas in which the compressive shear strength of the
rock is exceeded by the concentrated stresses. For the values of the effective compressive
principal stress and the coefficient of friction shown, the contours define the size of the initial
failure zone for a given value of the cohesive strength of the rock where AP = 0. (After
Zoback gf a/., 1985).
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Using an ultrasonic borehole televiewer in geothermal wells in Auburn and the Nevada Test
Site, Zoback et al. (1985) compared the breakout shape predicted by their analysis with the
geometry o f the spalled well bores. The profiles observed ranged from angular, pointed
breakouts to deeper, flat-bottomed breakout geometries. However, there is no guarantee that
all the damaged material has been removed from the borehole wall and the profiles
measured may therefore not have been fully developed.

Figure 4.12: The effect of wellbore fluid pressure AP on the size of breakouts. The contours
define the size of the initial failure zones for Tq = lOMPa, when
= 22MPa,
= 1IMPa,
and / 4 = 0.6; (a) No excess wellbore pressure (AP = 0); (b) Excess pressure in the wellbore
of 2.5MPa (AP = 2.5MPa); (c) Wellbore pressure which is 2.5MPa less than the formation
pore pressure (AP = -2.5MPa). (After Zoback et at., 1985).

The application of a simple elastic failure model to the problem o f breakout growth was,
however, questioned by Zoback et al. (1985) who conceded that, following initial spalling,
subsequent changes in stress concentration around the non-circular hole were important. It
was concluded that inelastic deformation and time dependant failure processes such as
subcritical crack growth around the wellbore are important in breakout development
(Zoback et al., 1985).

It is not currently known if the process of breakout formation is the instantaneous response
o f the rocks forming the borehole wall to the change stress conditions following drilling and
subsequent removal of the rock or if the process is, in fact time dependant. What has
become clear throughout the course o f this study, is that fewer breakouts are detected by
the logging tools towards the base of borehole sections than are observed at the top. It must
therefore be presumed that wellbore breakouts may instantaneously develop a crack network
such as that illustrated in Figure 4.9 but a combination o f the action o f the drill string and
the flow o f drilling fluid in the borehole combine to erode the broken-out section over time.

It was argued by Bell (1990), that the ratio between the horizontal stresses determined from
breakout geometry is particularly sensitive to the maximum radius o f the breakout. This
value is not only difficult to measure but,;when obtained, there is no guarantee that the
breakout has evolved to an ‘ideal’ stable stage, or whether it is only an incipiently caved
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elongation. Bell, (1990) reiterated the proposal that the spalling o f borehole walls gives rise
to a new, albeit similar, stress concentration to that which originally initiated the spalling.
Real breakouts may therefore be self-propagating, whereas the Zoback et a /., model only
considers a single cycle o f shear failure.

On investigating the form o f the breakouts in the Auburn borehole. Plumb and Hickman
(1985) noted that the symmetric, stress induced wellbore breakouts were associated with
zones o f increased electrical conductivity. These zones o f high conductivity suggest that
microfractured material remains behind the spalled regions o f the borehole wall (Plumb and
Hickman, 1985) and the drilling fluid has permeated these fractures. Consequently, the
shapes observed do not necessarily correspond to those regions which have exceeded the
modified Griffith failure criterion adopted in the Zoback et al. (1985) theory.

Following a hydraulic fracturing experiment in the Auburn borehole, Zoback et al. (1985)
attempted to back-calculate the stress ratio from the breakout profiles. The observed depth
o f breakout was only 25 % greater than that required to exactly predict the ratio of the
horizontal stresses. However, at low normalised breakout depth, the curves in Figure 4.10
are so steep that the error in estimating the stress ratio would have been in the region of
250% (Brereton et al., 1990).

Detournay and Roegiers (1986) criticised the model proposed by Zoback et al. (1985) on
several grounds; Firstly, simple kinematic considerations can place limits on the maximum
dimensions of a spalled chip; for instance it may not exceed the borehole radius; Secondly,
Zoback et a/’s analysis ignores the possibility of different failure modes occurring at the
borehole wall; and finally, the analysis of wellbore breakout should be considered a
progressive process, and that, as the spalled region increases in size it is the residual
support provided by failed material that remains in place that acts to stabilise the eventual
borehole shape. Detournay and Roegiers concluded that the only deduction which could
generally be derived from the elastic model proposed by Zoback et al. (1985) is the link
between the orientation of breakouts and that of the minimum principal in situ stress.

In response to these criticisms, Zoback et al. (1986) accepted that Mohr-Coulomb theory
provides only an approximation of shear failure and that more rigorous methods o f analysis
(such as bifurcation theory) could potentially be used to study this phenomenon. They also
argued that the relatively smooth curvilinear shape o f the breakouts modelled and observed
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are apparently unaffected by the shapes o f the individual chips o f rock which produce the
breakout; the importance o f kinematic effects seem therefore to be quite minor,

A final criticism of the Zoback et al. (1985) model was reported by Haimson and Herrick
(1986) who stated that the model does not anticipate the existence o f discontinuities; the
potential for material yielding; the time-dependent breakout behaviour o f some rocks; and
the possibility that breakout formation is episodal. They continued by stating that most
observations o f breakout formation are o f wall rock splitting parallel to the borehole wall
and eventual spalling, rather than by pure shear as implied by the model.

4.2.2.3 Model Three (Zheng et at., 1989)
A further study by Zheng et al. (1989) attempted to answer the following questions
regarding borehole breakouts; firstly, how does the shape o f the breakout evolve?;
secondly, why are breakout shapes stable despite the very high compressive stress
concentrations that they produce?; and finally, how is the shape o f the breakout related to
the magnitudes of the stresses in the rock?

Extensile splitting of rock in unconfined plane strain compression adjacent to the
circumference o f the borehole was assumed by Zheng et al. to be the process o f rock
failure by which a breakout forms. A numerical boundary element analysis o f the stresses
around a borehole was developed to model breakout development as the cross-section
evolves from an originally circular shape to that o f a stable breakout (Zheng et al., 1989).
Around a stable breakout the tangential stresses were modelled to be everywhere less than
the unconfined, plane strain tensile or compressive strength of the rock. The stresses outside
the stable breakout were found to be everywhere less than the limiting values o f shear
strength given by a Mohr-Coulomb criterion (Zheng et al., 1989).
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Zheng et al. (1989) again used a modified Kirsch solution to predict the tangential stresses
acting on the borehole wall [equation 4.10]:
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The radial stress decreases to zero on the wall o f the borehole when no internal pressure
is present, or decreases to the fluid pressure in the hole in the presence o f an internal
pressure. The symbols used in equation 4.10 are the same used in equation 4.1 and p is the
fluid pressure in the borehole. The tangential stress decreases with radial distance from the
borehole wall, and the radial stress increases with radial distance from the borehole wall.

Zheng et al. (1989) modelled breakout development by proposing that, with the removal
o f the first layer o f spalled rock, a new free surface is created and the cross-sectional shape
o f the borehole changes. The stress distribution around the borehole will therefore also
change. In general, they continued, the concentration o f the tangential stress in the rock
adjacent to the elongated portion o f the new cross-section will be even greater than it was
around the initially circular borehole. The extent o f the stress concentration will, however,
also be changed. It is clear therefore that, once the borehole wall has begun to spall, the
stresses cannot be calculated from a closed-form solution such as equation 4.10.

Three fundamental questions were raised by the authors; firstly, will the sequence of
borehole spalling converge to a stable breakout shape?; secondly, how does the shape of
the breakout depend on the in situ stresses and the strength o f the rock?; and thirdly, can
breakout cross-sectional shapes be used to infer the magnitudes o f the in situ stresses acting
on the rock?

The borehole wall rock was modelled as a linearly elastic, homogeneous and isotropic
material in plane strain. For numerical modelling purposes, the borehole wall was divided
into

1 2 0

segments and the tangential stress acting on each segment was compared with the
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unconfmed plane strain tensile and compressive strengths of the modelled rock (Figure
4.13).
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Figure 4.13: Flow chart for the numerical simulation of the generation of stable borehole
breakouts used in the model proposed by Zheng et al. (1989).

Wherever the values o f the tangential stress is either less than the tensile strength -T, or
greater than the compressive strength Q, the boundary o f the borehole is modified. For
excess tensile stress, a stress-free crack is introduced over the radial length along which the
elastic tensile stress is less than the tensile strength. For excess compressive stress, one
layer o f elements (arbitrarily defined as 1/15 of the initial borehole radius), is removed over
the arc length along which the elastic compressive stress is greater than the compressive
strength. The process is then repeated, the values of tangential stress are again compared
with the tensile and compressive strengths of the rock, the tensile crack is extended and
another layer 1/15 of the initial borehole radius is removed wherever the tangential stresses
exceed the relevant strengths. This procedure is repeated until the tangential tension is
everywhere greater than the tensile strength, and the tangential compression is everywhere
less than the compressive strength.

From this model, Zheng et al. (1989) deduced that the simulated borehole cross-sections
are all concave to the interior of the hole and the elongation always narrows in the direction
o f the minimum principal stress orthogonal to the borehole axis. Figure 4.14 shows a series
of borehole cross-sections to illustrate the steps by which a stable breakout evolves
according to the proposed model. The most important prediction drawn from the modelling
work o f Zheng et al. (1989) is that, once a breakout is initiated within a certain angle it will
not widen although it deepens until it becomes stable.
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Figure 4.14: Cross-sections through a borehole, illustrating the steps by which a stable breakout
cross-section evolves. Each episode (1-14) represents an iteration of the boundary element
calculation for stress redistribution illustrated in Figure 4.13. (After Zheng et al., 1989).

The pointed end of the breakout was proposed to be the key to the stability of its crosssectional shape (Zheng et at., 1989). The most important factor controlling this is that the
minimum and maximum principal stress values converge as the breakout forms a sharp
point. This convergence decreases the maximum shear stress in the region around the point
while the mean stress increases (Figure 4.15). The large Mohr circle in Figure 4.15
represents the normalised stresses at a distance of

0 .1

of the borehole radius from the

original circular cross-section of the borehole where breakout commences. The smaller
circle represents the stresses at the same distance from the breakout tip once the breakout
has stabilised. The essential point is that, while the normal stresses are larger the stress
difference is smaller and that leads to the stabilisation of the breakout.
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Figure 4.15 Maximum stress concentrations before and after breakout compared with a MohrCoulomb criterion for shear failure (assumed internal friction angle 0 = 35°, uniaxial
compressive strength Cq = Q). (Adapted from Zheng et al., 1989).
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Detailed contours of the maximum shear stress (half the difference between the principal
stresses in the plane of the borehole cross-section) and the mean stress (half the sum of
these principal stresses) around a stable broken out borehole have been modelled (Zheng,
1988, Zheng et al., 1989) and are shown in Figure 4.16. The numbers in the left hand
column represent the values of both the maximum shear stress and the mean stress contours,
normalised by the uniaxial compressive strength. The numbers in the right hand column
show the values of the shear stresses that would be required to produce shear failure,
according to the Mohr-Coulomb criterion illustrated in Figure 4.15, for the values of the
mean stress contours listed in the left hand column.

The values of the required shear stress are calculated from the following equation (Jaeger
and Cook, 1979):
sm<t> + —

where

0

(1

[4.11]

- sin 0 )

is the angle of internal friction of the rock and

and

are the shear and mean

stresses respectively.
14

Stress
0.023
0.069
0.117
0 .1 61
0.207
0.253
0.300
0.345
0.3 9 1
0.437
0.483
0.529
0.575

12

10
8
6

u
4

0.208
0.236
0.263
0.289
0.315
0 .3 4 1
0.368
0.395
0 .4 2 1
0.448
0.475
0 .5 0 1
0.528

2
S h e a r S tr e s s
0

0

2

4

8

a 10
Centimeters

^7 ^

Mean S tre s s
12

14

16

18

Figure 4.16: Contours of normalised maximum shear stress (t^/C q) and mean stress (j^/Co)
around the stable breakout shape illustrated in Figure 4.14. (After Zheng et al., 1989).

The breakouts predicted by the failure models proposed by Bell and Gough (1979) and by
Zheng et al. (1989) are shallower than those predicted by the Zoback et al. (1985) model.
It was pointed out by Zheng et al. (1989) that nine out of the thirteen examples described
by Zoback et al. (1985) exhibit distinct points. The overall shape of the breakouts may
reflect damage to the borehole wall due to drill string or drilling fluid movement following
initial breakout (Zheng et al., 1989). Such damage might occur at an unsupported comer
of rock left at the point where the original circular borehole wall intersects the breakout
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(Figure 4.17). This corner may be relatively susceptible to damage, and, if it were
removed, the breakout shape would change to a flatter profile such as that observed by
Zoback et al. (1985). The remnants of the original breakout would be left as a sharp point
at the base of a shallow breakout extending over a large angle.

Figure 4.17: The damage which may occur at an unsupported comer of rock left at the point
where the original circular borehole wall intersects the breakout.

Three conclusions were brought to light from the Zheng et at. (1989) model. Firstly, the
breakout process redistributes the stresses in an elastic-brittle rock so that these stresses
become everywhere less than the unconfmed plane strain compressive and tensile strengths,
and less than the shear strength given by a Mohr-Coulomb criterion. The rock around the
breakout is therefore in an elastic condition and the breakout is stable. Secondly, the
breakout cross-section is not unique and depends on the history of stress conditions during
breakout formation. Thirdly, the magnitudes of in situ stress cannot therefore be determined
uniquely from the breakout size, shape and the strength of the rock. This can be seen in
Figure 4.18 in which similar breakout profiles can be produced by different combinations
of applied stress and strength.

The key to the whole process of breakout formation, as realised by Zheng et al. (1989), is
the nature of the stress redistribution around the borehole as a result of changes in the free
surface geometry of the borehole.

The time dependant nature of breakout formation was also alluded to by both Zheng et al.
(1989) and by Marsden et al. (1989) who discussed crack extension at the borehole wall
in terms of subcritical crack growth at values of the stress intensity factor less than the
fracture toughness, Kj^. The consequences of this time dependant growth are that spalling
may begin at stresses significantly less than the short-term compressive strength of the rock.
In addition, Zheng et al. realised that the process of breakout formation is likely to be
sensitive to chemical, hydrologie and temperature conditions acting on the borehole wall,
since subcritical crack growth is very sensitive to these parameters.
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Figure 4.18: Simulated stable breakout cross-sections for different values of field stresses,
and
in relation to the unconfmed, plane strain strength, Q. The larger and single breakout
cross-sections are for the cases in which a hole is created instantly in rock under pre-existing
stress. The smaller breakout cross-sections within the larger ones are for cases in which stresses
are gradually increases around a pre-existing hole. (After Zheng et al., 1989).

4.2.2.4

Simulations and Experimental Studies

Experimental studies and other simulations of breakout formation have been undertaken
since breakouts were originally identified (for example see Gay, 1973). Due to problems
encountered in drilling test boreholes in pre-stressed rock specimens under laboratory
conditions, stresses are normally applied to a specimen of rock with a pre-drilled borehole.

Mastin (1984) tested eight blocks of Berea sandstone by subjecting them to uniaxial loading
applied perpendicular to the hole axis. It was determined that the spalling of the borehole
wall began at 1.9 times the uniaxial compressive strength of the rock. In these experiments,
Mastin assumed that the wall rock behaved elastically until failure. The failure mechanism
in the samples was found to be a combination of spalling by tensile splitting and localised
shear failure (Mastin, 1984). The breakout geometries induced were generally not
experimentally reproducible; in particular,-variable breakout depths were recorded for
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almost identical tests. Mastin (1984) admitted that this may have been partly the result of
poorly controlled loading conditions.

Following Mastin’s lead, Herrick and Haimson (1985, 1990) and Haimson and Herrick
(1986) generated wellbore breakouts within different types o f limestone under a variety of
dry and saturated conditions. Blocks o f the limestone measuring about 13cm on each side
with a central, vertical 2.14cm diameter borehole were subjected to the general triaxial state
o f stress, ajj >

> o^^. The central borehole was visually inspected after each l-2MPa

increase in the magnitude of ajj. Following testing, the limestone blocks were cut in half
and each half cut into ten horizontal slices to enable accurate measurement o f breakout
geometry along the borehole (Haimson and Herrick, 1986). A comparison o f dry and
saturated samples indicated that, within the saturated samples, the ratio o f

which

failure occurs is considerably reduced, and that the entire breakout sequence progresses at
a lower stress ratio (Haimson and Herrick, 1986).

In general, experimentally generated wellbore breakouts are ‘V ’ or truncated ‘V ’ shapes
Figure 4.19. These shapes are in sharp contrast to the flat bottomed geometries predicted
by the Zoback et al. (1985) model, and much closer in appearance to the deeper notch
shaped geometries predicted by the Zheng et al. (1989) analysis o f progressive breakout
development. The depths of the breakouts reported by Haimson and Herrick (1986) agree
more closely to the theoretical predictions o f Zoback et al. (1985), than do their angular
extent.

The majority of models for progressive breakout development (with the exception o f Plumb
(1989), who provided evidence suggesting that the width o f breakouts increases as they
become deeper), suggest that a characteristic breakout width is established early during the
breakout development sequence and remains virtually unchanged throughout. Breakout
depth, on the other hand, is predominantly controlled by how the stress distribution changes
around the evolving breakout geometry, and should not, therefore, be predictable from the
Kirsch solution for stress around a circular hole.

It was made clear by Haimson and Herrick, (1986) that idealistic assumptions were made
regarding the correlation of the test results to actual field behaviour. Factors such as rock
fabric, the presence o f joints, large borehole diameters and drilling under pre-existing in
situ stress fields, were proposed affect the results considerably.
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Figure 4.19: Photograph of a polished section showing and advanced stage of breakout
formation. Clearly discernible are a detached slab at the borehole wall, extensive fracturing
further into the rock, and a discoloured triangular zone (marked by the dashed line) proposed
to be the result of grain splitting and disaggregation of the cement. (From Haimson and
Herrick, 1986).

It was concluded by Haimson and Herrick, (1986) that a relationship between the maximum
width of the breakout ((^y) and the maximum depth of the breakout (ry) and the applied
stresses

and

could be established. However, in a later study (Herrick and Haimson,

1990) a plot of ry versus </>y for all breakouts induced in their studies revealed a marked
insensitivity to Uy. Following the lead of Zheng et al. (1989) they concluded that assessing
both horizontal principal stresses from the span and depth of breakouts may not be feasible
within acceptable margins of error. The finer details of breakout geometry are therefore
thought to be predominantly controlled by the rock microstructure and local stress
concentrations related to the detailed free surface geometry during progressive breakout
development, as opposed to the far-field stress conditions (Herrick and Haimson, 1986).

Herrick et al. (1988) conducted a series of laboratory tests on three rock types to investigate
the effects of pore pressure on breakout width and depth. The suggestion that the minimum
horizontal stress could be calculated from a knowledge of breakout depth and width and the
maximum horizontal stress was again questioned as estimates of

were found to carry a

significant amount of uncertainty. Herrick et al. (1988) concluded that the breakout models
based on linear elastic rock properties until failure need re-examining as, at approximately
75% of the failure stress. It was concluded that the breakout models based on the
assumption that rocks behave in a linear elastic manner up to failure need re-examining
(Herrick et al., 1988). The inelastic behaviour of rocks above about 50% of the failure
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stress has also been demonstrated by laboratory experiments on sandstone cores (see
Ay ling, 1992 for example).

More recent laboratory based experiments (Haimson and Song, 1993; Lee and Haimson,
1993) have demonstrated that both extensile failure and shear failure mechanisms occur
under favourable conditions. Extensile cracking and the detachment o f flakes o f the
borehole wall bounded by such cracks are documented to occur within the granite at the
Underground Research Laboratory, Manitoba (Lee and Haimson, 1993). Progressive failure
o f the borehole wall leads to deep and pointed breakouts within the granite. The values of
(Tjj at which incipient failure of the borehole wall occurs and those at which breakouts
initiate have been proposed to increase linearly with the magnitude o f the least horizontal
stress (Lee and Haimson, 1993). It was therefore concluded that the occurrence of
breakouts in certain situations can, in principal, provide a means o f estimating the
magnitude o f

responsible for breakout initiation providing

is independently measured

or estimated.

A similar conclusion was reached in a parallel study on triaxially stressed prismatic
specimens of weakly cemented limestone (Haimson and Song, 1993). A shear failure
mechanism was proposed for breakouts in these samples. It was noted that in a weak rock
cracks were found to develop preferentially within the matrix along a line oblique to crj,-

Laboratory observations regarding borehole elongation in a sandstone with well developed
bedding planes have been recorded by Ewy et al. (1988). Two diametrically opposed
breakouts which were roughly triangular in shape and were consistently oriented among all
the samples were documented. These breakouts were found to occur when the tangential
stress is parallel to the bedding; the direction of lowest compressive strength for the
sandstone (Ewy et al., 1988).

Following the work o f Ewy et al. (1988) the study o f microstructural changes brought about
by differential compressive stress on rocks was continued by Ewy and Cook (1990) and
Myer et al. (1992). Using Wood’s metal, a lead-bismuth alloy with a relatively low melting
point, as a pore fluid a number of experiments have been carried out into microstructural
changes brought about by differential compressive stresses imposed on rocks with a central
borehole. Two prominent zones were obser^d in which cracking is localised (Figure 4.20),
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these zones are composed of extensile cracks which form an en echelon pattern and intersect
the borehole at an angle of 15° to 20° (Figure 4.20).

k

Figure 4.20: Partial cross-sections, juxtaposing the two diametrically opposite regions of failure
around a hole in a hollow cylinder of Berea sandstone showing fracture patterns at the final
stage of failure. The fractures are filled with Wood’s Metal and pore spaces appear white.
(From Ewy and Cook, 1990).

Further laboratory studies on anisotropic rock samples were carried out by Guenot (1989)
who used a natural jointed coal with the principal schistosity (cleat) oriented perpendicular
to the borehole axis. Under plane strain loading perpendicular to the borehole and isotropic
transverse loading, the breakouts in the sample developed perpendicular to the cleat
(Guenot, 1989). The coal tested originated from Alberta where Bell and Gough (1979)
carried out their initial studies on regionally consistent breakout orientations. Guenot
therefore oriented the block to conform to its in situ orientation and found that the breakout
influenced by the anisotropy of the rock is oriented in the same direction as the ‘natural’
breakouts. It may therefore be inferred that the findings of Bell and Gough may be
inconclusive due to a lack of attention to anisotropic rock properties. However, Guenot
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(1989) indicated that other measurements in a variety of rock types and locations throughout
the area have confirmed the regional state of stress (Guenot, 1989).

A series of physical simulations were conducted on large cubic specimens of an artificial,
weak sedimentary rock by Maloney and Kaiser (1989) as an attempt to simulate borehole
breakouts in weak limestones and sandstones. It was found that, under most conditions,
failure of the borehole wall occurs due to shearing concentrated in narrow bands parallel
to the intermediate principal stress. Under hydrostatic radial stresses, failure was found to
be axisymmetric (Figure 4.21a), if the rock was manufactured so as to possess fractures or
other planes of weakness, a non-axisymmetric deformation pattern developed (Figure
4.21b), the form of which was primarily controlled by the directions of anisotropy.
Maloney and Kaiser, (1989), observed that, as the breakout zone propagated, the zone of
most intense fracturing took place at some distance in front of the free surface rather than
exactly at it. This phenomena was also observed by Detournay and Cheng, (1988) and by
Plumb, (1989). The extent of the fracturing ahead of the face was found to be dependent
on the ratio and magnitude of the horizontal principal stresses (Maloney and Kaiser, 1989;
Stacey and Harte, 1989).
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Figure 4.21: (a) Breakout pattern in an isotropic rock, (b) Breakout pattern in an artificially
manufactured rock with joints. (Adapted from Maloney and Kaiser, 1989; and Brereton et al.,
1990).
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In conclusion, Maloney and Kaiser (1989) stated that the breakout shape clearly depends
on the magnitudes o f the three principal stresses, the proximity of the weak elements and
the time dependent behaviour o f the host rock. The influence o f these factors was given a
very high priority during the field observation phase o f this project.

It has also been suggested that the theoretical magnitudes o f the stresses necessary to
produce breakouts have proved to be substantially less than those at which breakouts are
observed in laboratory experiments (Zheng and Cook, 1985). It was proposed (Zheng and
Cook, 1985) that a borehole generated instantaneously with pre-existing stresses produces
a much more extensive breakout than does a borehole around which the stresses are
increased progressively from zero to the same ultimate values o f stress. This therefore may
be the difference between field observations and laboratory experiments.

4.2.2.5

Recently Proposed Models and Other Ideas

In this section I discuss more recently proposed models and criticisms o f the use of
borehole breakouts as a tool for the measurement of in situ stresses. Detailed observations
o f wellbore wall failure, breakout shape, the influence o f drilling fluid density, temperature
and chemistry will also be discussed as will the variables that influence wellbore failure
including rock strength and anisotropy, hole angle, hole direction and fluid pressure.

Following the initial suggestion by Bell and Gough (1979) that lithology has an important
effect on breakout shape, detailed observations o f breakouts in several stages of
development have confirmed that wall failure is strongly dependent on lithology (Plumb,
1989). It was proposed, following the work outlined in section 4 .2 .2 .4 , that failure in
crystalline rocks initiates at the wellbore surface whereas failure in sedimentary rocks
initiates within the formation (Plumb, 1989). This interpretation arises from the observation
that incipient breakouts incrystalline rocks appear as small pits in the wellbore surface,
whereas breakouts insediments first appear as well-developed fracture

zones. It became

apparent to Plumb (1989) that, from the analysis o f a compilation o f breakout images, the
three types of breakout illustrated in Figure 4.22 reflect one o f the following reference
states o f stress around the borehole:
Type I -

< Oq

Type 2 - Oq <
Type 3 - (Ty < jg < (Ty
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Figure 4.22: Schematic representation of the three types of breakout. Type 1 consists of vertical
fractures parallel to the wellbore; Type 2 consists of horizontal extension fractures with shear
fractures at an acute angle to the borehole; and Type 3 consists of stepped fractures developed
from inclined fractures. (Adapted from Plumb, 1989).

The three types of fracture pattern on the borehole wall associated with the development of
breakouts were defined by Plumb (1989). Type 1 breakouts (Figure 4.22) are associated
with vertical shear and extension fractures where the largest stress is circumferential. Such
breakouts are thought to occur by a process of axial splitting similar to that proposed by
Zheng et al. (1989). Type 2 and 3 breakouts are found at depths of several kilometres in
sedimentary basins where

is the largest stress (Plumb, 1989). Breakouts from the

southern North Sea were documented by Plumb (1989) to show Type 2 breakouts.

Mastin (1988), also discussed the effect of rock strength {q) on the type of breakout created.
The strength of rock generally increases significantly with increasing confining stress {e.g.
Paterson, 1978). Therefore the strength of a rock unit within a given depth interval will
range within certain bounds (^^-^ and ^^ax)

the stresses acting on the borehole wall in

the same depth interval will range from

^imax- Three distinct breakout types were

documented (Figure 4.23):Type A: breakouts occurring sporadically with depth
Type B: continuous, consistently oriented breakouts throughout the depth interval
Type C: breakouts which extend around the entire perimeter of the borehole.

Mastin proposed that type 2 breakouts require specific stress conditions around the
borehole; namely

min ^ ^min ^ ^max ^

max- He also suggested that for type B breakouts

to exist, then (oi„ax-»imin)/<^imin ^ust be greater than

Mastin, (1988)

postulated that, if type 2 breakouts are observed over some depth interval in a borehole and
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Figure 4.23: Schematic illustration of characteristics of type A, type B and type C breakouts.
Top: Schematic patterns of types A, B and C breakouts as they might appear on a televiewer
log. These logs show surface fractures on a borehole wall as a function of azimuth
relative to magnetic north (horizontal scale) and depth (vertical scale). Spalled regions
are represented by a stippled pattern, while intact sections are unstippled. Breakouts are
represented as pairs of dark vertical stripes which occur 180° from each other.
Middle: Schematic cross-sections of type A, type B and type C breakouts
Bottom: Relationships between the relative values of
Q^^ax
implied by
type A, type B and type C breakouts. The inequalities "<" and ">" indicate "less
compressive than" and more compressive than". (Adapted from Mastin, 1988).

The fracture pattern criteria outlined by Plumb (1989) was expanded by Guenot (1989) who
presented a general stability diagram showing the various failure modes which can be
expected in a vertical borehole as a function of principal stress ratios (Figure 4.24).
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Figure 4.24: Borehole stability diagram developed as a function of principal stress ratios. The
coefficient of friction is 0.7; the rock is modelled to have no cohesive strength. (Modified from
Guenot, 1989).

Seven representative regimes are identified:
Mode 1 requires unrealistic stress combinations (shear failure before drilling) and can
therefore be ignored.
Mode 2 produces

tensile fractures parallel to the azimuth of %

Mode 3 produces

no fractures (and therefore no breakouts)

Mode 4 produces

breakouts (compressive failure) parallel tothe azimuth of

Mode 5 produces

spiral cracks (compressive failure) whenis verylarge with respect to

both j y and
Mode

6

shows the co-existence o f failure modes 4 and 5

Mode 7 produces failure around the entire borehole circumference.

The diagram is based on linear elasticity theory and may therefore be overly simple in the
light o f the findings of Herrick et al. (1988), developments in bifurcation analysis
(Vardoulakis et al., 1988) and the effects o f pre-existing fractures. Nevertheless, it does
serve to illustrate the many ways in which a borehole can undergo failure and how several
orthogonal failure modes can and do occur simultaneously.

The experimental observations of Haimsorf and co-workers and the field observations of
Zoback et al. (1985) and Plumb (1989) were combined by Rutqvist et al. (1989), who
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employed finite element analysis to identify four stages of breakout formation. Firstly, as
the horizontal stresses are increased, short, vertical hairline cracks appear along the general
direction o f the

axis as a result of grain splitting. Secondly, with increasing (jjj these

cracks progressively coalesce. Thirdly, at still higher values o f % , the process o f wall rock
spalling begins and thin flakes begin to fall away from the borehole wall, this enables the
formation o f new cracks and further flaking. In the fourth stage, at a certain level of og,
no more flakes appear at the borehole wall and the breakout appears to stabilise.

A study into the limiting values o f the principal stresses operating in the earth’s crust and
the breakouts formed under a variety of conditions was carried out by Moos and Zoback
(1990) who considered the in situ stress conditions under which; (i) breakouts do not occur;
(ii) breakouts can only occur close to the azimuth o f minimum horizontal stress, and; (iii)
breakouts can occur everywhere around the borehole circumference.

Figure 4.25a is based on Anderson’s (1951) theory o f faulting and illustrates the allowable
stress conditions at 5km depth in continental crust based on the frictional strength of
favourably oriented fault planes. The vertical stress is calculated from the weight o f the
overburden and the pore fluid pressure (P^) is assumed to be hydrostatic. The stress state
is constrained to lie inside the polygon because ajj >
((Ti-Fo)/(a3 -Po) =

by definition and the ratio

and is therefore bounded by friction (Moos and Zoback,

1990). For reverse faulting, cri=ajj and (7 3 =a^, defining a maximum bound on ajj. For
strike-slip faulting, friction bounds the ratio (t7H-Po)/(^^h"Po)* ^^r normal faulting, Oy=a^
and 0 ^ = 0 ^ defining a minimum bound on

(Moos and Zoback, 1990).

The fields in which breakouts do and do not occur are illustrated in Figure 4.25b for an
assumed rock strength (Q) equal to 200MPa. Moos and Zoback (1990) defined the
equations separating the breakout fields as:
3(7jr<7h-2Po=Q (for failure only in the vicinity of a^), and;
3ai^-ajj-2Po=Q (for failure occurring everywhere around the hole).
It can be seen from Figure 4.25, that, for a rock strength o f 200MPa at a depth o f 5km in
Continental crust, breakouts are modelled to occur at nearly all stress conditions and, in a
highly compressive stress state, breakouts would be expected to occur at all azimuths
around the wellbore.

128 -

Oh - 1/3(C + o „ + 2Po)
Breakouts at
all azimuths
S

g

Breakouts at the
azimuth of o .

RF

300-

C ontinental Crust:

Continental Crust:
(1 - 0.8
Depth - 5 km
p - 2600 kg/m*
o .-p g h

200—

p - 0.8
Depth - 5 km
p - 2600 kg/m‘
C - 200 MPa
o .- p g h
(stress state
notallow ed)

(stress state
not allowed)

NF
S

100—

OH - l/3(C + Oh+2Po)
No
Breakouts

100

200

300

100

400

200

Minimum Horizontal Stress (MPa)

M inimum Horizontal Stress (M Pa)

Figure 4.25: (a) Allowable stress conditions based on the frictional strength of favourably
oriented fault planes, assuming /i= 0 .8 , for continental crust at 5km depth. Vertical stress (a^)
is calculated from the weight of the overburden, and pore pressure is assumed to be hydrostatic.
The stress state is constrained to lie inside the polygon as
by definition, and the ratio
(U|-Po)/(ag-Po) is bounded by friction. For reverse faulting, ai = (Ty and U3 = Uy, defining a
maximum bound on a^. For strike-slip faulting, friction bounds the ratio (aH-Po)/(ah-Po). The
circle represents the stress state where
=
with
constrained by the frictional strength of
normal or strike-slip faults, (b) Schematic illustration of breakouts formed for the stress
conditions defined above. Note that at a depth of 5km in continental crust, breakouts are
predicted to occur in any stress state except a low-stress strike-slip environment. (After Moos
and Zoback, 1990).

Much research has been performed on the influence o f drilling fluid density, temperature,
chemistry and rheology on breakout formation (Guenot, 1989; Guenot and Santarelli, 1989;
Kessels 1989; Morin et al., 1990; Steiger and Leung, 1989; Stephansson et at., 1989;
Zoback et al., 1985). In a study into the rock mechanics o f the deep borehole at Gravberg,
Sweden, Stephansson et al. (1989) confirmed that there is a significant negative correlation
between mud weight and breakouts i.e. an increase in mud weight will reduce both the
number and the size o f breakouts. Mud temperature will also be expected to modify the
rock stiffness, strength and toughness parameters and can provoke substantial changes in
the local stress field (Guenot and Santarelli, 1989; Morin et al., 1990). At the rock-fluid
interface in the borehole the circumferential stress changes in proportion to the temperature
difference between the rock and the fluid (Morin et al., 1990). Cooling the rock is thought
to cause a uniform decrease in circumferential stress which may induce extensional fractures
in the direction o f

Conversely, hot fluid in contact with cold rock may initiate breakouts

or enhance existing ones (Morin et al., 1990).

The stability of wellbores at depth has been modelled by Steiger and Leung (1989) who
pointed out that the majority of wellbore problems occur in shales and lead to problems
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such as stuck pipe, high torque and drag on the drill string in zones o f swelling clays and
shales, and hole enlargement, poor geophysical log quality and poor primary cementing
operations in more brittle zones. It was concluded by Steiger and Leung (1989) that the
most important variables which influence wellbore stability are rock strength, in situ
horizontal and vertical stresses, pore pressure, hole angle, hole direction and fluid pressure
within the wellbore itself. Many of these variables have already been discussed, the
remainder o f this section will concentrate on rock anisotropy, and the influence o f hole
angle and hole direction on breakout orientation and size.

A great number o f papers have been published discussing the rock properties and their
influence on breakout direction in both the Continental Deep Drilling

Program

(Kontinentales Tiefbohrprogramm der Bundesrepublik Deutschland, or KTB) in Bavaria,
Southern Germany and the ultradeep borehole in the Kola peninsula in the former Soviet
Union (see, for example, Kessels, (1989); Mastin et al., (1989, 1991), Natau et at., (1989)
and Vernik and Zoback (1989)). Kessels (1989) observed that over virtually the entire KTB
borehole, enlargement of the wellbore took place in the direction o f the dip o f the foliation.
This was considered to be due to the fact that the rock foliation within the KTB dips steeply
and strikes approximately parallel to the maximum horizontal stress direction. For the Kola
borehole, Vernik and Zoback (1989) modelled the mechanism o f breakout formation in
anisotropic biotite amphibolite (Figure 4.26). Figure 4.26 shows the hoop stress trajectories
and aligned cracks around the borehole along with the location, morphology and the
parameters of initial and potential breakout.
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Figure 4.26: Mechanism of breakout formation in anisotropic media as exemplified by the first
breakouts documented from the Kola borehole at a depth of 4.5km. a) Hoop stress trajectories
(solid lines) and aligned minute cracks due to lineation; b) The location, morphology and
parameters of initial and potential breakouts. The
and r,, are the width and radius of the
breakout, 6i and $2 correspond to the angle between a, and the normal to the plane of
weakness; c) Mohr’s circle for the state of stress at the wellbore, and for two limiting strength
envelopes for anisotropic biotite amphibolite. Tq and Tq^ are respectively, the tensile strengths
parallel and normal to the foliation/ 1 ineation, Pf and
are the fluid pressure in the borehole
and the maximum horizontal compressive stress respectively. (After Vernik and Zoback, 1989).
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Wellbore enlargements, have recently been documented to incorporate drilling-induced,
extensional hydraulic fractures which elongate the wellbore cross-section in the direction
o f maximum horizontal stress (Figure 4.27; Adams et al., 1992; Dart and Swolfs, 1992;
Hillis and Williams, 1992). In areas such as the Vulcan Basin, offshore Northern Australia
(Hillis and Williams, 1992) and, to a lesser extent in the North Sea, the inferred %
direction parallels the structural trend o f the basin (Cowgill et al., 1992, 1993, 1994).
M inim um Horizontal Stress
W
y

Shear failure zone (curvilinear
/ fracturing) at the azimuth of minimum
honzontal stress where comptesstve
M inimum Horizontal Stress
■Zone of spalled rock
Maximum
Horizontal
Stress

Maximum
Horizontal
Stress

M aximum
H orizontal

Maximum
Horizontal

Extensional hydraulic fractunng or
open pre-exisiing vertical fractures

>Onginai borehole shape

M inimum Horizontal Stress

W"
V

M inimum Horizontal Stress

a) Breakout

b) Fracture enlargement

Figure 4.27: Stress induced wellbore cross-sectional elongations, (a) Breakouts are elliptically
shaped zones of borehole wall spalling over discrete vertical intervals, formed primarily by
compressional shear failure due to the concentration of horizontal compressive stress at the
azimuth of minimum horizontal stress, (b) Drilling-induced, extensional hydraulic fractures
elongate the wellbore cross-section at the azimuth of maximum horizontal stress. (After Hillis
and Williams, 1992).

The final influence on breakout orientation to be discussed in this chapter are those of hole
deviation and the azimuth o f the deviated hole. In the North Sea, many boreholes are drilled
from a single, fixed position. It is therefore impossible that all the boreholes drilled from
such a position can be non-deviated (deviation is measured as an angle from the vertical;
a deviation of 90° therefore indicates drilling in a horizontal direction). If a borehole
deviates from the vertical, several factors have to be taken into account, the angle of
deviation and the orientation of the wellbore with respect to the horizontal stresses are
thought to be very important (Yassir and Dusseault, 1991, 1992). The stress anisotropy
between vertical and horizontal stresses; and between the two horizontal stresses may also
play an important role in the stability o f deviated wells (Guenot, 1989). It has been shown
that deviation from the vertical reduces the stability o f the wellbore (McLean, 1988) and
that greater wellbore stability can be obtained if the wellbore is drilled parallel to the
direction o f

(Hillis and Williams, 1992); the greatest wellbore stability seems to occur

where the stresses are closest to isotropic (Yassir and Dusseault, 1992).
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In a paper discussing the influence o f borehole deviation on breakout orientation, Mastin
(1988), examined the rotation of breakouts in deviated boreholes due to the non-alignment
o f such boreholes with the principal stresses. He determined that, in strike-slip regimes, the
critical angle of borehole deviation (</>crit) required to rotate the projected breakout
orientations by about 10“ was approximately 35°. However, in normal and thrust faulting
regimes,

can be as low as zero as the value o f <7^ approaches that o f %. Many

arguments proposed by Mastin (1988) are not relevant in this study as a borehole deviation
upper limit o f 10° from vertical was set for all boreholes analysed. The reasons for setting
an upper limit o f 10° from vertical are further outlined in section 6.1.1. and Appendix One.

The inversion of borehole breakout orientation data (/. e. using observed breakout directions
in deviated boreholes) to make inferences regarding the stress tensor has been proposed by
Qian and Pedersen, 1991. Their model shows that variations o f breakout direction as the
borehole deviates from the vertical may be used to estimate the relative magnitudes of the
three principal stresses and their orientation relative to that o f the borehole. However, as
is shown in section 6.1.1, any elongations in boreholes in the North Sea which are deviated
more than 10° tend to follow the azimuth o f the top side of the hole and therefore are
discounted from further analysis.

4.2.2.6 Summary and Conclusions
As has been made clear throughout this chapter, a variety o f models have been proposed
for the formation, development and eventual stabilisation o f wellbore breakouts. A single,
unifying model has yet to be proposed and it is beyond the scope o f this project to do so.
Controversy still exists as to the exact mode o f borehole failure by which breakouts form,
and it is therefore prudent to accept the models proposed by Guenot, (1989); Haimson and
Song (1993); and Lee and Haimson (1993) and that many modes o f failure occur including
extensile and shear failure at the azimuth of

occurring both at, and behind the wellbore

wall.

With respect to the determination of the stress magnitudes from breakout width and depth,
it is felt by the author that much more work is required on this particular aspect o f breakout
formation before any reliability could be placed on predicted estimates of stress magnitudes.
The multitude of variables affecting breakout formation such as lithology, pore pressure,
local structure and tectonics, regional structure and tectonics and other local influences
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prevent the determination of the stress magnitudes unless great care is taken when
measuring breakout shape and all the local and regional influences are both understood and
taken into account. This is not possible at the present time.

It must be noted at this point that, although much more research is required before stress
magnitudes may be determined from breakout analysis alone, there is no doubt that the
measurement o f stress induced borehole elongation is a reliable indicator o f the orientations
o f horizontal stresses.

4.3 Borehole breakouts - Measurement
Several types o f geophysical logging tools are employed routinely by the hydrocarbon
industry for the measurement o f the strike and dip of bedding planes and other
discontinuities intersecting the borehole. The tools most used for such routine detection are
the High-resolution Dipmeter Tool (HOT; Stratigraphie High-resolution Dipmeter Tool,
SHDT; or Oil Based High-resolution Dipmeter Tool, OBDT) and the Formation
Microscanner (FMS; or Formation Micro-Imager, FMI). In scientific research boreholes,
the Borehole Televiewer (BHTV) is also often used.

This section is devoted to the description o f each tool and a discussion o f the advantages
and disadvantages o f each tool for breakout measurement.

4.3.1

Measurement tools

The Dipmeter Tool
The four-arm High-resolution Dipmeter Tool (HDT) comprises four orthogonal springloaded arms with pads that contact the borehole wall directly and measures the borehole
diameter in two directions and the resistivity o f the rock over a small vertical distance
(Figure 4.28). In a typical dipmeter tool each pad is 5.8 cm wide and 41 cm long and will
expand to a maximum diameter of 54 cm in a standard tool (Bell and Gough, 1983; Fordjor
et al. y 1983; Bell, 1990). In use, the tool is drawn up the borehole from the bottom at a set
rate (normally about 10 metres per minute (Bell and Gough, 1983)) using a standard
geophysical logging cable that is electrically shielded by a helically wound high-strengthsteel sheath. As the tool is drawn up the hole the tension on this cable decreases and there
is therefore a tendency for the tool to slowly-rotate in response to the torque applied by the
helically wound sheath.
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Figure 4.28: Photograph of the four-arm high resolution dipmeter tool. (After Plumb and
Hickman, 1985).

One pad (normally pad 1) is known as the reference pad, and is magnetically oriented and
the two, independent opposing pairs of pads act as caliper to measure the borehole diameter
(i.e. between pads 1-3 and 2-4). The tool is also designed to measure the angle of borehole
deviation and the azimuth of that deviation. As the tool is pulled up the borehole, a pair of
arms can easily become aligned with the long axis of a non-circular borehole and it is
therefore an ideal tool for the measurement of stress induced borehole breakouts (even
though this is not what it was designed for).

In recent years, the wellbore logging service companies have introduced six-arm dipmeter
tools which operate on the same principle as the four-arm tool, except that it provides three
independent caliper measurements as opposed to two. An obvious problem with the data
obtained from both 4- and 6-arm dipmeter tools is that the accurate shape of the borehole
following breakout or washout cannot be determined. A second problem may occur due to
the cable torque. The tool may settle on the clockwise sides of the breakout, rather than
along the long axis (Figure 4.29) thereby yielding anomalous breakout orientations
(Blümling et al., 1983; Bell et al., 1993a, b). If the breakouts are narrow and deep, such
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errors will be insignificant but, if the breakouts are shallow and wide, errors can occur.
Such errors have been estimated to reach 10° (Bell et al., 1993b).

•Tool docs not record long axis o f breakout
M inim um
Horizontal

Figure 4.29: The possible effect of clockwise tool torque on four-arm dipmeter pads. The long
axis of the breakout may be inaccurately recorded. (Adapted from Bell et al., 1993b).

Figure 4.30 depicts an uncomputed 4-arm dipmeter record. From the left, the first column
shows the tool orientation (azimuth of caliper pad 1; PIAZ) with respect to magnetic north.
The second and third columns illustrate the borehole diameter measured by the two pairs
of opposed calipers (diameter increases to the right). The four noisy traces (FC1-FC4)
display the vertically variable resistivity of the stratigraphie sequence (planes fitted to
features of these traces allow the strikes and dips of the succession to be evaluated).

The final two columns display the hole deviation (from vertical) and the deviation azimuth
respectively. In this example, the deviation azimuth is consistently oriented towards 120°
although the borehole section has a maximum deviation of less than two degrees.

This study has concentrated mainly on data from the HDT, with additional data from the
SHDT; data from the HDT has been judged (Bell et al., 1993b) to be accurate within 2°
for vertical deviation and 10° for compass azimuth. On the other hand, the SHDT solid
state tools record vertical deviation to ± 0 .2 ° and compass azimuth to ± 2 ° (Bell et al.,
1993b).

The final problem regarding the accuracy and precision of the dipmeter tools concerns the
location of the tool with respect to the centre of the borehole. If one of the springs
controlling the pad pressure on the borehole wall is faulty, inaccurate breakout data will be
recorded. Such an occurrence is, however,^rare and would immediately be recognised as
erroneous by the computational analysis employed in this study.
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Figure 4.30: Raw log data from borehole OS 29/lb-l on a scale of 1:1000. From right to left;
the azimuth of caliper pad 1 (PIAZ) from 0° to 360°, the diameter of the borehole measured
by the two calipers (Cl and C2) from 8 to 10 inches, the micro-resistivity traces (FC1-FC4)
from 0-250 units, borehole deviation (DEVI) from 0° to 4° and the azimuth of the high side
of the borehole (HAZI) from 0° to 360°.
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The Borehole Televiewer
The Borehole Televiewer (BHTV) is an ultrasonic geophysical logging tool originally
designed by Mobil Oil Inc. (Zemanek et al. , 1970) that provides high-resolution information
about borehole elongation and the distribution o f natural fractures. The BHTV contains a
rotating acoustic transducer (1.4 MHz) that emits a focused 3® beam that is pulsed 600
times per revolution while the tool is pulled up the wellbore at approximately 1.5 metres
per minute. A motor rotates the transducer and a fluxgate magnetometer about three times
a second. A complete scan o f the wellbore surface is therefore made for every 7.6mm of
tool travel (Plumb, 1989). The magnetometer is triggered each time magnetic north is
crossed (Zemanek et al. y 1970) thereby orienting the data.

The BHTV measures both the amplitude of the reflected signal and the two-way transit time
between the tool and the borehole wall (Héliot et al. y 1989). The acoustic reflectivity o f the
borehole wall is a complex function of the acoustic impedance o f the rock (Engelder, 1993),
with a smooth surface reflecting better than a rough one in the same way that a hard surface
will reflect better than a soft one (Zemanek et al. y 1970). The acoustic impedance is plotted
on an oscilloscope screen as a function o f azimuth and depth with brightness indicating the
amplitude of the reflected pulse. The transducer converts the reflected sound pulses into
electrical signals. This raw output consists of the full waveform o f the seismogram, while
a reflectance image is obtained in real time by windowing the acoustic reflectance o f the
borehole wall (Shamir and Zoback, 1989). Wellbore breakouts appear as paired vertical
bands o f relatively low amplitude and high travel time (Figure 4.31; Mastin et al. y 1989).

Areas o f low reflectance, which indicate a rough wall, show up as dark bands on the
televiewer image (Engelder, 1993), An image of variation in reflectance is used to map
features such as fractures, formation boundaries and breakouts within the borehole. Zoback
et al. y (1985) used the BHTV to show the broad flat-bottomed breakout shape contrary to
the Bell and Gough (1979) analysis.

It has been noted (Bell et al. y 1993b) that the BHTV records tool orientation to ±0.1® and
that the images allow the mean axes of breakouts to be measured to ±1®. However, care
must be taken in the analysis o f BHTV records as the transit-time data tend to be smoothed
to such an extent that the actual breakouts may be more angular than they appear on the
image. Also, if the tool is not correctly centred in the borehole, anomalous dark bands may
occur on the oscilloscope and the photographic film produced and may lead to misleading
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conclusions being drawn from the analysis. Finally, Paillet and Kim (1987) found that the
presence of magnetic minerals in the wall rocks may create errors in the measured
orientations.

I

I

Figure 4.31: Three presentations of borehole televiewer data showing the geometry of part of
the KTB pilot borehole. Left: Travel time log of the hole section. The colours represent the
time of travel of the pulses off the borehole wall as a function of azimuth (horizontal scale) and
depth (vertical scale), the two vertical colours of light blue to azure (NE and SW orientations)
are zones of elongation on the borehole wall. Middle: Three dimensional wire mesh diagram
showing the borehole geometry. Colours on the wire frame indicate the amplitude of the
reflected pulse (warmer colours indicate higher amplitude). Right: Cross-sectional shapes of the
borehole at two depths. (After Mastin et al., 1991).

The Formation Microscanner and Formation Microimager
The Formation Microscanner (FMS) tool has been used in boreholes in the North Sea for
the past six years (Bourke, 1992) and combines elements of both the 4-arm dipmeter and
the BHTV. As with the dipmeter tool, the FMS consists o f four orthogonal pads which are
pressed against the wellbore surface (Pezard and Luthi, 1988) and (like the BHTV) a
fluxgate magnetometer is employed to enable the borehole images to be oriented (MacLeod
et at., 1992). Although no rotation of the tool occurs, the pads are capable of extending
from the body of the tool to provide conventional caliper measurements in two orthogonal
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directions (Héliot et al., 1989). The tool uses an array of electrodes on the oriented pads
to produce an electrical image o f the borehole wall that can be interpreted as either
conductive or resistive features in the formation (Standen, 1991). A single pass o f the FMS
sensors through a borehole section is estimated to map approximately 30% o f a 25 cm
diameter borehole (Pezard et al., 1992). A more recent development (Bourke, 1992) is the
fullbore Formation Microimager (FMI); this tool uses eight pads to obtain an almost
complete image o f the wellbore.

During logging, the electrode currents probe the conductivity o f the rock to a depth o f at
least a centimetre and can thus respond to variations in physical and chemical properties of
the rock (Pezard and Luthi, 1988). A current flows from each electrode to a single return
electrode located towards the top of the tool (Pezard et a l., 1992) and are then coded into
an electrical image o f the surface.

Breakout images produced from FMS and FMI can be seen as conductivity anomalies with
a loss o f definition on opposed walls (Bell et al., 1993b). Incipient borehole breakout can
also be determined on FMS and FMI images as a mottled diamond pattern with a loss of
resolution o f the bedding planes (Standen, 1991). It has been calculated (Bell et al., 1993b)
that the FMS and FMI tools have a horizontal azimuthal accuracy within ±2®. However,
the images are difficult to orient to within better than ± 5 ° .

Comparison o f BHTV and FMS images (Héliot et a l., 1989) shows that more features can
be seen on the FMS images. The BHTV is more likely to miss small fractures, but it does
provide complete coverage. The incomplete coverage o f the FMS and (to a lesser extent)
the FMI tools, means that more care must be taken to distinguish fractures and wellbore
breakouts (Héliot et al., 1989).

Other methods o f borehole imaging include photography (Leeman, 1964); downhole colour
videos using fisheye lenses (McKague et a l , 1984); acoustic waveform logging (Paillet and
Kim, 1987), Stonely wave and shear wave logging (Zoback et a l , 1986; Tittman, 1990).
All o f these systems have individual distinct advantages for particular purposes, but none
are in widespread or routine use.
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4.3.2 Breakout Identification
As all the data presented in this thesis were obtained from 4-arm dipmeter tools, a
systematic rationale for the definition o f borehole breakouts against other borehole
deformations has been developed. The initial criteria for the positive identification of
breakouts was suggested by Fordjor et al., (1983):
1. The log must show rotation o f the tool below and above the breakout;
2. Rotation o f the dipmeter tool must cease in the broken out zone; and
3. One pair o f calipers must show the bit diameter {i.e. in-gauge hole diameter) and the
other a larger value.

This set o f criteria was updated by Plumb and Hickman (1985), who proposed that:
1. The difference between the calipers must be greater than 0.6 cm;
2. The length o f the broken out zone must be greater than 30 cm; and
3. The direction of elongation should not consistently coincide with the high side o f the
borehole when the hole deviates from the vertical.

The criteria outlined above are now widely used and accepted, although individual workers
have made modifications to them as a greater understanding o f the breakout process has
developed (see for example. Springer (1987), Bell (1990) and Hillis and Williams (1992)).

The shape of the wellbore can be influenced by phenomena other than breakouts (Figure
4.32). For example, the drill string can erode an elongated wellbore if the borehole deviates
significantly (Babcock, 1978). Asymmetric mudcaking can distort the shape of the hole
(Bell and Babcock, 1986); and washouts can enlarge a hole in all directions (breakouts
superimposed on washouts will have a long axis coincident with more typical breakouts in
the same borehole). Fractures which intersect the borehole may give rise to features very
similar to breakouts. However, Springer (1987) proposed that such features would be
indicated by differences in conductivity between adjacent or opposing microresistivity
curves. Therefore, if differential caliper extension and the cessation o f tool rotation are
associated with a large lateral conductivity anomaly, it may be unwise to identify the
interval as a breakout (Springer, 1987).

In an attempt to rationalise data interpretation. Plumb and Cox, (1987) devised a
classification scheme to incorporate the depth interval logged, the cumulative length of
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breakouts, the total length of the breakouts, the average borehole elongation direction, the
angular spread of borehole elongation directions and a comment on the data quality.

C aliper Increase
Bit Size

[No tjon* Axis

■N o txm g A»i»

Gauge
Hole

ICal 1-3
ICal 2 - 4 -----

C aliper Increase
Bit Size

BREA K O U T

Breakout fractures
are m udcakcd

Washout

Key Seat

M udcake

Caving o f induced
or natural hydraulic
fracnires with no
breakout spalling

Figure 4.32: Schematic cross-sections of possible wellbore conditions and their appearance on
the four-arm dipmeter caliper log. Dashed circles represent the original bit size, solid lines
represent the hole shape, and shading represents mudcake. The orientation of the long axis of
the borehole is also shown. Cal 1-3 and 2-4 indicate the borehole diameter as measured between
opposing caliper pairs, a) An in-gauge borehole, no breakouts or other elongation such as
washout; b) a stress induced wellbore breakout; c) a washout; d) and e) mudcaked boreholes;
f) key-seating induced by drill-pipe abrasion in a deviated borehole; g) caving of induced or
natural hydraulic fractures. (Adapted from Bell and Babcock, 1986; and, Hillis and Williams,
1992).

Statistics for directional data were used by Plumb and Cox (1987) following methods given
by Mardia (1972). For each borehole analysed, the circular mean elongation direction, the
circular variance and one standard deviation of the mean were reported (Plumb and Cox,
1987). Quality ratings from A to C were assigned to the data set according to the angular
spread of breakout directions recorded for each borehole. This very crude method calculated
the average breakout direction (h) in 25 Canadian boreholes as 034° ± 24° and defined the
quality rating around this mean. For instance, an ‘A’ quality rating would be assigned
where h fell within the range 019° to 029°. A ‘B’ quality rating was assigned to borehole
where h was within one standard deviation of 034° {i.e. 010° to 058°), and a ‘C’ rating
was assigned where h > 58°.

This ranking criteria was refined by Zoback and Zoback, (1989) as a continuation of a
study into stress orientations in the continental United States (Zoback and Zoback, 1980).
The quality ranking system was intended to characterise how accurately a particular data
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point records the tectonic stress field and has since been adopted by the World Stress Map
Project (Zoback, 1992). Four qualities have been assigned, A to E, where A is the highest
and E the lowest. The quality ranking was, whenever possible, based on a statistical
analysis o f the accuracy of the data (Zoback and Zoback, 1989) and is outlined in Table
4.1.
A - Ten or more distinct breakout zones in a single borehole with a standard deviation ^
12® and/or a combined length > 300 metres
- Average of breakouts in two or more boreholes in close geographic proximity with a
combined length > 300 metres and S.D. £112®
B - At least six distinct breakout zones in a single borehole with S.D. ^20® and/or a
combined length > 100 metres.
C - At least four distinct breakouts with S.D. <25® and/or a combined length > 30 metres.
D - Less than four consistently oriented breakouts or < 3 0 metres combined length in a
single borehole
- Breakouts in a single borehole with S.D. ^25®
E - Boreholes in which no reliable breakouts detected
- Extreme scatter of orientations, no significant mean determined (S.D. >40®)
Table 4.1: The Quality Ranking System for Borehole Breakout (adapted from Zoback, 1992).

In general, the A determinations are derived from averages o f closely spaced data and are
believed to record the stress orientations in the upper crust to an accuracy o f 10® to 15®
(Zoback and Zoback, 1989).

The B determinations are intermediate in quality and typically represent one or two
determinations at a single site; according to Zoback and Zoback (1989) they may be very
high quality determinations but lack the statistical strength o f multiple measurements. The
estimated accuracy o f these stress orientations is between 15° and 20® (Zoback and Zoback,
1989).

The C quality determinations are the lowest quality measurements considered by the World
Stress Map Project (Zoback and Zoback, 1989; Zoback, 1992) to be reliable indicators of
the tectonic stress field (to an accuracy o f + 25®). These data have either some inherent
uncertainty or inconsistency in the measurements themselves, or there is not enough
information available to constrain stress orientations accurately from the data.
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The D quality ranking comprises two general classes o f information; firstly, data that may
be more indicative of local rather than tectonic stress; and secondly, single observations of
questionable quality or multiple observations at a single site with a broad scatter or a
bimodal distribution o f orientations (Zoback and Zoback, 1989).
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Chapter Five - Data Analysis and Presentation
5.1 Introduction
In this chapter I will describe and discuss the methods and techniques used in the analysis
and interpretation o f the data used in this study. The majority o f the extraction and
interpretation routines described in this chapter are developments which were initiated
during the course o f this study.

The data, in the form o f LIS (Log Information Standard) magnetic tapes, were logged from
a number of hydrocarbon exploration, production and appraisal boreholes and made
available by the relevant oil companies and the Department o f Energy (now the Department
o f Trade and Industry; DTi). The amount o f data supplied by each organisation is displayed
in Table 5.1.
Department of Energy (DTi)
Amerada Hess Ltd.
ARCO British Ltd.
British Petroleum
Ranger (U.K.) Ltd.
Shell (U.K.) Ltd.
Unocal (U.K.) Ltd.
TOTAL

24 boreholes
81 boreholes
7 boreholes
51 boreholes
8 boreholes
4 boreholes
14 boreholes
189 boreholes

Table 5.1: The amount of data supplied by each organisation.

Following their acquisition, the data tapes were transferred to the British Geological Survey
(BGS) headquarters at Key worth, Nottinghamshire for analysis on their VAX/VMS
mainframe computer system.

As can be seen from Table 5 .1 , digital tape data for 189 boreholes have been processed.
Some o f the tapes contained a number of read errors; or consisted o f data that did not meet
the adopted selection criteria (see Table 5.2 and section 5.3); or were not suitable for this
study. These tapes were therefore not used. Specifically, data from boreholes deviating by
more than 10° from the vertical were not included in the final analysis to avoid the
possibility of wellbore elongations due to ‘key seating’ being mistaken for breakouts.
However, data from these boreholes were analysed to determine the nature and effects of
the key-seating phenomenon.
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Limiting factors imposed on the data obtained from each company included the company
size and consequently the number of boreholes owned, the availability of the data {i.e.
whether the tapes were kept on the company’s premises or in a storage facility elsewhere,
and how many other companies were partners in the drilling o f the borehole) and the
availability o f staff to spend time organising the packaging and shipping o f the data tapes.
Finally, the general awareness o f potential benefits by individual companies was found to
be an important factor when trying to obtain data.

In order to satisfy this last point, a number o f oil exploration companies were visited in an
attempt to increase the awareness o f company members o f the aims o f this project and the
importance o f rock stresses and rock stress measurement. Contacts with British Petroleum,
Amerada Hess, ARCO, Shell, Ranger and Unocal were made, in addition to the DTi, all
o f which proved to be successful with respect to the exchange o f ideas, opinions and
ultimately, data.

During the first stage of acquisition data from a large areal spread o f boreholes were
obtained. As more data tapes were received, concentrations o f data were established in
certain areas such as the Witch Ground and Central Grabens. Following the receipt of the
first batch of tapes, two aims were established; firstly, to obtain a good regional spread of
data in order to establish regional trends; and secondly, that those areas with a large
number o f boreholes such as the Witch Ground Graben and the Moray Firth should be
targeted so as to derive detailed trends and variations for these local areas.

Data from west of the Shetland Islands, the Viking Graben, the Norwegian sector of the
North Sea and the southern North Sea basin were requested from the oil companies
approached. As illustrated in Figure 1.1 a good regional spread was obtained, with the
exception o f Norwegian Sector o f the North Sea. Data from this region was not forthcoming
from either the oil companies operating in the area or from the Norwegian Petroleum
Directorate (NPD, the Norwegian equivalent o f the Department of Energy).

Other sources of data included that already incorporated in the World Stress Map Project
database (Zoback, 1992), and from an independent study by Addis (1993) carried out on
behalf o f British Petroleum and the NPD. The processed data presented in these studies
consists of: a borehole identification number, borehole location, depth range sampled, and
borehole deviation and orientation. The method used to determine the stress direction
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(breakout, hydraulic fracturing, anelastic strain recovery, earthquake focal mechanism),
together with the maximum horizontal stress direction, the data quality (rank, A to D) and
the confidence in the interpretation were also listed.

5.2 Methodology
On receipt by the BGS, each tape was given an individual identification number before the
borehole information was read onto the database. The tapes were read using a copy o f a
program known by its command, ‘READ-MULTI-DATA’ developed by Schlumberger
(®1987).

The data files for ^ if^ c h borehole are indicated by a series o f mnemonics from which the
required information to be output can be chosen. Table 5.2 shows the mnemonics found on
the data tapes used in this study.
Mnemonics found on ‘raw’ dipmeter data tapes
PIAZ
Cl
C2
DEVI
HAZI
FCl to FC4

Azimuth of Caliper Pad 1 (degrees)
Caliper 1-3 diameter (inches)
Caliper 2-4 diameter (inches)
Borehole deviation (degrees)
Borehole azimuth (degrees)
Resistivity data from each pad (micro-resistivity units)

Mnemonics found on processed dipmeter data tapes
AZIl
HLAZ

Azimuth of Caliper Padl (degrees)
Borehole azimuth (degrees)

Table 5.2: A list of mnemonics found on data tapes read.

On over 75% of the tapes supplied, both caliper and resistivity data were available. On
those tapes which had been pre-processed, the resistivity data were unavailable.

Files are created in temporary space on the BGS VAX/VMS mainframe system. Firstly, a
master file named Wellreg.IDX;! (where ‘Wellreg’ is the borehole number) is created. This
master file contains information regarding the data files created during the tape reading
process and therefore controls the order in which the data files are transferred to the
W e l l o g borehole log analysis package. A full description o f the method for loading data

into W e l l o g is provided in Table 5.3.
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To load data from a Schlumberger tape
Data retrieved from a Schlumberger tape comprises two types of file; the index file
(Wellreg).IDX and the data files (Wellreg)_(Logtype)_(Startdepth)_(Enddepth).DAT. For
example, for a depth range of 783 to 941 metres in borehole number OS 1/2-3 the files
would be OS123.IDX and for data type PIAZ the file would be named
OS 123_P 1AZ_783_941. DAT.
To load the data into the W ellog database, the following information has to be entered,:
Well registration number:

The BGS well registration number (e.g. OS 1/2-3).

Well name:

The well name required (e.g. Offshore 1/2-3).

Latitude:

The latitude of the borehole, (lat. of OS 1/2-3 here)

Longitude:

The longitude of the borehole, (long, of OS 1/2-3 here)

The program for loadingdata to the database then requests the following:
Manual or Automatic loading:

Manual loading requires the following prompts to be
answered. Automatic loading assumes the default
values for all the following prompts.

Load OS123_PlAZ_783_941.DAT ?: The index file is read and for each extracted data set
a prompt for its loading is output.
Output log type (PIAZ):

The output data type is entered.

The data are then processed and its type checked. If the data already exists a check is made
as to how much more can be inserted, if an overlap occurs a decision has to be made
whether to insert all the new data and replace the old or to update the database without
replacement. The loading process is repeated until all the data required are loaded.
Table 5.3: The W ellog prompts for loading data from tape.
Throughout a single borehole section a conventional dipmeter tool takes a reading every
8cm from the bottom of the section upwards. At each recording point, in addition
information from each o f the four calipers, 16 data points are recorded by each o f the four
resistivity sensors. Such a large amount o f resistivity data would be unmanageable, a single
point only is consequently taken from each of the four resistivity log at each eight
centimetre recording interval and written to file prior to transferral to W e l l o g .

5.3 Statistical Analysis of the Data - The

W ELLO G

System

The criteria for the recognition o f borehole breakouts as proposed by Fordjor et al., (1983)
and Plumb and Hickman (1985), and outlined in section 4.3.2 are, according to Brereton
and Evans (1987), somewhat subjective and their application could result in the rejection
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o f otherwise valid data. For instance, discontinuous breakouts such as those illustrated in
Figure 4.23 recognised by Paillet and Kim (1987) and Mastin (1988) from televiewer
records would be unlikely to cause the dipmeter tool to cease rotation. Following BGS
practise (Brereton et al. y 1986) a statistical approach was therefore adopted. The statistical
treatment o f the data has been previously covered by Tang (1988), so the mathematical
background will not be repeated here.

The W e l l o g borehole log analysis package was devised and designed by the BGS as an
online database system holding data recorded from logs run at specific borehole sites. The
data are divided into three categories; the first describes the characteristics o f the location
of each borehole (Well index data); the second describes the characteristics o f each
individual log (Log index data); the third contains the logged data.

The well index data consists o f the borehole registration number, borehole name, grid
references and permanent datum information and are identified by the unique borehole
registration number.

The log index data consists o f the borehole registration number, log type code, log run
number, an online/offline indicator, depth reference information and the minimum and
maximum depths.

The geophysical log data are held as a series of record chains. Each chain has a unique
record number which is held as a log index record and forms a pointer to the actual log
data file.

The system is menu driven leading to ease o f access to the correct application to deal with
the data. The main menu is divided into 10 options (Table 5.4), each o f which performs a
specific function. In this study, the most used program within W e l l o g was that for the
analysis o f borehole breakouts, although the ‘Well logging system’, ‘Plot selected logs’,
‘Histogram and crossplots’ and ‘Borehole maps’ options were also used.

Since the digital tapes record data for every 8cm, the total available depth range for a single
borehole was, whenever possible, treated as a single set. However, the borehole breakout
option in W ell o g can only cope with approximately 30,000 data points per log. For deep
boreholes with large data sets it was therefore necessary to use every second data point in
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the wellbore {i.e. from 16cm intervals). This sampling function is carried out automatically
by W e l l o g and analysis can proceed in the usual fashion. Once this has been completed
it is possible to treat the data as two distinct subsets (each with less than 30,000 points) and
detailed analysis can then take place.
Main Menu
0 - Exit
1 - Well logging system
2 - Plot selected logs
3 - Petrophysical analysis*
4 - Histogram and crossplots
5 - Numerical processing*
6 - Borehole breakout
7 - Borehole maps
8 - Dipmeter interpretation*
9 - Statistical/Geochemical*
indicates analytical packages not used in this study.
Table 5.4: The W ellog Menu.

Data from a single borehole (OS 2 9 /lb -l, supplied by Amerada Hess) are used here to
illustrate examples o f the innovative graphical presentations developed within W e l l o g to
aid analysis o f wellbore breakouts. An example of the ‘Plot selected log’ option has already
been displayed for this borehole in Chapter Four (Figure 4.30) enabling data held in
W e l l o g to be compared with the original paper traces produced at the well-site.

Plots utilising the caliper 1-3 diameter (C l), the caliper 2-4 diameter (C2), the four
resistivity traces (FC1-FC4), the azimuth o f pad 1 (PIAZ) and the borehole deviation over
the 100 metre section in Figure 4.30 are exhibited throughout this chapter.

The simplest form of graphical presentation adopted in this study is the histogram; for
example Figure 5.1 illustrates the azimuth o f pad 1 plotted against the frequency {i.e. the
number of times each azimuth value was recorded) as listed in Table 5.5. The histogram
also displays the cumulative frequency and the calculated mean value and standard deviation
of the azimuth, as well as the total number of points. The mean value o f the azimuth is,
however, not a useful parameter since the data are o f a circular nature and 0° and 180° are
not necessarily the end members of the set.

The data are recorded by the dipmeter tool around the entire borehole circumference and
grouped by W e l l o g into the 3.6° intervals listed in Table 5.5 and illustrated Figure 5.1
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Azimuth (®)

Frequency

Azimuth (®)

Frequency

Azimuth (®)

Frequency

1.80
5.40
9.00
12.60
16.20
19.80
23.40
27.00
30.60
34.20
37.80
41.40
45.00
48.60
52.20
55.80
59.40

17.00
15.00
10.00
8.00
10.00
6.00
11.00
6.00
4.00
17.00
19.00
93.00
40.00
15.00
14.00
14.00
17.00

63.00
66.60
70.20
73.80
77.40
81.00
84.60
88.20
91.80
95.40
99.00
102.60
106.20
109.80
113.40
117.00
120.60

19.00
18.00
15.00
19.00
19.00
21.00
20.00
21.00
27.00
16.00
20.00
23.00
25.00
20.00
27.00
24.00
23.00

124.60
127.80
131.40
135.00
138.60
142.20
145.80
149.40
153.00
156.60
160.20
163.80
167.40
171.00
174.60
178.20

35.00
32.00
80.00
109.00
64.00
50.00
33.00
29.00
25.00
21.00
23.00
19.00
15.00
18.00
12.00
12.00

Table 5.5: Azimuth and frequency values for the histogram illustrated in Figure 5.1.
for ease o f manipulation and histogram presentation. The data show two high frequency
peaks at approximately 90® to each other with a maxima o f 109 data points recorded
between 135.0® and 138.6®.

If a predominant elongation orientation exists in the borehole under investigation, the
rotation o f the dipmeter tool will cause fluctuations in the diameter of the borehole recorded
by the caliper pads {i.e. the value o f C l will progressively become larger and smaller while
the C2 values will correspondingly become smaller then larger). The difference between the
two calipers, the eccentricity o f the measured breakouts (Ecc), will oscillate between
positive and negative values. Since it is only the magnitude o f the eccentricity that is of
interest, the program always assigns the larger of the two caliper values to caliper 1
irrespective of which caliper actually records the larger value. Consequently each
eccentricity value will always be positive. Correspondingly, as the tool rotates from 0® to
180®, the caliper will mimic the values measured by the opposing caliper as the tool rotates
from 180® to 360®. Since the borehole is assumed to be symmetric, it is only necessary to
consider azimuth values from 0® to 180® and all values from 180® to 360® are assigned
their true values minus 180® (Brereton et al.y 1986).
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Figure 5.1: Histogram of the azimuth of caliper pad 1 (degrees) versus the recorded
measurement frequency for a 100 metre section in borehole OS 29/lb-l illustrating two maxima
at 135° and 40°, the cumulative frequency and a calculated mean value of 102° ± 46°. This
section of borehole is deviated between 0° and 3.4° from vertical.

The same data used to display the histogram of the azimuth of caliper 1 for the example
borehole (Figure 5.1) are also used in the rose diagram (Figure 5.2). For ease of
manipulation the data are divided by W ellog into the 10° intervals displayed in Table 5.6.

The two log traces displayed in the columns to the left of the rose in Figure 5.2 are the
azimuth of pad 1 (AZI) and the difference between the two caliper readings (caliper
eccentricity, Ecc).

The breakout analysis program in W ellog locates the maximum breakout trend and
computes the mean azimuthal angle of all the data within a ± 25° window about this trend.
The apparent minimum stress direction (Min stress) can therefore be calculated (Brereton
et al., 1986) along with a ‘class’ of breakout. The predominant breakout orientation for the
example section of borehole determined in this way is 133.5° ± 20.6° (Class 2). The
breakout analysis program in W ellog automatically assigns one of three classes to the
breakouts analysed (Table 5.7).
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OS 29 /lb -l
OS 2 9/lb -l
590079 777116
56.84666®N 1.117092"E
Unweighted Data
Number of points
38.00000
25.00000

22.00000
41.00000
143.0000
42.00000
49.00000
51.00000
58.00000
59.00000
64.00000
67.00000
83.00000
249.0000
105.0000
67.00000
50.00000
38.00000

Well Number
Well Name
Grid Reference
Latitude & Longitude
Azimuth (degrees)
5
15
25
35
45
55
65
75
85
95
105
115
125
135
145
155
165
175

OS 29/lb-l
OS 29/lb -l
590079 777116
56.84666“N 1.117092°E
Weighted Data
Number of points
2.249994
1.579991
2.289996
1.849998
7.899960
1.619983
2.159983
3.009992
3.199997
4.229999
4.480002
5.970006
6.730021
47.17018
8.650007
5.280000
4.109996
3.419992

Table 5.6: Raw caliper eccentricity rose diagram data. The rose diagrams from the unweightec
and weighted statistics are illustrated in Figure 5.2 and 5.5 respectively.

Throughout this thesis the classification o f all breakouts analysed are used only as a guide
as a low level o f statistical confidence can be attributed to the classification system. The
annotation parallel to the minimum stress direction in Figure 5.2 gives an indication of how
much of the data are in the azimuthal interval with the maximum number o f points; in this
example 20% o f the data fall between 130° and 140°.
Class 1 - unimodal breakouts with a standard deviation usually less than 15°
Class 2 - bi-modal breakouts with a standard deviation usually between 15° and 22°
Class 3 - breakouts with no preferred orientation, standard deviation usually over 22°
Table 5.7: The Classification of breakouts used by W ello g .

The caliper eccentricity data are displayed in Figure 5.3 as a histogram. It must be noted
that, as the dipmeter tool records the diameter of the borehole in inches, the data displayed
in Figure 5.3 are also in inches. The greatest frequency o f eccentricity values are
concentrated between 0 and 0.1 inches (0 to 2.5mm) and have a mean value of 0.09 ± 0.05
inches (2.5 ± 1.25mm), the cumulative frequency curve increases in a step-wise fashion
as 5 main concentrations of data exist. Traditional breakout studies (Fordjor et al., 1983;
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Plumb and Hickman, 1985) would not have considered the majority of the data displayed
in Figure 5.3 to be significant, since the calculated eccentricity values are less than 0.6cm
(0.25 inches). However as much information as possible is examined in this study to give
a greater insight into breakout patterns and stress orientations in the North Sea region.

_0S_2 9_/J B- 1 iQ_S_2 9/_1 B- 1j_
DEPTH RANGE FROM;

3800.0 TO

3900.0 METRES

3 8 2 0 .-

Col

Min stre ss

=

133.5

+—

NUMBER o r DATA POINTS;
DEV FROM:
- 0 .3 TO

20.6

(ECC )

Class 2

1250
3.4 UNfTS

V I t o t o : 1#-W0V-W

Figure 5.2: Rose diagram of caliper eccentricity for a 1(X) metre section in borehole OS 29/lb-l
using unweighted statistics illustrating a calculated minimum stress orientation of 134° ± 2 1 °
(Class 2), 20% of the azimuthal values occur between 130° and 140°. The two traces to the
right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the difference in
recorded borehole diameter between the two pairs of caliper pads (ECC) from 0 to 0.42 inches.
This section of borehole is deviated between 0° and 3.4° from vertical.

The eccentricity values illustrated in the histogram (Figure 5.3) are plotted against the
caliper 1 azimuth in Figure 5.4. A similar trend can be seen from this diagram in that 5
distinct concentrations of data can be determined in the horizontal plane while two discrete
data sets at azimuths of 040° and 135° can be seen in the vertical plane.

The (raw) data presented in the unweighted rose diagram (Figure 5.2) does not take into
account the calculated eccentricity values but simply represents the number of caliper 1
values within each azimuthal class interval. To take account of eccentricity, a linear
weighting function is applied (Brereton er a i , 1986) whereby the sum of the eccentricities
within each azimuthal class interval is calculated. These data are then treated in the same
way as the unweighted rose diagram data and plotted (Figure 5.5). Table 5.6 shows the
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summed eccentricity values for each interval. The linear weighting function produces an
essentially very similar, though much more prominent apparent minimum stress orientation
(134.3° ± 17.0°; Class 1) to that illustrated in Figure 5.2. As the function simply sums
all the data it gives equal prominence both to very large numbers of low eccentricity values
and to the smaller number of high values encountered in the section.

o s 2 9 /J B -1 _ ( ^ 0 S _ 2 9 /_ lB - 1 )
DEPTH RANGE FROM:

3800.0 TO

3900.0 METRES

400.

300.

200.

100.

0.
0.

0.09
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0.29

0.2

0.15

0.3

0.4

MEAN- 0 0 9
0.06
NUMBER O f DATA PORiTS:
1290
FROM:
- 0 .3 TO
3.4 UWTS

I A) OW# 14-MN-M

Figure 5.3: Histogram of caliper eccentricity values (inches) against recorded frequency for a
100 metre section in borehole OS 29/lb-l. Five noticeable maxima occur at 0.01", 0.07", 0.1",
0.17" and 0.25" and are depicted by the step-wise increase in the cumulative frequency curve.
These data have mean value of 0.09" + 0.08". This section of borehole is deviated between 0°
and 3.4° from vertical.

Throughout the course of this study, it has become apparent that care must be taken when
sections of the borehole under analysis are washed out. In washed out sections of the
wellbore, the two calipers may record different values and thereby influence the calculation
of the apparent minimum stress orientation.
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Figure 5.4: A plot of the azimuth of caliper pad 1 (degrees) versus caliper eccentricity-(Mches)
for a 100 metre section in borehole OS 29/lb-l. The five discrete eecentricityimaxima are
numbered and the two discrete azimuth maxima are lettered. To th^/right)ofthe diagram, the
two traces depict the azimuth of padl (AZI) from 0° to 180° and the^caüpér eccentricity (ECC)
from 0 to 0.42 inches. This section of borehole is deviated between 0° and 3.4° from vertical.

Wellbore breakouts have been identified by several authors (Plumb and Hickman, 1985;
Zoback et al., 1985) through a combination of caliper eccentricity and rapid change in
shape of the borehole wall. Breakouts can therefore be further defined as sharp features on
borehole logs with a limited depth extent. To identify the sharpness of onset and termination
of breakouts, the rate of change of the eccentricity with depth can be calculated, this change
is referred to as the gradient (Brereton et al., 1986):
Gradiem -

'

Inc

[5.1]

where Eccl and Ecc2 are consecutive readings of eccentricity and Inc is the depth
increment.

Figure 5.6 illustrates the use of the gradient function in an unweighted rose diagram.
Distinct changes at the beginning and the end of the breakouts between 3815 and 3828
metres are apparent from the trace of the gradient values to the left of Figure 5.6. The
calculated apparent minimum stress orientation from the gradient function is 133.5° ±
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20.6° (Class 2) which is essentially the same as that determined from the analyses o f caliper
eccentricity.
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Figure 5.5: Rose diagnrfn of caliper eccentricity using linear weighted statistics for a 100 metre
section in borehole/OS 29/lb -l illustrating a calculated minimum stress orientation of
134° ± 17° (Clas^l), 41% of the azimuthal values occur between 130° and 140°. The two
traces to th e (r ^ t of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and
caliper eccentricity (ECC) from 0 to 0.42 inches. This section of borehole is deviated between
0° and 3.4° from vertical.
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Figure 5.6: Rose diagram of caliper gradient using unweighted statistics for a 100 metre section
in borehole OS 29/lb -l illustrating a calculated minimum stress orientation of 134° ± 21°
(Class 2), 20% of the azimuthal values occur between 130° and 140°. The two traces to the
right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and caliper gradient
(GRAD). This section of borehole is deviated between 0° and 3.4° from vertical.

In common with the eccentricity analyses, data calculated from the gradient algorithm can
be illustrated in a number of ways:- as histograms (Figure 5.7); against pad 1 azimuth
(Figure 5.8); and can be weighted in the same manner to produce a rose plot (Figure 5.9).

The gradient data has a modal value o f 0 (Figure 5.7) indicating that this section of
borehole is, to all intents and purposes, in gauge throughout its length. An alternative
suggestion may be that, when washouts are measured, there is insufficient variation in the
recorded borehole diameter to unduly influence the calculated breakout orientation. These
suggestions are borne out in the plot of gradient against azimuth (Figure 5.8) where a large
number of data points are located along the base of the axis representing the azimuth (/. e.
the gradient has a value o f 0 at most azimuths between 0° and 180°).
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Figure 5.7: Histogram of caliper gradient values against recorded frequency for a 100 metre
section in borehole OS 2 9 /lb -l. A single maxima occurs at a gradient value of 0 indicating that
this section of borehole is, to all intents and purposes, in gauge. These data have a mean
gradient value of 0.24 + 0.32. This section of borehole is deviated between 0° and 3.4° from
vertical.

The rose diagram produced using linear weighted statistics derived from the gradient
algorithm (Figure 5.9) shows a distinctly bi-modal trend, the two dominant orientations
being almost orthogonal. The apparent minimum stress orientation is 134.5° ± 22.6°
(Class 2) and the range 130° to 140° contains 15% of the data. These two dominant
orientations have been apparent in each rose diagram presented (Figures 5.2, 5.5, 5.7 and
5.9) although the gradient function illustrates this to a greater extent. The orthogonal
eccentricity directions may be interpreted as breakouts forming in the NW-SE direction and
local tensile fractures occurring in the NE-SW direction. These fractures are thought to be
caused by excess drilling fluid pressure in the borehole and are then widened to such an
extent that the caliper pads are able to measure the subtle difference in borehole shape
created. It is proposed that the dominant cause of wellbore wall failure in the North Sea is
shear fracturing and subsequent spalling in the direction o f minimum horizontal stress. Such
localised, tensile fracturing in the direction of maximum horizontal stress is thought to be
of only minor importance in the majority of boreholes drilled in the area.
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Figure 5.8: A plot of the azimuth of caliper pad 1 (degrees) versus caliper gradient for a 100
metre section in borehole OS 29 /lb -l. The single maximum gradient value of 0 is clearly
illustrated along the base of the diagram. To the right of the diagram, the two traces depict the
azimuth of padl (AZI) from 0° to 180° and the caliper gradient (GRAD). This section of
borehole is deviated between 0° and 3.4° from vertical.

Observed orthogonal directions of eccentricity values are therefore proposed to be the result
o f two factors; firstly, it is thought that shear failure will create the largest depression in
the borehole wall thereby causing the tool to record the orientation o f failure and the
orthogonal orientation; and secondly the orthogonality could also be a product o f the
limitations of the 4-arm dipmeter tool outlined in section 4.3.1. It is difficult to interpret
data when only two orthogonal directions are observed in the rose diagrams produced; in
such cases, the whole data set is analysed in detail (using both unweighted and weighted
statistics) as well as other plots such as cross-sectional representations which are discussed
later in this section.

Throughout the course of this study, reliance has been placed upon the linear weighting
function approach for the final evaluation o f the mean breakout orientations. This approach
is not strictly statistically rigorous since the eccentricity or gradient values have not been
normalised to dimensionless quantities (Brereton and Evans, 1987). It is therefore apparent
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that any errors associated with the minimum stress orientations derived from the eccentricity
and gradient data cannot strictly be compared directly.
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Figure 5.9: Rose diagram of caliper gradient using linear weighted statistics for a 100 metre
section in borehole OS 29/lb -l illustrating a calculated minimum stress orientation of
135° ± 23° (Class 2) and a secondary orientation centred around 045°, 15% of the azimuthal
values occur between 130° and 140°. The two traces to the right of the rose are the azimuth
of caliper pad 1 (AZI) from 0° to 180° and caliper gradient (GRAD). This section of borehole
is deviated between 0° and 3.4° from vertical.

A further method utilised for the analysis and examination o f the data is the use of an
arbitrarily defined cut-off function. The data set for any single parameter (such as deviation)
can be chosen and minimum and maximum values assigned to that parameter. To determine
how the chosen data sub-set affects the results derived from the rest of the data, analysis
may proceed using a range of minimum and maximum values for the chosen parameter.

The cut-off function ignores all data from all logs at depth intervals where the data falls
outside the minimum and maximum values defined. Thus, analysis o f a borehole section
where all the deviation values between 0° and 5° may produce different breakout azimuths
to the same section if the deviation limits were increased to between 0° and 10°. Similarly,
the cut-off function may be employed to remove all the low eccentricity or gradient values
in a similar way to that recommended by Plumb and Hickman (1985). This cut-off
operation has been performed on the data from the example borehole whereby all the data
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with a calculated eccentricity value of less than 0.24 inches (6.1mm) were excluded from
the analysis. The remaining data points were then plotted as rose diagrams (Figure 5.10 and
5.11).

As illustrated in Figure 5.11, 85% o f the linear weighted data now falls in the azimuthal
class interval 130° to 140° to produce an apparent minimum stress orientation of
133.4° ± 4.8° (Class 1). When the cut-off function was reversed and data with an
eccentricity value o f less than 0.24 inches were examined (Figure 5.12) the apparent
minimum stress orientation is calculated as 135.0° ± 22.4° (Class 3). When unweighted
statistics are employed on data where the calculated eccentricity values are between 0 and
0.24 inches (0 and 6.1mm; Figure 5.13) the data with an azimuth orthogonal to the main
trend are emphasised and an apparent minimum stress orientation o f 049.5° ± 23.7° (Class
3) is calculated. This orthogonal component o f data can therefore be considered to comprise
those sections of the wellbore wall which have ‘broken-out’ such that they are recognised
by the dipmeter tool but have not spalled sufficiently to cause a cessation in tool rotation.
It may therefore be proposed that these section represent those portions o f the borehole
which include small-scale tensile cracks at one azimuth and small broken out zones at an
orthogonal azimuth.

The main effect of the cut-off method is to greatly improve the confidence in the data (/. e.
± 5 ° instead of + 22°) while the calculated breakout azimuth is essentially the same (a
difference o f only 1.6°). Such improvement in confidence can aid the detection o f the ‘true’
breakout direction in cases where orthogonal data are present.

One aspect o f the cut-off function that is potentially useful is that applying eccentricity or
gradient cut-off levels to plots o f azimuth against depth can aid in the identification of
specific depth intervals (and hence lithologies or chronostratigraphic ages) over which
breakouts predominantly occur. The detection of significant changes in stress orientations
across major discontinuities can also be identified in this way (Brereton and Evans, 1987).
It has also been demonstrated (Brereton et al., 1986) that it is possible to remove all data
relating to caliper values greater than the nominal drilled diameter and therefore identify
zones o f wellbore closure due to plastic deformation o f the wellbore wall.

In Chapter Four it was shown that Zoback et a i , (1985) modelled stress concentrations near
the wellbore as a series o f curved potential shear failure surfaces, and that breakouts occur
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when the wall rock enclosed by these surfaces spalls away from the wellbore. Micro
cracking associated with such modes of failure results in an enhanced localised formational
porosity which is preferentially invaded by the drilling fluid. Zones permeated by drilling
fluid will exhibit an anomalously low resistivity when compared with the undamaged
borehole wall as they are traversed by the dipmeter’s resistivity pads. These ‘zones of
incipient spalling’ (Brereton et al., 1990) can therefore be used to determine minimum
stress orientations in much the same way as the caliper differences by determining the
resistivity eccentricity:
{FC2 + FC4)

{FCl +FC5)

Resistivity Eccentricity {Eccr) -

[5.2]

where FCl to FC4 are the micro-resistivity values recorded at caliper pads 1 to 4
respectively. A similar azimuthal correlation between caliper eccentricity and resistivity
anomalies was used by Plumb and Hickman (1985) to confirm breakout orientations in the
Auburn borehole, New York, and in this study to aid in the interpretation of minimum
stress orientations in boreholes showing bi-modal breakout directions.
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Figure 5.10: Rose diagram of caliper eccentricity using unweighted statistics on data with
eccentricity values greater than 0.24" for a 100 metre section in borehole OS 29/lb-l
illustrating a calculated minimum stress orientation of 133° ± 5° (Class 1), 86% of the
azimuthal values occur between 130° and 140°.
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Figure 5.11: Rose diagram of caliper eccentricity using linear weighted statistics on data with
eccentricity values greater than 0.24" for a 100 metre section in borehole OS 29/lb-l
illustrating a calculated minimum stress orientation of 133° ± 5° (Class 1), 85% of the
azimuthal values occur between 130° and 140°.
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Figure 5.12: Rose diagram of caliper eccentricity using linear weighted statistics on data with
eccentricity values less than 0.24" for a 100 metre section in borehole OS 29/lb-l illustrating
a calculated minimum stress orientation of 135° ± 22° (Class 3), 15% of the azimuthal values
occur between 130° and 140°.
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Figure 5.13: Rose diagram of caliper eccentricity using unweighted statistics on data with
eccentricity values less than 0.24" for a 100 metre section in borehole OS 29/lb-l illustrating
a calculated minimum stress orientation of 049° ± 2 4 ° (Class 2), 13% of the azimuthal values
occur between 040° and 050°. This mean orientation is orthogonal to the data presented in
Figure 5.12.

In general, the use of a cut-off function has been restricted to boreholes where the deviation
exceeds 10° from the vertical to avoid the possibility of wellbore elongations due to ‘key
seating’ being mistaken for breakouts. In boreholes where the deviation from the vertical
does not exceed 10°, a subjective decision is required to determine which cut-off function
to apply. The use of this operation has been limited to those boreholes in which orthogonal
eccentricity directions occur and those boreholes where a dominant breakout orientation is
difficult to ascertain.

An additional useful method of data visualisation is to produce a cross-sectional view of the
borehole by ‘stacking’ all the caliper information with depth onto one plane. The data
displayed in Figure 5.14 comprises the two caliper diameters (1-3 and 2-4) plotted with
respect to the azimuth of pad 1.

The axes depicted in Figure 5.14 are in inches and indicate the borehole had an original
drill bit diameter of 8.5 inches (21.59cm). Where the data illustrated form a circle with a
diameter equal to the bit diameter, the borehole is, to all intents and purposes, in gauge.
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Any points plotting outside the circle correspond to broken out zones. Two orthogonal
breakout zones can be seen In Figure 5.14; the first In the NW and SE quadrants, and the
second In the NE and SW quadrants. It must be noted that because the scales along the two
axes o f Figure 5.14 are not equal, the data presented appear to be elongated In a N-S
direction. This Is not, however, the case and is a limitation o f the plotting device and the
plotting program within W e l l o g .

A third log may be overlain on the ‘stacked* cross-section; In Figures 5.15 and 5.16 the
third logs respectively are, caliper eccentricity and caliper gradient. By overlaying a third
log, the general trends observed In the Initial cross-sectional plot are more clearly
Illustrated. Interpretation o f the data may then be further enhanced by using contour plots
or three dimensional representations to Illustrate salient features. Contour plots assign
contour lines to encompass all data within a given range o f values, whilst a three
dimensional representation (Figure 5.17) Is essentially the same as that previously exhibited
(Figure 5.15) but with the values o f the third log being assigned height as well as colour.

A general Idea o f the changing shape o f the borehole with depth can be ascertained by
simply plotting the caliper logs back-to-back (Figure 5.18). In this representation, increasing
caliper 1-3 diameter Is plotted from left to right and Increasing caliper 2-4 diameter Is
plotted from right to left. The diagram clearly shows the broken out zone between 3815 and
3828 metres (BO) and washed out zones occurring at 3868 metres, 3885 metres and 3895
metres (WO). The breakouts are represented by an Increase In the diameter o f the borehole
In a single direction whereas washouts are represented by an increase In the diameter all
round the borehole.

The final method o f data presentation used here Is the profile plot (Figure 5.19). This
visualisation Is produced by averaging results from a 25 metre depth window and then
moving that window down the borehole at 5 metre Intervals. The Influence o f depth and
chronostratlgraphy on breakout rotation can thus be examined. The Illustrative 100 metre
data set used throughout this section produces 20 data points on the profile plot (Figure
5.19); a larger data set would obviously Impart a greater degree o f complexity and detail.
The vertical axes In Figure 5.19 Indicate the azimuth o f caliper 1 from 0® to 180° and a
computed quality factor (Q) normalised to the longest and deepest breakouts In the wellbore
section. The horizontal axis shows the depth In metres, together with the chronostratigraphic
age o f the lithologies through which the borehole has been drilled (JU = Upper Jurassic,
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T = Triassic). Arrows indicating breakout direction and size are also illustrated along the
centre of the diagram. These arrows are useful as a visual aid in depicting the direction in
which breakouts are oriented, and so provide an indication of rotation in breakout
orientation with depth.
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Figure 5.14: Cross-sectional plot of caliper I versus caliper 2 with respect to the azimuth of
caliper pad 1. Two small breakout zones can be seen from these data, the first in the NW and
SE quadrants, and the second in the NE and SW quadrants.
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Figure 5.15: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1. In addition, caliper eccentricity values at each point within this section of
borehole are overlain as colour onto the caliper data presented in Figure 5.14. Two main
concentrations of data are again evident in the NW and SE, and NE and SW quadrants. The
highest values of eccentricity occur at an azimuth of 025°/205° whilst the greatest concentration
of high values is at an azimuth of 135°/315°.
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Figure 5.16: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1. In addition, caliper gradient values at each point within this section of borehole
are overlain as colour onto the caliper data presented in Figure 5.14. Two main concentrations
of data are again evident in the NW and SE, and NE and SW quadrants.

- 168 -

_0 S_ 2 9 /1 B- 1_l o s_29_/_1 B- 1j____
DEPTH RANGE FROM:

3 80 0 .0

TO

3 9 0 0 .0

METRES

North

Gal e c c e n t (ECC )
0.42

Caliper 1 (CALI)
SECTION NUMBER OF DATA POINTS:
DEV FROM:
- 0 . 3 TO
3 .4

1250
UNITS

Figure 5.17: A three-dimensional representation of the data presented in Figure 5.15. The
caliper 1 and caliper 2 values remain the same and the values of the overlain caliper eccentricity
data are assigned height as well as colour. The data are presented as an oblique view, magnetic
north being at an angle of 040° from the top of the page.
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Figure 5.18: A back-to-back caliper plot illustrating broken-out (BO) and washed-out (WO)
zones in the section of borehole used throughout this chapter. Increasing caliper 1-3 diameter
from 6.5 to 10 inches is plotted from left to right and increasing caliper 2-4 diameter from 6.5
to 10 inches is plotted from right to left.

The dipmeter tool is designed to measure the strike and dip of bedding planes by crosscorrelating the vertical displacements of the microresistivity traces recorded by each of the
four pads. At any given depth horizon, differences are therefore to be expected between the
resistivity pads by virtue of bed dip alone. Ideally, the effect of dipping strata should be
taken into account before the stress induced effects are evaluated. However, this was found
to significantly increase the complexity of the computing task, a simple averaging of the
data is therefore employed (Brereton and Evans, 1987). A further problem is the fact that
only one data point is used from the 16 points recorded every 8cm by each caliper pad. It
is therefore assumed that each data point used is representative of the formation resistivity
for each 8cm interval.
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Figure 5.19: A profile plot of the 100 metre section of borehole OS 29/lb -l used throughout
this chapter. The single line represents the average azimuth of Caliper 1 throughout the borehole
section, the arrows define the length and orientation of breakouts and the dotted line depicts the
‘Quality’ of the breakouts relative to the largest breakout in the borehole. The bottom row
represents the age of the strata encountered (JU - Upper Jurassic and T - Triassic).

When the resistivity data are used to plot both unweighted and linear weighted eccentricity
and gradient rose diagrams (Figures 5.20 to 5.23), the overall characteristics and mean
derived orientations of apparent minimum stress are essentially the same as those exhibited
by the caliper data, with one notable exception: the bi-modal trend in this wellbore interval
is considerably enhanced when the resistivity data are used and the calculated minimum
stress orientations are often orthogonal to those calculated from analysis of the caliper data.
Two factors influence the breakout orientations derived from the analysis of resistivity data;
firstly, unless tool rotation is complete throughout the section of borehole under
investigation (i.e. there are no zones of spalling), the resistivity pads will only record data
from the azimuth of the spalled zone and the zone orthogonal to it; and, secondly the
presence of localised tensile fractures which have been shown to produce small caliper
eccentricity values exhibit very large resistivity eccentricity values.
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Figure 5.20: Rose diagram of resistivity eccentricity for a 100 metre section in borehole
OS 29/lb -l using unweighted statistics illustrating a calculated minimum stress orientation of
045° ± 2 2 ° (Class 2), 18% of the azimuthal values occur between 040° and 050°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
difference in micro-resistivity readings recorded between the two pairs of pads on the dipmeter
tool (ECCR) from 0 to 37 units.
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Figure 5.21: Rose diagram of resistivity eccentricity for a 100 metre section in borehole
OS 2 9/lb -l using linear weighted statistics illustrating a calculated minimum stress orientation
of 044° ± 2 3 ° (Class 2), 15% of the azimuthal values occur between 040° and 050°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
difference in micro-resistivity readings recorded between the two pairs of pads on the dipmeter
tool (ECCR) from 0 to 37 units.
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Figure 5.22: Rose diagram of resistivity gradient for a 100 metre section in borehole
OS 29/lb -l using unweighted statistics illustrating a calculated minimum stress orientation of
046° ± 2 2 ° (Class 2), 17% of the azimuthal values occur between 040° and 050°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
resistivity gradient (GRAR) from 0 to 230 units.
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Fgure 5.23: Rose diagram of resistivity gradient for a 100 metre section in borehole
OS 2 9/lb -l using linear weighted statistics illustrating a calculated minimum stress orientation
of 134° ± 2 3 ° (Class 2), 15% of the azimuthal values occur between 130° and 140°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
resistivity gradient (GRAR) from 0 to 230 units.
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5.4 Data Analysis Procedure
Following loading and initial examination of the data, each borehole was analysed for
breakout rotation with depth. In the first instance, profile plots illustrating the entire
borehole were used to determine visually any apparent breakout rotations with depth (Figure
5.24). As illustrated in Figure 5.24, breakout rotations occur at approximately 2500 metres,
2700 metres, 3100 metres and 3700 metres. A standard analysis procedure has been adopted
whereby the depths at which rotation occurs are noted on a ‘Borehole Breakout Data
Analysis Record’ (Figure 5.25), the standard form used by the BGS for breakout data
analysis. As shown in Figure 5.25, the borehole deviation was noted along with the depth
range o f the available data and the depth range o f acceptable data if any section of the
wellbore was deviated by more than 10° from the vertical.

All the acceptable data were analysed as a single data set, and eccentricity and gradient rose
diagrams were produced along with the respective wellbore profiles. The data were then
divided into small depth windows, and rose diagrams produced for each depth interval with
the apparent minimum stress orientations from both caliper and gradient analyses being
noted. This procedure was repeated for each depth interval selected throughout the
borehole. The resistivity data were analysed in the same manner although it should be noted
that the same depth intervals were not always used for both the caliper and resistivity data.

To aid clarification o f any bi-modal or otherwise ambiguous results, the alternative methods
o f data presentation described in section 5.2 were used to discriminate and interpret the
results, with the most effective being the cross-sectional plots o f caliper 1, caliper 2 and
eccentricity.

5.5 The

Oracle

Database

Following the acquisition of large amounts o f data from Amerada Hess, Unocal and British
Petroleum it was decided that a rational framework for data management and manipulation
was required in order that the results could be analysed with respect to other available
sources o f geological and geophysical information. A relational database was therefore
created (Brereton et al.y 1993) to accommodate a wide geographical distribution o f rock
stress data and a high density of three dimensional information from both borehole breakout
sources and the published literature.
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Figure 5.24: Profile plot of borehole OS 29/lb-l in its entirety illustrating a number of
breakout rotations within this borehole. The single line represents the average azimuth of
Caliper 1 throughout the borehole, the arrows define the length and orientation of breakouts and
the dotted line depicts the ‘Quality’ of the breakouts relative to the largest breakout in the
borehole.
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BOREHOLE BREAKOUT DATA ANALYSIS RECORD
Well Name and/or Ref. No ::

OS 2 9 /lb -l

CALIPER data - Total depth
GRAD Profile

ECC Rose

ECC Profile

074° ± 1 9 ° I

GRAD Rose

Plotted

075° ± 1 8 ° I

RESISTIVITY data - Total depth
GRAD Profile

ECC Rose

ECC Profile

GRAD Rose

Plotted

165° ± 18° I

158° ± 19° I

CALIPER data - Depth windows
Comments

ECC Rose GRAD Rose

Depth range

Plotted

Bottom

Top
1783.04 m

2500 m

076° ±15° I 077° ±16° I

Weighted

2500 m

2700 m

163° ±12° I 162 ± 14° I

Statistics

2700 m

3100 m

066° ±18° I 080° ±16° I

3100 m

3700 m

021° ± 10° I 023° ±10° I

3700 m

4029.87 m

111° ± 15° ri 023° ± 20° n

RESISTIVITY data - Depth windows
ECC Rose GRAD Rose

Depth range

Comments

Plotted

Bottom

Top
1783.04 m

2100 m

170° ± 14° I

170° ± 17° I

Weighted

2100 m

2600 m

158° ± 12° I

160° ± 13° I

Statistics

2600 m

2806 m

165° ± 15° I 167° ± 16° I

Gap in data between Î>806 and 3684 metres
3684 m

3800 m

3800 m

4029.87 m 069° ± 21° II 047° ± 25° II

Deviation
-0.26° to 3.44°

114° ± 8° I

114° ± 12° I

Depth Range
1783.04 to 4029.87 metres

O.K. Depth Range
All data

Figure 5.25: The standard analysis form devised for this project to determine breakout rotation
down a borehole. Changes in breakout orientation with depth determined from the profile plot
(Figure 5.24) are noted on the ‘Borehole Breakout Data Analysis Record’ form and the
breakouts within these intervals are analysed using W e l l o g .
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The O r a c l e database (copyright O r a c l e U .K . Ltd.) organises and stores information in
a number of tables composed of rows and columns. Each column contains a single category
o f information such as borehole latitude while each row contains a set o f information
pertaining to an individual borehole. The tables set up for this study are listed in Table 5.8.
R eg
B o r e jn d e x
R ose
P rof

L fth

- Borehole registration number, borehole name plus location information.
- Top and bottom depth data plus analytical method type.
- Rose data for each breakout method, including mean azimuth and
standard deviation data for each method plus raw data in 10° intervals.
- Profile data for each method, including azimuth and relative stress
magnitude information for 25 metre intervals throughout the borehole
section.
- Chronostratigraphic information for the borehole section.

Table 5.8: A summary of the tables set up in the O racle database.
Following the analysis procedure outline in section 5.4, the caliper and resistivity rose
diagrams and profile information are output from the data analysis program into the
database. The profile plots are then used, in conjunction with appropriate geological
information to identify which boreholes exhibit distinct stress orientation rotations over
specific depth ranges.

As illustrated in Table 5.8, the analytical and databasing procedures were extended to
include chronostratigraphic information for each o f the boreholes for which a breakout
stress analysis has been performed. One o f the main objectives o f this study has been to
establish whether the three main tectonic events to affect the North Sea and northwestern
Europe - the Alpine, Variscan and Caledonian orogenic events - have exerted an influence
upon the stress regime evident today. Six primary chronostratigraphic subdivisions were
chosen to allow these events to be separated one from another, the Tertiary; Cretaceous;
Jurassic; Permo-Triassic; Carboniferous; and the Lower Palaeozoic. Archived borehole
records held at the BGS and Department o f Energy were examined to extract the depths of
the boundaries o f these intervals which were then input into the Lrra table in order to
enable comparison with the calculated stress/depth information. In general the archived
records subdivided the chronostratigraphic information in to smaller time intervals than
simply into the basic geological Periods listed above. The divisions in each archived record
were predominantly to the stage level. However, in this study it has only been necessary
to subdivide the data into the ages listed in Table 5.9.

- 177 -

Period

Divisions

Tertiary
Oligocene
Eocene
Palaeocene
Cretaceous
Upper
Lower
Jurassic
Upper
Middle
Lower

Abbreviation

Period

GN
GO
GE
GP
K
KU
KL
J
JU
JM
JL

Permo-Trias
Triassic
Permian

Divisions

Upper
Lower
Carboniferous
Lower Palaeozoic
Devonian
Silurian
Cambrian
Precambrian

Abbreviation
PT
T
P
PU
PL
C
LP
D
S
E
A

Table 5.9: The age subdivisions used in this study.

A number o f routines have been written to enable the most efficient extraction o f data from
the O racle tables. These are outlined and listed below:

Breakout Extract. This routine extracts profile and rose diagram data and outputs it in rose
diagram or profile format. The majority of the data presented in this study have been
derived from this routine. The extraction program has been modified in order to enable data
extraction by a variety of methods; these methods are listed in Table 5.10.
Data may be selected as follows :1 ,..Single Borehole
2.. ...Boreholes in an area (by grid)
3 . Boreholes in an area (by lat-long)
4
All Boreholes in database
5 , All Onshore Boreholes
6 . All Offshore Boreholes
7
Registration numbers matching a string
Borehole names matching a string
8
9 ...Registration numbers from a list
Data may be extracted for these methods:1 ...Caliper Eccentricity (ECW)
2 ...Caliper Gradient (GRWD)
Resistivity Eccentricity (ECWR)
3
4
Resistivity Gradient (GRWR)
5
All available rose diagrams
Depth ranges may be selected as follows:1
Full depth range for all holes
2
Entering min and max depths
From a list of chronostratigraphic units
3
4
From major tectonic divisions
Table 5.10: Data retrieval options from Breakout_Extract.

-
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Rose diagram data may be extracted from the R ose table if the full depth range of data are
required. Alternatively, if only a portion of the data are required, inversion of data held in
the P rof table enables rose diagram data to be extracted from specific depth or
chronostratigraphic intervals. Rose diagrams derived from the R ose and P rof tables using
the full range of available data are illustrated in Figure 5.26.

Prof Table

Rose Table

Figure 5.26: Rose diagrams derived from the Rose and P r o f tables using the full range of
available data. The two rose diagrams produced are essentially similar in shape although the bi
modality evident in the diagram derived from the profile data is more striking.

The two rose diagrams produced are essentially similar in shape although the bi-modality
evident in the diagram derived from the profile data is more striking. It is clear that the rose
diagram derived from the R ose table reflects the original data more accurately than that
from the P rof table, although the profile data does provide an acceptable reflection of the
original data. The method whereby data from the P rof table is converted into rose diagram
format is very useful because data can be extracted from a number of depth intervals with
confidence that the rose diagram produced will accurately reflect the original data.

Breakmap_Extract. This routine extracts rose diagram data from the R eg and Pr o f tables
in a format suitable for display as part of a map. The mapping of rose diagram data is
discussed in section 5.6.

Call_Rose_Prof. This routine produces graphical presentations of breakout data as arrow
plots (Figures 5.19 and 5.24) using chronostratigraphic data from the Lith table and profile
data from the P rof table extracted using either of the previous two routines.

Grab Data. This routine retrieves data fronf the R e g , R ose and P rof tables for editing and
other major modifications.
-
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Minstress. This routine determines the minimum stress orientation from a rose diagram file,
but it is not strictly as accurate as the minimum stress value obtained from W e l l o g since
the minimum stress orientation is determined from the 10° windows stored in the R o se
table {i.e. if the Minstress routine were run on the data presented in Table 5.6 the minimum
stress value obtained would be 135° whereas that derived from W e l l o g (Figure 5.5) is
134.3° ± 17.0 Class 1). The routine can therefore be considered to be correct to within
± 5 ° from the value for minimum stress derived by W e l l o g .

Min Max Depth. This routine interrogates the B o r e

dsidex

table to determine the depth

ranges o f data held in the database.

5.6 Breakout Orientation Mapping
As displayed in Table 5.6, the raw rose diagram data output from the database contains
information on borehole location and the depth range o f the data along with the data for
each 10° interval. This enables data from a number o f boreholes to be combined to produce
geographical distribution o f the rose diagrams superimposed upon a map o f the mainland
UK and the continental shelf surrounding the UK landmass. Figure 5.27 depicts a rose map
o f breakout orientations from around Britain derived from Caliper eccentricity using the
B r e a k m a p program. This menu driven program is analogous to the W e l l o g package used

for the graphical visualisation and interpretation o f stress orientation data. A fuller
description o f the program is outlined in Table 5.11.

As indicated in Table 5.11, data of interest are output to a file from Breakout Extract or
Breakmap Extract and read by the map plotting program. The minimum and maximum co
ordinates are calculated by B r ea k m a p and can then be altered by the user. If unweighted
statistics are used, all the rose diagrams plotted will be the default size. However, it is often
advantageous for the interpretation of the data to use ‘weighted statistics’ whereby the
largest rose (which represents the borehole with the largest number o f broken-out zones)
will be the default size and all other roses are scaled with respect to this rose to indicate the
relative reliance that can be placed on the results. That is, the smaller rose plots illustrated
in Figure 5.27 represent narrower depth ranges sampled (and therefore fewer sample points)
while the larger rose plots represent larger depth ranges sampled (and correspondingly more
reliable results). The large rose plotted in the North-Western corner o f Figure 5.27 is the
combined data from all the boreholes illustrated. Such a ‘Total’ rose plot serves two
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The B r e a k m a p program requests the following (defaults in square brackets)
Enter device type :
How many input files [1] :
Input file name (1) :
Plot Vectors? y/g/n [N] :

National grid or Lat/Long [N] :
Equal status to each borehole (Y) :

Single rose arm option (Y) :

Plot Total Rose y/n [Y] :
Enter Co-ordinates :
Map scale (K) (1:625.00) :
Rose size (mm) (10.0) :
Output total data (N) :

Is the data to be printed to the terminal screen or
to a plotting device?
Up to six input files can be accommodated per plot.
Each file name of interest is typed {e.g.
Permian.Ecw).
Are the data to be plotted with faults ‘Y’; are
calculated stress trajectories required ‘G*; or plot
data with no other features ‘N*.
Type ‘N’ for national grid co-ordinates or ‘L’ for
latitude/longitude co-ordinates.
Are the data to be weighted with respect to the
length of the section analysed and number and
quality of broken-out zones? (Equal status to each
borehole indicates unweighted statistics).
Are the full rose diagrams to be shown ‘N’ or just
a single arm indicating maximum breakout
orientation ‘Y’.
Should the data be combined and plotted as a single
rose?
The co-ordinates for the map are entered.
The scale of the map is entered {e.g. 1:625.00 is
equal to 1:625,000).
The size of the largest rose to be drawn is entered.
See text for a detailed description.
Is the summed rose data to be output to a file for
further inspection.

Table 5.11: The prompts for the visualisation of stress orientation data using B r e a k m a p .
purposes; firstly it indicates the average o f all data shown, in this case the average for the
whole o f the U.K. mainland and offshore areas, 054°/234° ± 23; and secondly the
summed rose indicates zones, other than the major breakout orientation, which contain a
significant amount of data. In Figure 5.27, a secondary orientation o f 145®/325° is evident.
Areas which contain a high geographical density of boreholes such as the Witch Ground
Graben can be shown in more detail to ascertain any local fluctuations in breakout
orientations or anomalous trends.

As can be seen from Figure 5.27, the acquisition o f offshore breakout data has been
concentrated in the graben areas to the north of the Mid-North Sea High (MNSH) and from
a number of boreholes adjacent to the east coast of England in the southern North Sea. This
can be attributed to the desire o f the oil companies to drill in basinal areas where
hydrocarbon deposits are more likely to be encountered as opposed to the relatively higher
areas such as the MNSH where the only boreholes drilled are for stratigraphical studies
carried out on behalf o f the British Geological Survey.
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Figure 5.27: Rose map of breakout orientations from around Britain derived from caliper
eccentricity. The scale is 1 to 8 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for this area is 054° ± 2 3 ° .
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5.7 Stress Trajectory Mapping
Breakout orientation measurements such as those presented in Figure 5.27 are often overlain
as short arrows, bars or rose diagrams onto a map o f the area under study. Each arrow
indicates the inferred direction o f maximum or minimum stress at the borehole location. It
has been found throughout the course o f this study that measurements o f breakout
orientations are not only subjected to errors but also to significant genuine variations within
the local stress field. In order to better visualise breakout orientation data and to infer the
principal stress axes, especially in areas o f sparse data, there have been various attempts
to sketch stress trajectories across the region o f interest (Bell, 1989; Bell and Lloyd, 1989;
Hansen and Mount, 1990; Rebai et al., 1992). A stress trajectory can be defined as a curve
whose tangent at any point is in the direction o f one o f the principal stresses (Jaeger and
Cook, 1979).

The stress measurements derived from borehole breakouts in this study consist o f locational
co-ordinates plus a principal breakout orientation. The locational data tend not to be
uniformly distributed, as they reflect the sites of hydrocarbon investigations. It is also
apparent that the breakout results are not all o f the same quality, it is therefore important
that undue weight is not given to a single, possibly anomalous result when compiling the
final stress map.

The basis for the computation of the stress trajectories used in this thesis is drawn from the
work o f Hansen and Mount (1990). The principle o f their algorithm is to seek a function,
via iteration, that minimises the difference between the breakout vector measurements and
the calculated stress trajectory. However, this fidelity to the raw data needs to be balanced
against a ‘smoothing’ function such that the derived stress trajectories do not simply reflect
the ‘raw’ stress data, A smoothed stress field is therefore derived that contains an objective
function for fidelity to the raw data, and a second function for controlling the degree of
smoothing. The resultant two-term equation is solved iteratively (Hansen and Mount, 1990).

The weighting function for each calculation includes an algorithm to take account o f the
distance o f the stress measurement point from the stress trajectory calculation point. This
is commonly kept global throughout the area under investigation and is calculated on an
inverse distance weighting method. However, this method has been found to work poorly
in situations where there is a dense coverage of data in one part o f the area and sparse data
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elsewhere (Hansen and Mount, 1990). To counter these problems, an alternative method
whereby the distance to the nearest neighbour is taken account o f has been devised
(Cleveland, 1979) and incorporated into the program.

The weighting function w(x, \ ) is a local measure o f the distance between the points x and
In order to account for the distance to the nearest neighbour, a local distance weighting
function is employed; a ‘user-defined’ fraction o f the data points are used in the calculation.
The integer R is defined by setting:
R

F \n

[5.3]

where R and F are the number and fraction of data points respectively, used in any one
evaluation of the smoothing function; n is the number o f data points (Hansen and Mount,
1990).

The parameter h(x) is defined to be the Euclidean distance from point x to its Rth nearest
neighbour. It must be noted that a data point is considered to be its own zeroth-nearest
neighbour (Hansen and Mount, 1990). The weighting function w(x, x^) can be defined by:3

w (x,x,) -

1

X

-

' X - X i

Xi

-

h(x)

if

h(x)

'

< 1

otherwise w (x ,X j)-0 [5.4]

This ‘tricube’ weight has several desirable properties including
0 < w(x, Xj) < 1
and w(x^, x,) = 1.

[5.5]

Where x^ is not among the /?-l nearest neighbours o f x, w(x, x^) = 0 (Hansen and Mount,
1990).

To ensure a balance between the smoothness of the calculated trajectories and their fidelity
to the local data the tricube weights are rescaled. This rescaling is accomplished by first
calculating the sum of the tricube weights o f all the points (G(x^)) except the point to be
smoothed
[5.6]
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The rescaled weights vv are found by dividing the tricube weights of the neighbouring points
by G(x,.):-

^{x^.Xj) = w(x,.,x^.) i f j ^ l

[5.7]

The rescaled tricube weights of the neighbours will always sum to 1 which is equal to the
weight assigned to x,. itself. An example o f the calculation o f rescaled tricube weights for
a small data set is outlined in Figure 5.28.
J

f/l

-C/2

llxi-x/ll

w(xi,x/)

W(X,,Xy)

1

2.00

8.00

0.00

1.00

1.00

2

4.00

8.00

2.00

0.92

0.36

3

2.00

5.00

3.00

0.76

0.29

4

5.00

7.00

3.16

0.72

0.28

5

6.00

2.00

7.21

0

0

6

3.00

3.00

5.10

0.18

0.07

7

8.00

5.00

6.71

0

0

Figure 5.28: A synthetic example illustrating the calculation of tricube weights, using the five
nearest neighbours (i? = 5). Each data point is oriented in the direction of a measured breakout.
The second and third columns list the co-ordinates of these points. Colunms 4-6 show how
rescaled tricube weights for smoothing at point X| are determined from the five nearest
neighbours of x^ The Euclidean distance from x^ to each of the other points is given in the
fourth column. Data point 7 is the fifth nearest neighbour of X], so that h(xi) is equal to 6.71,
the Euclidean distance from point 1 to point 7. The fifth column gives the tricube weights,
calculated using equation 5.4. The sum of the weights of the neighbours of x^ is G(xi) = 2.58.
The rescaled tricube weights, found using equation 5.6, are given in the last column (after
Hansen and Mount, 1990).

A smoothing algorithm that produced a robust solution was devised by G.S. Watson (1985);
a robust solution is one that is not unduly influenced by the occasional ‘anomalous’ data
point. When a ‘robustness weight’ is applied to the data, those observations where the fitted
and observed values differ markedly are downgraded or even ignored (Hansen and Mount,
1990). This degradation of anomalous values is updated during each iteration outlined
below. The algorithm employed for the analyses reported here comprises the steps outlined
in Table 5.12.

The parameters that can be interactively adjusted in the calculation of stress trajectory maps
are as follows:-
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1. The fraction o f the data used (F), a described above, this parameter affects the
fidelity o f the calculated stress trajectories to the actual data. The default is set at 0.4 and
the fraction used in this thesis ranges from 0.05 to 0.95.
2. Smoothness (X), this parameter is used in the program as a scalar to influence the
fidelity and smoothness o f the trajectories to the raw data. Solutions will emphasise
smoothness when X is large, and fidelity to the data when X is small. As smoothness is a
scalar function setting X equal to 1 will influence neither smoothness or fidelity; these two
parameters will therefore be influenced by the chosen value o f F. In general, X ranges from
0.1 to 10.
3. Robustness weight, this must be 0 or 1; if set to 1, as in the default case,
anomalous data will not be given undue weighting, if the robusmess weight is set to zero,
all the data will be treated with equal validity.
4. Smoothing iteration, the number of iterations performed; the default is set to 10.
5. Segment length and the number of segments. The exact distance for which the
stress trajectory is calculated depends on the values chosen for the segment length and
number o f segments. For stress trajectory mapping in the North Sea using latitude/longitude
co-ordinates, the optimal number o f segments has been found to be 10 which means that
each trajectory will consist of 10 short segments in each direction chosen. The optimal
segment length is 0.10 which means that each of the 10 segments will have a length equal
to 0.10 degrees.

1. The weighting for each stress reading, taking into account the distance from the trajectory
calculation point and the robustness weighting is calculated.
2. A stress trajectory using the above weighting function (and thus the residual between the
fitted and raw values) is computed.
3. An updated robustness weighting is computed.
4. The program repeats steps 2 and 3 for a fixed number of iterations; for a combination of
speed and accuracy it has been ascertained that 10 is a sufficient number of iterations.
Table 5.12: The steps undertaken by the algorithm (after Hansen and Mount, 1990; Brereton
et al., 1993).
The stress trajectories produced in this thesis are calculated from 100 ‘seed points’
positioned at the nodes of a 10 by 10 grid overlayed on the area (Figure 5.29). The fitted
stress direction at this point (0j), is calculated and the program then finds a new point (#2 )
such that the segment joining the initial point and the new point has a specified, very small.
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length (L) and is oriented in the direction of 0^ (Hansen and Mount, 1990). Once the new
point has been identified, the stress field is evaluated at this location. The resulting
estimated stress direction Oj is used to find a third point, such that the segment joining the
second and third points has length L, and is oriented along the direction of $2 (Figure 5.29).
This procedure is repeated until the trajectory moves out of the region under investigation
or reaches the specified number of segments.

i

(b)
Figure 5.29: Cartoon illustrating the initialisation and growth of stress trajectories; (a) the
location of the ‘seed points’ and the breakout directions indicated by the short arrows; (b) a
detail of (a) showing the initiation of stress trajectories from point through 62 and so on to
0JO each point is joined by a line of specified length (L).

Field data from part of the North Sea basin have been used to illustrate the power of the
stress trajectory mapping program and to test the algorithm with respect to finding the
parameters which most usefully reflect the data. Caliper eccentricity data from 16 boreholes
drilled within the southern North Sea Basin have been used to test the algorithm. The rose
diagrams in Figure 5.30a have been obtained from the O racle database using the
Breakout Extract routine. Stress trajectory plots computed using the algorithm of Hansen
and Mount (1990) based on the breakout data presented in Figure 5.30a are illustrated in
Figures 5.30b, 5.30c and 5.30d to demonstrate the effect of varying the tunable parameters
F and X. In both Figures 5.30b and 5.30d, 20% of the data points (F = 0.2) are utilised
in the computational analysis. Thus of the total of 16 stress measurements, the three closest
measurements (/? = 3) are employed in each evaluation. In contrast, Figure 5.30c shows
computed stress trajectories based on 95% of the 16 total data points (F = 0.95); the 15
closest stress measurements are utilised in each evaluation. By using more data points in
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the evaluation (a high F value), a smooth fit to the data is obtained. On the other hand,
using fewer data points (a low F value), a tighter fit to the data is produced as seen by
comparing Figures 5.30c and 5.30d.

It was noted by Hansen and Mount (1990) that, in general, when stress trajectories are
computed for regions containing only a few stress orientation measurements it is reasonable
to generate a relatively smooth stress trajectory field, utilising the bulk o f the limited data
set (Figure 5.30c). On the other hand, when computing stress trajectories for a dense
network o f stress orientation measurements, a tighter fit to the data may be warranted. The
quality o f the data is intuitively a very important factor when considering the mapping of
stress trajectories. All the rose diagram data illustrated in this section are not weighted with
respect to quality. Giving weight to the data has no effect on the stress trajectories produced
but gives the reader some idea o f the data quality. Throughout this thesis, both unweighted
and weighted data, as well as single rose and the standard rose diagrams are illustrated on
stress trajectory maps. In each instance, the type o f data presented is indicated in the
caption beneath the illustration.

The stress trajectories produced in this thesis follow the recommendations given in the
conclusions o f Hansen and Mount (1990) to the effect that, after preliminary stress
trajectory maps have been produced, the results from these are compared and values o f F
and X are chosen which best reflect the original data.

An important application o f stress trajectory mapping has been documented by Bell et a l. ,
(1992) and by Dart and Swolfs (1992), who proposed that regional stress trajectories may
be deflected by open fractures and non-sealing faults. In section 2.3.2.3 it was shown that
open fractures in a rock mass constitute, in a geomechanical sense, tabular-shaped voids
enclosed by a free surface (Bell et al., 1992). These free surfaces will deflect stress
trajectories in the immediate vicinity to such an extent that the least principal stress
approaches the free surface at right angles. The least principal stress will therefore be
rotated by the free surface unless it was originally oriented exactly orthogonal to that
surface. Alternatively, if the fractures are sealed, stress will be transmitted across them with
no deflection, unless the minerals forming the seal exhibit strong elastic contrasts with the
country rock (Bell et al., 1992). It was also proposed that differences in the mechanical
properties o f rock within a fault zone or fault-bounded area will function as a discontinuity
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within the regional stress field and therefore deflect stress trajectories (Dart and Swolfs,
1992).

"j

V

?"

//;

Figure 5.30: (a) The location and orientation of breakouts in the southern North Sea used to
illustrate the power of the stress trajectory mapping program. In common with Figure 5.27,
each rose is scaled relative to the amount and quality of data represented, (b) Stress trajectories
calculated from the data in (a) employing low values of the amount of data used (F) and
smoothness (X), the trajectories emphasise fidelity to the raw data, (c) When F is large and X
is small the fit is very smooth and the resulting stress field is nearly constant, (d) With small
F and large X, the fit is both smooth and has a certain degree of fidelity to the raw data.

Stress trajectory rotation may also be predicted if an anisotropic rock fabric, such as
strongly oriented jointing or cleavage, is present. In such a case, the rock fabric property
can act as a stress guide to redirect the stress trajectory orientation (Dart and Swolfs, 1992).
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Throughout the course of this study, particularly with respect to data interpretation, all the
available information has been taken into consideration. Stress trajectory mapping, whilst
being a useful tool to aid the interpretation of complex patterns of breakout orientation in
some areas of the North Sea region, has not been used as the sole basis for data
interpretation and modelling.
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Chapter Six - Results Presented By
Geographical Domain
6.1 Introduction
In this chapter the results derived from the analytical techniques described and discussed
in Chapter Five are presented. I will initially present data for the entire North Sea region
and then focus on smaller areas that contain greater concentrations o f data. For this latter
purpose I have divided the North Sea area in to five geographical domains (Table 6.1;
Figure 6.1).
Geographical Area
West of the Shetland Islands
Viking Graben
Moray Firth and Witch Ground Graben
South Viking Graben and Central Graben
Southern North Sea

Location
59°30’N - 62 °N
59°N - 62°N
57°N - 59°N
56°N - 59°N
5 3 °N -5 5 °N

1 °W -5 °W
1°W -4 ° E
4°W - 0°24’E
0°24*E - 4°E
0°E - 3°E

Table 6.1: The co-ordinates and names of the geographical domains discussed in this chapter.
Wellbore breakout orientations from each domain and those determined from the single
borehole located on the Mid-North Sea High are discussed in sections 6.3 to 6.8.
Interpretations o f the presented data are confined to preliminary observations here, but are
expanded upon in Chapter Eight.

In this chapter, data are presented from 115 boreholes (63% o f the 189 boreholes for which
data tapes were obtained) which met the selection criteria adopted for this study (see section
5.3). Of the 74 boreholes which did not meet the selection criteria, 19 (10%) were found
to be deviated more than 10° from the vertical and four others were rejected on tool
rotation grounds. The criteria used for the rejection of data are outlined more fully in
Appendix One. The remaining 51 boreholes consist mostly o f tapes for which the data are
stored in difficult formats, such as Diplog and old 7 track formats, a small number of
damaged tapes which present a large number of errors when being read or contained data
which were not applicable to this study. Such problems are not uncommon when data tapes
from boreholes drilled up to 15 or 20 years ago are being used. Although commercial tape
translation services are available to transcribe data recorded in these "difficult" formats to
a standard format the costs are prohibitively high.
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Figure 6.1: The division of the North Sea into the five geographical domains listed in Table
6.1. The major structural features in the region are also shown.

Besides being stored in the W ellog system and the O racle database, the data have also
been transferred to a spreadsheet for ease of access to a hard copy of the analytical results.
The spreadsheet contains information regarding breakout data from each borehole and from
the relevant chronostratigraphic levels within each borehole. The breakout orientations from
each chronostratigraphic interval have been derived on a well by well basis using W ellog
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and output to the spreadsheet. This spreadsheet is displayed in its entirety in Appendix Two
whilst sections o f it appear throughout this chapter and Chapter Seven. All the breakout
orientations quoted in this chapter are with reference to magnetic north, 5® west o f true
north.

In total, 115,696 metres o f data have been analysed during the course o f this research. The
maximum amount o f dipmeter data obtained from a single borehole is 3301 metres from
borehole OS 20/2-2 and the minimum is 119 metres from borehole OS 47/14a-8. The depth
ranges for which caliper data are available in each borehole are illustrated in Figure 1.2.

For ease o f viewing, rose diagram maps and other illustrations containing large amounts
of fine detail or high concentrations o f data are reproduced on a larger scale in a
supplementary volume o f this thesis. Each diagram cited in the text is illustrated here and,
a larger scale reproduction is held in the supplementary volume and referred to as Figure
SV*.

It is not reasonable to assume that for each map displayed in this chapter, data from each
individual borehole could be displayed and discussed. Instead, boreholes illustrating the
salient features o f the data presented or other features o f particular interest have been
chosen to illustrate the data set as a whole. In cases where a single borehole is not
representative o f the entire data set, a number o f boreholes have been chosen and are
illustrated. Illustrations o f individual boreholes presented in this chapter have been derived
from the W e l l o g system, whilst the maps are derived from the O r a c l e database using the
Breakout_Extract routine.

A small proportion of the data analysed during the course o f this research has been rejected
either because the angle of deviation o f the borehole affected the orientation o f hole
elongation, or, incomplete rotation of the dipmeter tool occurred throughout the logged
interval. Such incomplete tool rotation is generally independent o f the deviation o f the
borehole and is a facet o f the logging method. In both cases, the tool does not sample the
entire circumference o f the borehole wall and anomalous results would be obtained from
the analysis o f these data. Evidence for the rejection o f data from 23 boreholes in this study
is described and discussed in Appendix One.
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6.2 Broad Regional Synthesis
The orientations of wellbore breakouts in the North Sea determined from analysis o f caliper
eccentricity are illustrated in Figure 6.2. All 115 boreholes presented in Figure 6.2 are
given equal weighting regardless o f the depth range or quality o f breakouts encountered.
It is apparent from the summed rose in the upper right hand corner o f this illustration that
the data appears, to all intents and purposes to be, directionally isotropic (mean orientation
o f all data = 015° ± 26°). The general trend of the graben bounding faults and other
major faults are displayed in Figure 6.2 and other illustrations throughout this chapter.
These were hand digitised from a commercially available map o f the North Sea basin to
enable the interpretation o f breakout orientation with respect to fault trends and to provide
a general guide to the fault trends within the basin.

In order to amplify any dominant trends in the data set, the data has been weighted with
respect to the amount analysed and the number and size o f breakouts within each borehole
has been carried out (see section 5.6). Breakout orientations obtained from analysis of
caliper and resistivity data and derived from the R o s e table in the O r a c l e database are
illustrated in Figures 6.2, and 6.3 to 6.6.

To aid comparison between the rose diagrams derived from the R o s e table and those
derived from the P r o f table in the O r a c l e database (section 5.5), the roses displayed in
Figures 6.7 to 6.10 comprise those diagrams originating from inversion o f profile data.

It is clear that, on presentation of maps such as those illustrated (Figures 6.2 to 6.10), the
readers eye is immediately drawn to the summed rose. Throughout this chapter the
description o f each map begins with a discussion of the salient features o f the summed rose
which is then followed by a description o f the data which influence its shape.

The summed rose on each of the eight maps presented show varying degrees o f circularity.
The least circular of the summed roses is that derived from inversion o f caliper eccentricity
data from the P r o f table (Figure 6.4), the most circular summed rose is that derived from
caliper gradient data from the R o s e table (Figure 6.4). Beneath each rose, a mean
orientation ( ± one standard deviation) is presented, this mean is calculated in a similar
manner to the method outlined for individual rose diagrams in section 5.3. The calculated
mean orientations for each rose diagram illustrated in Figures 6.3 to 6.10 are listed below:
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R o s e Table Data

Caliper Eccentricity
Caliper Gradient
Resistivity Eccentricity
Resistivity Gradient

053°
035°
147°
024°

± 25° (Figure 6.3)
± 26° (Figure 6.4)
± 2 5 ° (Figure 6.5)
± 2 5 ° (Figure 6.6)

P r o f Table Data

052°
052°
146°
035°

± 25° (Figure 6.7)
± 26° (Figure 6.8)
± 2 5 ° (Figure 6.9)
± 26° (Figure 6.10).

The information presented throughout this thesis indicates that, within the context of
consistent, plate-wide stress orientations, the orientations determined from wellbore
breakouts in the North Sea basin are predominantly influenced by local features. It is clear
that breakout orientations within the North Sea Basin show little evidence o f a dominant
trend when all the data are combined. The standard deviations calculated from the rose
diagrams and listed above indicate that the mean minimum stress orientation for the North
Sea Basin is between 011° and 063°. The average breakout orientation for the U.K.
mainland of 054°/234° with a standard deviation o f 11° determined by Brereton and Evans
(1987) falls within limits of the minimum stress orientation calculated for the North Sea
Basin.

However, from an initial examination of any o f the maps presented (see Figure 6.3 for
example) it is apparent that there is often some uniformity in breakout orientations within
the geographical domains illustrated in Figure 6.1. The data also show that there are
significant variations in orientation between different domains throughout the North Sea
region. In common with previous work in the area (Aleksandrowski et al. y 1992; Klein and
Barr, 1986) the effect o f the major graben structures (Witch Ground, Viking, and Central)
on breakout orientation can be clearly demonstrated. It is also apparent that a simple
summary of the data presented is both difficult and has little meaning. The data from
individual geographical domains will therefore be illustrated and described in sections 6.3
to 6.8.

Rose diagram maps derived from each o f the four methods of data analysis outlined in
Chapter Five have been produced and are illustrated here and Chapter Seven. It is evident
that, a large number o f diagrams will interrupt the flow the chapter and therefore only the
rose diagram maps derived from analysis o f caliper eccentricity data have been chosen for
display here and in Chapter Seven. These maps have been chosen for two reasons; firstly,
the principles behind the analysis o f caliper eccentricity data are easily understood and can
be physically measured; and secondly, resistivity data is not available for a number of
boreholes in this area and the depiction o f these data will give a biased view o f the results.
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Figure 6.2: Rose map of breakout orientations from the North Sea region derived from caliper
eccentricity. The scale is 1 : 6.25 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. In this illustration, the roses are given equal
weighting regardless of the amount and quality of data represented. The mean orientation for
the 115 boreholes illustrated is 015° -1- 26°.
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Figure 6.3: Rose map of breakout orientations from the North Sea region derived from caliper
eccentricity. The scale is 1 : 6.25 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 115 boreholes illustrated is
053° 4- 25°.
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Figure 6.4: Rose map of breakout orientations from the North Sea region derived from caliper
gradient. The scale is 1 : 6.25 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 115 boreholes illustrated is
035° + 26°.
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Figure 6.5: Rose map of breakout orientations from the North Sea region derived from
resistivity eccentricity. The scale is 1 : 6.25 million and is plotted on a universal transverse
mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative to the
amount and quality of data represented. The mean orientation for the 86 boreholes illustrated
is 147° -f 25°.
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Figure 6.6: Rose map of breakout orientations from the North Sea region derived from
resistivity gradient. The scale is 1 : 6.25 million and is plotted on a universal transverse
mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative to the
amount and quality of data represented. The mean orientation for the 86 boreholes illustrated
is 024° ± 25°.
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Figure 6.7: Rose map of breakout orientations from the North Sea region derived from the
inversion of caliper eccentricity profile data. The scale is 1 : 6.25 million and is plotted on a
universal transverse mercator projection using latitude-longitude co-ordinates. Each rose is
scaled relative to the amount and quality of data represented. The mean orientation for the 115
boreholes illustrated is 052° 4 -25°.
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Figure 6.8: Rose map of breakout orientations from the North Sea region derived from the
inversion of caliper gradient profile data. The scale is 1 : 6.25 million and is plotted on a
universal transverse mercator projection using latitude-longitude co-ordinates. Each rose is
scaled relative to the amount and quality of data represented. The mean orientation for the 115
boreholes illustrated is 052° 4- 26°.
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Figure 6.9; Rose map of breakout orientations from the North Sea region derived from the
inversion of resistivity eccentricity profile data. The scale is 1 : 6.25 million and is plotted on
a universal transverse mercator projection using latitude-longitude co-ordinates. Each rose is
scaled relative to the amount and quality of data represented. The mean orientation for the 86
boreholes illustrated is 146° -f- 25°.
- 203 -

5 “ 0.0'W

5 ” 0.0'E

0" 0 . 0 '

TOTAL

#
60" 0 . 0 ' N
V ik in g (ira b c n

60"

0 . 0 ' N

G rcal G len Faull

55" 0.0

5" 0 . 0

Miu-Nonh Sea high
5 5 “

0" 0. 0

'

5°

0 . 0 ' N

0.0'E

Figure 6.10: Rose map of breakout orientations from the North Sea region derived from
inversion of resistivity gradient profile data. The scale is 1 : 6.25 million and is plotted on a
universal transverse mercator projection using latitude-longitude co-ordinates. Each rose is
scaled relative to the amount and quality of data represented. The mean orientation for the 86
boreholes illustrated is 035° 4- 26°.
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6.3 West of the Shetland Islands
Breakout orientations have been determined from eight boreholes situated to the West of
the Shetland Islands (between 59®30’N to 62°N and 5°W to 1®W). This area is
characterised by a number o f NE-SW oriented faults and lineaments which form part of the
Caledonian basement complex in the North Sea area (section 3.2.1). The boreholes sample
a total depth interval of 8773 metres and upper and lower depths o f 774 and 5776 metres
respectively (Table 6.2).
Borehole Name
OS 204/28-1
OS 204/30-1
OS 205/10-2b
OS 205/10-3
OS 205/26a-2
OS 206/1-2
OS 206/3-1
OS 208/26-1

Depth Range
1575-1757m
774-1374m
3535-5776m
1649-2755m
1034-2470m
2398-3649m
3378-3974m
900-3268m

Interval
182m
600m
2241m
1106m
1436m
1251m
596m
2368m

Gal Ecc
052° (III)
109° (I)
158° (II)
032° (III)
035° (III)
096° (II)
126° (I)
028° (II)

Cal Grad
050° (III)
111° (II)
159° (II)
039° (II)
015° (III)
126° (II)
127° (I)
029° (II)

Res Ecc
055° (III)
000° (I)
069° (III)
142° (III)
006° (III)
003° (II)

Res Grad
051° (III)
006° (HI)
068° (II)
135° (II)
011° (III)
159° (II)

-

-

024° (II)

025° (II)

Table 6.2: Raw breakout data (uncorrected for geographic north) derived from W ellog for
boreholes drilled to the West of the Shetland Islands. Figures in brackets indicate the data class.

The data in the area to the West of the Shetland Islands display only four Class One
breakouts, 15 Class Two breakouts and 11 Class Three breakouts. This is manifested in the
large variety o f breakout orientations displayed in Figure 6.11. It is evident from this map
and Table 6.2 that two principal orientations occur; the primary orientation is NW-SE
(between 028° and 035°), the secondary orientation is less well defined and breakouts are
generally oriented orthogonally to the primary orientation (between 109° and 128°). Table
6.3 lists the important features of Figure 6.11 and the rose diagram maps from this area
stored in the Supplementary Volume (SV l to SV4).
Caliper Eccentricity (Figure 6.11 and SV l) - The summed rose is strongly unidirectional.
The calculated mean orientation from the 8 boreholes illustrated is 034° ± 2 2 ° .
Caliper Gradient (Figure SV2) - The summed rose is directionally more isotropic in
comparison to that derived from the Caliper Eccentricity data, two dominant
orthogonal orientations are observed (035° and 125°) The calculated mean
orientation from the 8 boreholes illustrated is 035 ° ± 24°.
Resistivity Eccentricity (Figure SV3) - The summed rose is yet more isotropic, two broad
orientations are observed (165°-015° and 025°-055°). The calculated mean
orientation from the 7 boreholes illustrated is 170° ± 24°.
Resistivity Gradient (Figure SV4) - The summed rose displays a clear broad North-South
orientation (175°-015°). The calculated mean orientation from the 7 boreholes
illustrated is 015° 4- 25°.
Table 6.3: A summary of summed rose data for the boreholes located to the West of the
Shetland Islands.
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Figure 6.11; Rose map of breakout orientations from the area to the west of the Shetland
Islands derived from caliper eccentricity. The scale is 1 to 2 million and is plotted on a
universal transverse mercator projection using latitude-longitude co-ordinates. Each rose is
scaled relative to the amount and quality of data represented. The mean orientation for the 8
boreholes illustrated is 034° 4- 22°. The labelled boreholes are discussed in the text.

An important observation from the data presented in Figure 6.11 and Table 6.3 is that the
data illustrated in the summed rose diagrams are dominated by the breakout orientations
derived from the southernmost borehole in this area (OS 205/26a-2). Data from this
borehole and from borehole OS 206/3-1 have been chosen to portray the nature of the
breakouts analysed from this area in more detail.
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Borehole OS 205/26a-2
From detailed analysis of caliper eccentricity data from OS 205/26a-2 (Figures 6.12 and
6.13) it is clear that the breakout orientations illustrated on the rose map (Figure 6.13) are
dominated by the 500 metre section at the top of this borehole. Three distinct breakout
zones can be determined from Figures 6.12 and 6.14; an upper zone, from 1034 to 1550
metres, an intermediate zone between 1550 and 1775 metres and a lower zone between
1775 and 2471 metres (Table 6.4).

Depth Range
1034-1550m
1550-1775m
1775-247 Im

Interval
516m
225m
696m

Borehole
Gal Ecc
039“ (I)
097“ (I)
003“ (III)

OS 205/26a-2
Gal Grad
045“ (I)
098“ (I)
004“ (III)

Res Ecc
030“ (I)
003“ (I)
002“ (I)

Res Grad
033“ (I)
005“ (I)
005“ (II)

Table 6.4: Breakout data (uncorrected for geographic north) for borehole OS 205/26a-2 derived
from W e l l o g . Figures in brackets indicate class of data.
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Figure 6.12: Rose diagram of caliper eccentricity in borehole OS 205/26a-2 using linear
weighted statistics illustrating a calculated minimum stress orientation of 035° ± 21° (Class 3),
17% of the azimuthal values occur between 030° and 040°. The two traces to the right of the
rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the difference in recorded
borehole diameter between the two pairs of caliper pads (EGG) from 0 to 10.4 inches. This
section of borehole is deviated between 0° and 4.8° from vertical.
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Figure 6.13: Caliper eccentricity profile plot of borehole OS 205/26a-2. The single line
represents the average azimuth of Caliper 1 throughout the borehole section, the arrows define
the length and orientation of breakouts and the dotted line depicts the ‘Quality’ of the breakouts
relative to the largest breakout in the borehole. Relatively large breakouts are apparent in the
upper portion of this borehole to a depth of 1900 metres.
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Figure 6.14: Rose diagram of caliper gradient in borehole OS 205/26a-2 using linear weighted
statistics illustrating a calculated minimum stress orientation of 015° ± 24° (Class 3), 10% of
the azimuthal values occur between 010° and 020°. The two traces to the right of the rose are
the azimuth of caliper pad 1 (AZI) from 0° to 180° and the calculated gradient (GRAD) values
from 0 to 52 units. This section of borehole is deviated from 0° to 4.8° from vertical. An
anomalously large gradient value occurs towards the base of this section but exerts little
influence over the calculated minimum stress orientation.
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The three breakout zones are also apparent in the rose diagram derived from analysis of
caliper gradient data (Figure 6.14). The large gradient value towards the base o f the logged
section (Figure 6.14) does not unduly influence the rose diagram and the calculated
minimum stress orientation. This large value does not manifest itself in the profile plot
(Figure 6.15) and will therefore not be seen in any rose diagrams derived from profile data.
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Figure 6.15: Caliper gradient profile plot of borehole OS 205/26a-2. The single line represents
the average azimuth of Caliper 1 throughout the borehole section, the arrows define the length
and orientation of breakouts and the dotted line depicts the ‘Quality’ of the breakouts relative
to the largest breakout in the borehole. Relatively large breakouts occur throughout the logged
interval.

From the raw log data presented in Figure 6.16 it is clear that the upper section of this
borehole illustrates the characteristics o f a ‘classic’ breakout such as those originally
described by Fordjor et al., (1983). The azimuth of padl remains relatively constant, one
caliper pair records a hole diameter close to the original borehole diameter (12.25 inches,
31cm) whilst the second shows a large amount of variability. It is also apparent from Figure
6.16 that the breakout orientations not greatly influenced by the angle of deviation in the
borehole. The large caliper eccentricity measurements are superbly illustrated in the caliper
cross-plot (Figure 6.17).

The resistivity data presented in Figures 6.18 and 6.19 and Table 6.4 are directionally more
consistent than the caliper data. The minimum stress orientations calculated from resistivity
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eccentricity and gradient analyses are generally North-South although a secondary
Northwest-Southeast orientation is observed. This orientation is not observed in the rose
diagrams derived from the analysis of the caliper data (Figure 6.13 and 6.14).
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Figure 6.16: Raw log data from borehole OS 205/26a-2 on a scale of 1:10,000. The azimuth
of caliper pad 1 (PIAZ) from 0° to 360° is overlain by a log of the azimuth of the high side
of the borehole (HAZI) on the left of the diagram. The diameter of the two calipers (Cl and
C2) from 5 to 20 inches are depicted in the centre, and the borehole deviation from 0° to 5°
is illustrated to the right. The large breakouts in the uppermost 1000 metres of the borehole are
characterised by the lack of rotation in the logging tool and the large difference between the
caliper pads. At a depth of 2250 metres the borehole appears to show evidence of being washedout.

- 2 1 0 -

O S _ 2 0 ^ 2 _ 6 A - 2
DEPTH RANGE FROM:

X .O S _ 2 0 5 /
1 034.3

TO

2 4 7 0 .5

2 ^

-

2}_

METRES

Gal e c c e n t (ECC )
10.32

C aliper 1 (CALI)
SECTION NUMBER OF DATA POINTS:
17954
DEV FROM:
- 0 . 6 TO
4.8 UNITS

Figure 6.17: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1 for borehole OS 205/26a-2. Caliper eccentricity values at each point within this
borehole are overlain as colour on the diagram. The large eccentricity values evident throughout
this borehole section are seen in the NE and SW quadrants of this illustration.

The resistivity eccentricity values are generally large throughout the logged interval (Figure
6.18) and separate breakout intervals can again be determined (Table 6.4). In common with
the caliper gradient data determined for borehole OS 205/26a-2, the resistivity gradient data
are dominated by a single, anomalously large value, which again does not unduly influence
the calculated minimum stress orientation.
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Figure 6.18: Rose diagram of resistivity eccentricity in borehole OS 205/26a-2 using linear
weighted statistics illustrating a calculated minimum stress orientation of 006° + 22° (Class 3),
18% of the azimuthal values occur between 000° and 010°. The two traces to the right of the
rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the difference in resistivity
values (ECCR) from 0 to 127.5 units. This section of borehole is deviated between 0° and 4.8°
from vertical.
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Figure 6.19: Resistivity eccentricity profile plot of borehole OS 205/26a-2. The single line
represents the average azimuth of Caliper 1 throughout the borehole section, the arrows define
the length and orientation of breakouts and the dotted line depicts the ‘Quality’ of the breakouts
relative to the largest breakout in the borehole. Relatively large breakouts are apparent to a
depth of 2200 metres.
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Borehole OS 206/3-1
Detailed analysis of caliper data from borehole OS 206/3-1 (Figures 6.20, 6.21 and 6.22)
has revealed that the breakout orientations of 126° illustrated in Figure 6.11 are dominated
by the uppermost 152 metres of data (Table 6.5).

Depth Range
3378-3530m
3530-3620m
3620-3760m
3760-3850m
3850-3974m

Interval
152m
90m
140m
90m
124m

Borehole OS 206/3-1
Gal Ecc
Gal Grad
125° (I)
126° (I)
048° (II)
052° (I)
128° (III)
128° (II)
168° (II)
049° (II)
127° (II)
025° (I)

3530-3974m

444m

128° (II)

128° (II)

Res Ecc

Res Grad

-

-

-

-

-

-

-

-

-

-

-

-

Table 6.5: Breakout data (uncorrected for geographic north) for borehole OS 206/3-1 derived
from W e l l o g . The figures in brackets relate to the class of breakout.

The remainder of the section is generally in gauge although similar breakout orientations
to those determined for the upper 152 metres are observed (Table 6.9). The angle of
borehole deviation (Figure 6.23) appears to have little influence on breakout orientation.
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Figure 6.20: Rose diagram of caliper eccentricity in borehole OS 206/3-1 using linear weighted
statistics illustrating a calculated minimum stress orientation of 126° ± 16° (Class 1), 39% of
the azimuthal values occur between 120° and 130°. The two traces to the right of the rose are
the azimuth of caliper pad 1 (AZI) from 0° to 180° and the calculated eccentricity (ECC) values
from 0 to 0.60 inches. This borehole is deviated from 1° to 3.9° from vertical.
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Figure 6.21: Caliper eccentricity profile plot of borehole OS 206/3-1. The single line represents
the average azimuth of Caliper I throughout the borehole section, the arrows define the length
and orientation of breakouts and the dotted line depicts the ‘Quality’ of the breakouts relative
to the largest breakout in the borehole. The largest breakouts in this borehole occur between
3378 and 3550 metres. This borehole is deviated from 1° to 3.9° from vertical.
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Figure 6.22: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth o
caliper pad 1 for borehole OS 206/3-1. Caliper eccentricity values at each point within this
borehole are overlain as colour on the diagram. A single main concentration of data and the
highest values of eccentricity and the greatest concentration of high values occur at an azimuth
of 125°/305°.
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Figure 6.23: Raw log data from borehole OS 206/3-1 on a scale of 1:5000. The azimuth of
caliper pad 1 (PIAZ) from 0° to 360° is overlain by a log of the azimuth of the high side of
the borehole (HAZI) on the left of the diagram. The diameter of the two calipers (Cl and C2)
from 12 to 13.5 inches are depicted in the centre, and the borehole deviation from 0° to 4° is
illustrated to the right. The large breakouts in the uppermost 152 metres of the borehole are
characterised by the lack of rotation in the logging tool and the large difference between the
caliper pads. At a depth of 3750 metres the borehole appears to show evidence of being washedout.

In common with the caliper gradient data determined for borehole OS 205/26a-2, the
gradient data is dominated by a single, anomalously large value (Figure 6.24). This large
value occurs at the top of the section and does not unduly influence the calculated minimum
stress orientation. In the lower part of the borehole the breakout orientations derived from
caliper gradient data (Table 6.5) are less directionally homogeneous than those derived from
the analysis of caliper eccentricity data in the same section. These variations are thought
- 215 -

to be a function o f the way in which a small number of broken-out and washed-out zones
may markedly influence the breakout orientations calculated from the analysis o f caliper
gradient data.
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Figure 6.24: Rose diagram of caliper gradient in borehole OS 206/3-1 using linear weighted
statistics illustrating a calculated minimum stress orientation of 127° ± 18° (Class 1), 30% of
the azimuthal values occur between 120° and 130°. The two traces to the right of the rose are
the azimuth of caliper pad 1 (AZI) from 0° to 180° and the calculated gradient (GRAD) values
from 0 to 0.38 units. This borehole is deviated from 1° to 3.9° from vertical.

6.4 The Viking Graben
Borehole breakout orientations have been determined from 16 boreholes situated in the
Viking Graben (between 59°N to 62°N and 1°W to 5 “E). This area is characterised by
North-South oriented normal faults (Figure 6.1) which originated as a consequence o f EastWest extension which was initiated during the Triassic (section 3.2.5). The boreholes in this
area sample a total depth interval o f 12,302 metres and upper and lower depths o f 567 and
4891 metres respectively (Table 6.6).

The logged borehole sections in the Viking Graben area display 18 Class One breakouts,
38 Class Two breakouts and only 4 Class Three breakouts. Three dominant breakout
orientations can be seen in the Viking Graben from Figure 6.25 and Table 6.6; the primary
and most tightly constrained orientation is NE-SW (between 040° and 050°) and occurs in
3 boreholes (OS 33/9-9, OS 9/13b-25a and OS 9/21-2) which comprise 28% o f the total
data available from this area. The secondary orientation is E-W (between 080° and 100°)
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and occurs in 4 boreholes in the Viking Graben domain, the third, and least consistent set
o f orientations are in a N-S direction (between 150° and 025°) which occurs in 9 boreholes
in this area. A number o f boreholes located within this area exhibit a combination of
breakout orientations,

for example the most northerly borehole in Figure 6.25

(OS 211/8b-3) displays a dominant N-S trend with a secondary NW-SE breakout
orientation.
Borehole Name
OS 1/4-2
OS 2/5-15
OS 211/8b-3
OS 211/1 la-3
OS 3/14a-10
OS 3/24b-2
OS 33/9-1
OS 33/9-9
OS 9/11-2
OS 9/11-3
OS 9/12a-5
OS 9/13b-25a
OS 9/13b-28a
OS 9/14b-2b
OS 9/21-1
OS 9/21-2

Depth Range
567-868m
2894-3388m
3113-4319m
2847-3668m
3510-3814m
3586-3936m
2280-2686m
2297-3082m
1433-1575m
638-1535m
1695-3391m
1559-3114m
2925-3528m
4046-489 Im
1068-1854m
1380-2450m

Interval
301m
494m
1186m
821m
304m
350m
406m
785m
142m
638m
1696m
1555m
603m
845m
786m
1070m

Cal Ecc
009® (III)
019® (I)
017® (II)
095® (I)
171® (I)
091® (I)
151® (II)
049® (I)
177® (II)
161® (II)
025® (II)
048® (I)
012® (I)
098® (II)
088® (II)
040® (III)

Cal Grad
056® (III)
021® (I)
023® (II)
098® (I)
170® (II)
083® (I)
160® (II)
050® (I)
021® (II)
161® (II)
023® (II)
046® (I)
015® (II)
006® (II)
089® (II)
048® (II)

Res Ecc

Res Grad

-

-

021® (I)

021® (II)

-

-

021® (I)

015® (II)

-

-

174® (I)
161® (II)
049® (I)
179® (II)
171® (II)
019® (III)
131® (II)
107® (II)
003® (II)
143® (II)
135® (II)

173® (I)
151® (II)
050® (I)
178® (II)
171® (II)
022® (II)
035® (II)
107® (II)
005® (II)
016® (II)
137® (II)

Table 6.6: Breakout orientation data (uncorrected for geographic north) derived from W ellog
for boreholes drilled in the Viking Graben. Numerals in brackets indicate the breakout Class.

It is evident from Figure 6.25 and Table 6.6 that the rose diagrams from the cluster of 8
boreholes in the southern part o f the Viking Graben (Quadrant 9) display relatively
dispersed orientations which echo the orientations for the entire data set in the Viking
Graben area.

The rose diagrams derived from caliper gradient and resistivity data from the Viking
Graben (Figures SV5 to SV8) further emphasise the three groups o f breakout orientations
determined from the analysis o f caliper eccentricity data (Figure 6.25). The relevant
features o f each map (Figures 6.25 and SV5 to SV8) are listed in Table 6.7.

Unlike the breakout data illustrated in the boreholes to the West o f the Shetland Islands, the
summed rose diagrams are not influenced by a single borehole. Instead, a number of
boreholes display individual orientations which affect the form o f the summed rose. Data
from boreholes OS 1/4-2 and OS 9/12a-5 have been chosen to portray the nature of the
breakouts analysed from the Viking Graben in more detail.
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Figure 6.25: Rose map of breakout orientations from the Viking Graben derived from caliper
eccentricity. The scale is 1 to 3 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 16 boreholes illustrated is
042° 4- 21°. The labelled boreholes are discussed in the text.
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Caliper Eccentricity (Figure 6.25 and SV5) - The summed rose is generally unidirectional
although the three main orientations described in the text are apparent. The
calculated mean orientation from the 16 boreholes illustrated is 042° ± 21°.
Caliper Gradient (Figure SV6) - The summed rose is more directionally isotropic than that
derived from the Caliper Eccentricity data. A broad band of breakout orientations
from (X)5° to 055° with a maximum at 015° are reflected in the summed rose
diagram. The three dominant orientations observed in the caliper eccentricity data
are present in approximately equal numbers. The calculated mean orientation from
the 16 boreholes illustrated is 018° ± 25°.
Resistivity Eccentricity (Figure SV7) - A broad band of orientations from 165° to 045° with
a maximum at 025° are reflected in the summed rose diagram. The calculated mean
orientation from the 13 boreholes illustrated is 020° ± 2 3 ° .
Resistivity Gradient (Figure SV8) - The sununed rose illustrates a relatively narrow NorthSouth orientation from 005° to 025° with a maximum at 015°. The calculated mean
orientation from the 13 boreholes illustrated is 016° ± 24°.
Table 6.7: A summary of summed rose data for the boreholes located in the Viking Graben.

Borehole OS 1/4-2
From detailed investigations o f a combination of the raw data (Figure 6.26), and caliper
data from borehole OS 1/4-2 (Figure 6.27) it is clear that the upper part of the logged
section is parallel to the orientation of the high side o f the hole (even though the deviation
in this section is relatively small and remains constant at 1° from vertical). This ‘keyseating’ effect has a great bearing on the calculated breakout orientations derived from the
analysis of the raw data (Figure 6.27). To enable a detailed inspection o f the eccentricity
data calculated for this borehole, a cut-off has been employed from 0 to 3 inches (0 to
7.62cm) to remove an anomalous eccentricity value o f 15.32 inches (38.9cm) which
dominated the data set.

It has been proposed (Bell et al., 1992) that breakouts in a large proportion of boreholes
drilled in intra-plate regions are influenced more by the direction o f the high side o f the
borehole than by tectonic stresses acting on the wall. This was documented in a number of
boreholes in the Aquitaine Basin, South West France where breakout azimuths were found
to be oriented in the same direction as the hole azimuth even in well sections inclined within
1® or less of vertical (Bell et at., 1992). A similar phenomenon is apparent in borehole
OS 1/4-2, although this is rare in the North Sea Basin. As outlined in Appendix One any
borehole sections in which the high side o f the hole is coincident with the orientation of
borehole elongation has been rejected from further analysis.
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Figure 6.26: Raw log data from borehole OS 1/4-2 on a scale of 1:3000. The azimuth of
caliper pad 1 (PIAZ) from 0° to 360° is overlain by a log of the azimuth of the high side of
the borehole (HAZI). The diameter of the two calipers (Cl and C2) from 4 to 21 inches are
depicted in the centre, and the borehole deviation from 0° to 5° is illustrated to the right.
Between 335 and 567 metres there is clear evidence of key-seating; the azimuth of caliper pad
1 and the high side of the borehole are coincident even though the deviation angle is very small.
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Figure 6.27: Rose diagram of caliper eccentricity in borehole OS 1/4-2 using unweighted
statistics illustrating a calculated minimum stress orientation of 108° ± 2 5 ° (Class 2). The
calculated breakout orientation is influenced by the lack of tool rotation between 335 and 567
metres caused by the key-seating observed in Figure 6.26. A window has been placed on the
eccentricity values to avoid the influence of an anomalous value towards the top of the logged
interval.

The data in borehole OS 1/4-2 can be conveniently subdivided into upper and lower
sections, from 335 to 567 metres and 567 to 868 metres respectively. At the base of the
upper section the caliper pads appear to record the borehole diameter without actually being
in contact with the borehole wall (Figure 6.28). The borehole in this section has an original
diameter of 17.5 inches/44.5cm (Figure 6.28) which is not recorded by the dipmeter tool
at the base of the upper section. However, as the pads come into contact with the borehole
wall, tool rotation begins and the original borehole diameter is recorded throughout the rest
of the section. The measurement of the borehole diameter before the caliper pads come into
contact with the borehole wall is a common occurrence at the base of many borehole
sections and at the start of individual dipmeter logging runs. These measurements often lead
to large eccentricity measurements being calculated which in turn are known to influence
the calculated breakout orientations. In order to prevent such anomalous measurements from
influencing the data I have taken the precaution of removing the most obvious errors before
transferring the data to the O racle database.

Two breakout orientations are apparent from analysis of caliper eccentricity data in the
upper section of borehole OS 1/4-2. The primary orientation emphasised by employing
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linear weighted statistics on the data is centred around 098°, the orientation recorded before
the pads contacted the borehole wall. The second orientation in the upper section, centred
around 105°, is the orientation o f the high side o f the borehole. The data from this section
has been rejected and omitted from inclusion in the O r a c l e database.
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Figure 6.28: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1 from 335 to 567 metres in borehole OS 1/4-2. Caliper eccentricity values at each
point within this borehole are overlain as colour on the diagram. The main concentration of data
occur in the NW and SE quadrants illustrating the lack of tool rotation attributable to keyseating in this section of the borehole. The full rotation of the logging tool is evident in this
section, however, all these data have been removed from the final analysis to ensure that all
influences of the key-seating phenomenon are eliminated. It is also apparent that, at the base
of this section of the borehole, the caliper pads appear to record the borehole diameter without
actually being in contact with the borehole wall.

The lower section of data from borehole OS 1/4-2 is not affected by the ‘key-seating’
phenomenon and is therefore appropriate for further analysis. In this section, two breakout
orientations are apparent in approximately N-S and NE-SE directions (Figures 6.29 and
6.30). It is clear from Figures 6.29 and 6.30 that differentiJfeakout orientations in the same
borehole are emphasised by the different analytical methods employed.
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Figure 6.29: Rose diagram of caliper eccentricity from 567 to 868 metres in borehole OS 1/4-2
using linear weighted statistics. The calculated minimum stress orientation is 009® ± 22°
(Class 3), 15% of the azimuthal values occur between 0(X)° and 010°. The two traces to the
the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the calculated
eccentricity (ECC) values from 0 to 1.47 inches. This borehole is deviated from 0° to 4.8°
from vertical.
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F gure 6.30: Rose diagram of caliper gradient from 567 to 868 metres in borehole OS 1/4-2
using linear weighted statistics illustrating a calculated minimum stress orientation of
007° ± 22° (Class 2), 15% of the azimuthal values occur between 000° and 010°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
calculated gradient (GRAD) values from 0 tq^ 175.5 units. This borehole is deviated from 0°
to 4.8° from vertical. A single anomalously large gradient value occurs at the base of the
section but does not unduly influence the calculated minimum stress orientation.
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The magnitude of the breakouts in this borehole are illustrated in the cross-plot (Figure
6.31), where NE-SW breakouts and a complementary set of NW-SE breakouts can be
clearly seen. The N-S breakouts represented in the caliper eccentricity rose diagram (Figure
6.29) form between depths of 660 to 780 metres. These breakouts, are not as well
developed as those which form the NE-SW breakouts in this borehole but are present over
the larger part of the borehole section. The greater extent of azimuthal data between 170°
and 010° are reflected in the calculated orientation o f 180° derived from unweighted
statistics.
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Figure 6.31: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth o
caliper pad 1 from 567 to 868 metres in borehole OS 1/4-2. Caliper eccentricity values at each
point within this borehole are overlain as colour on the diagram. A single concentration of data
are evident in the NE and SW quadrants. The highest values of eccentricity and the greatest
concentration of high values occur at an azimuth of 045°/225°, noticeably different to the
calculated minimum stress orientation illustrated in Figure 6.29.

Borehole OS 9/12a-5
Both caliper and resistivity data were available on the tapes for this borehole. The breakout
orientations derived from analysis of these data are very consistent (Table 6.7) and fall into
a range between 019° and 025°. Distinct variations in breakout orientation with depth are
common in this borehole, for example, from closer inspection of the caliper eccentricity
rose diagram and associated logs (Figure 6.32), four distinct breakout zones are apparent.
These zones are further emphasised in the profile plot (Figure 6.33) and cross-plot of
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caliper data (Figure 6.34). The most well developed breakouts in this borehole occur
between 1725 and 1825 metres and are oriented at 025°. The caliper eccentricity data from
this section of borehole dominates the calculated breakout orientations for the entire
borehole. The second and third breakout zones have orientations of 148° and 115° and
occur between 2125 and 2815 metres and 2750 and 2800 metres respectively. The breakouts
in the latter zone are orthogonal to the dominant breakouts in the borehole (Figure 6.32).
The least well developed breakouts in this borehole have an orientation of 030° and occur
towards the base of the logged interval.
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Figure 6.32: Rose diagram of caliper eccentricity from 1695 to 3391 metres in borehole
OS 9/12a-5 using linear weighted statistics illustrating a calculated minimum stress orientation
of 025° ± 19° (Class 2), 16% of the azimuthal values occur between 020° and 030°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
calculated eccentricity (ECC) values from 0 to 7.61 inches. This borehole is deviated from 0°
to 4.3° from vertical. Three breakout orientations are apparent from this illustration, the
dominant NNE-SSW orientation described above, an orthogonal WNW-ESE orientation and a
third in a NW-SE direction.

Wellbore breakouts determined from the analysis of resistivity eccentricity data from this
borehole display more consistent orientations throughout the logged interval than those
described above. The majority of the broken out zones analysed occur in a band of
orientations between 160° and 025° (Figure 6.35). This narrow band of breakout
orientations is well illustrated by the resistivity eccentricity profile plot (Figure 6.36), in
which, the majority of arrows signify north-south oriented breakouts.
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Figure 6.33: Caliper eccentricity profile plot of borehole OS 9/12a-5. The single line represents
the average azimuth of Caliper 1 throughout the borehole section, the arrows define the length
and orientation of breakouts and the dotted line depicts the ‘Quality’ of the breakouts relative
to the largest breakout in the borehole. The largest breakouts in this borehole occur between
1800 and 2000 metres; 2100 and 2200 metres; 2750 and 2825 metres; and between 3100 and
3200 metres. This borehole is deviated from 0° to 4.3° from vertical.
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Figure 6.34: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth o '
caliper pad 1 from 1695 to 3391 metres in borehole OS 9/12a-5. Caliper eccentricity values at
each point within this borehole are overlain as colour on the diagram. The greatest concentration
of high eccentricity values occur at an azimuth of 020°/200°. The extension of the caliper pads
at the top of the section are well illustrated in the NNW-SSE and WSW-ENE quadrants.
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Figure 6.35: Rose diagram of resistivity eccentricity from 1695 to 3391 metres in borehole
OS 9/12a-5 using linear weighted statistics illustrating a calculated minimum stress orientation
of 019° ± 22^Jglass3), 15% of the azimuthal values occur between 010° and 020°. The two
traces to t h e m g h to ^ e rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
calculated eccBntrîcî^ (ECCR) values from 0 to 238 units. This borehole is deviated from 0°
to 4.3° from vertical. Two breakout orientations are apparent from this illustration, the
dominant NNE-SSW orientation described above, and a second NNW-SSE orientation.
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Figure 6.36: Resistivity eccentricity profile plot from 1695 to 3391 metres in borehole
OS 9/12a-5. The single line represents the average azimuth of Caliper 1 throughout the borehole
section, the arrows define the length and orientation of breakouts and the dotted line depicts the
‘Quality’ of the breakouts relative to the largest breakout in the borehole. Relatively large
breakouts are seen throughout this borehole.

- 227 -

6.5 The Moray Firth and Witch Ground Graben
Breakout orientations have been determined from 41 boreholes situated in the Moray Firth
and Witch Ground Graben (between 57°N to 59°N and 4°W to 0°24’E). This area is
characterised by East-West oriented normal faults (Figure 6.37) and other lineaments such
as the Great Glen Fault which originated during, and have been active since, the Lower
Palaeozoic, Caledonian orogenic events (section 3.2.1). The boreholes in this area sample
a total depth interval of 47,892 metres and upper and lower depths of 320 and 4631 metres
respectively (Table 6.8).
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58°N
Inner Moray

4°

0.0'U

OS 20/3-5
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Figure 6.37: Rose map of breakout orientations from the Inner Moray Firth and Witch Ground
Graben derived from caliper eccentricity. The scale is 1 to 2 million and is plotted on a
universal transverse mercator projection using latitude-longitude co-ordinates. Each rose is
scaled relative to the amount and quality of data represented. The mean orientation for the 41
boreholes illustrated is 143° ± 25°. The labelled boreholes are discussed in the text. The large
concentration of data in the eastern Witch Ground Graben are further illustrated in Figure 6.47.
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Borehole Name
OS ll/30a-8
OS 12/21-2
OS 12/22-2
OS 12/29-1
OS 13/12-2
OS 13/13-1
OS 13/19-3
OS 13/29-1
OS 13/29-2
OS 13/30-3
OS 14/6-1
OS 14/12-1
OS 14/12-2
OS 14/19-15
OS 14/20-15
OS 14/26-3
OS 14/30a-2
OS 15/16-T5
OS 15/16-T7
OS 15/21-2
OS 15/21-3
OS 15/21-4
OS 15/21-6
OS 15/21a-7
OS 15/2 la-8
OS 15/21a-9
OS 15/21a-10
OS 15/21a-ll
OS 15/21a-12a
OS 15/21a-13
OS 15/21a-14
OS 15/22-4
OS 20/1-2
OS 20/2-2
OS 20/3-5
OS 20/4a-2
OS 20/5b-2
OS 20/8-1
OS 20/12-1
OS 20/12-3
OS 21/la-12

Depth Range
2036-2529m
320-3518m
1076-2109m
456-2174m
1359-1831m
1065-3007m
930-171 Im
1559-2945m
1190-3330m
2700-3607m
793-1614m
1220-2323m
1668-3026m
2623-3168m
2837-3223m
1337-2436m
2266-2499m
3845-4178m
3299-3669m
1548-4443m
1371-3180m
1363-2100m
1667-3069m
1349-3560m
1210-2526m
1766-2637m
1719-2544m
1795-2567m
1739-2564m
1771-2726m*
1768-2692m
3320-4001 m
2132-2756m
569-3870m
3165-3890m
1593-2982m^
2768-4163m
2589-3481m
2446-2957m
950-1710m
1706-4631m

Interval
493m
3198m
1033m
1718m
472m
1942m
781m
1386m
2140m
907m
821m
1103m
1358m
545m
386m
1099m
233m
333m
370m
2895m
1089m
737m
1402m
2211m
1316m
871m
825m
772m
825m
955m
924m
681m
624m
3301m
735m
1389m
1395m
892m
511m
760m
2925m

Cal Ecc
137® (I)
131® (I)
148® (I)
101® (III)
014® (II)
020® (II)
166® (I)
026® (II)
121® (II)
165® (I)
036® (I)
020® (I)
090® (II)
177® (I)
140® (I)
175® (III)
131® (I)
139® (II)
044® (II)
171® (II)
031® (I)
132® (I)
005® (I)
036® (II)
015® (II)
003® (III)
001® (III)
152® (II)
007® (III)
142® (II)
137® (III)
164® (I)
174® (I)
116® (III)
013® (II)
081® (II)
123® (I)
109® (I)
166® (I)
041® (II)
143® (III)

Cal Grad
140® (I)
137® (I)
145® (I)
105® (in)
058® (II)
039® (II)
166® (I)
125® (II)
114® (II)
166® (I)
036® (I)
025® (I)
090® (II)
172® (I)
142® (in)
124® (II)
131® (I)
137® (III)
035® (II)
155® (II)
035® (II)
134® (III)
003® (III)
028® (II)
015® (II)
088® (II)
003® (ni)
150® (III)
004® (II)
078® (II)
138® (III)
163® (III)
174® (I)
108® (II)
006® (II)
123® (II)
122® (III)
109® (I)
168®(in)
045® (II)
144® (III)

Res Ecc
142® (I)
141® (II)
148® (I)
-

035® (III)
126® (I)
075® (I)
037® (I)
020® (I)
088® (II)
146® (II)
123® (II)
167® (II)
130® (III)
147® (III)
032® (I)
129® (I)
006® (II)
151® (II)
012® (II)
010® (II)
003® (II)
155® (II)
109® (II)
163® (I)
173® (II)
086® (II)
126® (II)
110® (I)
173® (III)
044® (III)
-

Res Grad
139® (I)
141® (III)
148® (III)
038® (II)
129® (I)
075® (I)
036® (II)
022® (I)
089® (II)
144® (II)
120® (H)
164® (II)
128® (II)
156® (II)
034® (II)
128® (II)
003® (II)
036® (II)
025® (III)
003® (II)
005® (II)
001® (II)
101® (II)
165® (II)
083® (II)
056® (II)
126® (II)
110® (II)
168® (II)
091® (II)
-

* Resistivity data from 1771-2180m only
^ Resistivity data from 1593-2302m only

Table 6.8: Breakout orientation data (uncorrected for geographic north) derived from W ellog
for boreholes drilled in the Moray Firth and Witch Ground Graben. Breakout class in brackets.

The logged borehole sections in the Moray Firth and Witch Ground Graben area display
43 Class One breakouts, 65 Class Two breakouts and 34 Class Three breakouts. A number
of significant breakout trends occur within this area (Figure 6.37 and SV9 to SV12). These
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trends range from NW-SE orientations in the Inner Moray Firth to N-S and NE-SW
oriented breakouts in the large concentration of data in the Eastern Witch Ground Graben
(Block 15/21 and its immediate vicinity). The large concentration o f data is briefly
examined later in this chapter and in greater detail in section 8.4.1.4. The influence o f the
consistent NW-SE oriented breakouts in the three boreholes situated close to the Scottish
mainland in the Inner Moray Firth is reflected in the summed rose diagrams from each
analytical method (Figures 6.37, SV9 to SV12, and Table 6.9).
Caliper Eccentricity (Figure 6.37 and SV9) - The summed rose is generally unidirectional
and dominated by the NW-SE breakouts in the three boreholes adjacent to the
Scottish mainland. The NW-SE, N-S and NE-SW orientations described in the text
are also apparent. The calculated mean orientation from the 41 boreholes illustrated
is 143® ± 25®.
Caliper Gradient (Figure SVIO) - The breakout orientations displayed on the summed rose
are more isotropic than those derived from the Caliper Eccentricity data. A broad
band of breakout orientations from 125® to 155® reflecting the breakouts in those
boreholes described above are apparent in the summed rose diagram. Data from the
northernmost borehole illustrated (OS 14/6-1, breakouts oriented at 036®) are also
reflected in the summed rose. The three dominant orientations observed in the
caliper eccentricity data are present in approximately equal numbers. The calculated
mean orientation from the 41 boreholes illustrated is 030® ±25® .
Resistivity Eccentricity (Figure SVl 1) - The breakout orientations illustrated by the summed
rose are more anisotropic than those calculated from caliper gradient data. A broad
band of orientations from 125® to 165® with a maximum at 125® are reflected in the
summed rose diagram. The general trend illustrated by the summed rose diagram is
essentially very similar to that derived from the analysis of caliper eccentricity data.
The calculated mean orientation from the 30 boreholes illustrated is 124® ± 25®.
Resistivity Gradient (Figure SV12) - The summed rose illustrates two relatively broad
maxima, from 105® to 145® and 015® to 045®. The calculated mean orientation from
the 30 boreholes illustrated is 126® + 25®.
Table 6.9: A summary of summed rose data for the boreholes located in the Moray Firth anc
Witch Ground Graben.

From the caliper eccentricity data illustrated in Figure 6.37 a gradual change in breakout
orientation across the area from the NW-SE orientations in the Inner Moray Firth to general
N-S (and corresponding E-W) orientations in the Witch Ground Graben are apparent. In the
south east of the area the breakouts are generally oriented in a WNW-ESE direction. These
orientations are generally imitated in the rose diagrams derived from analysis o f the
resistivity data (Figures S V ll and SV12) available for 73% o f the boreholes analysed.

In contrast to the data presented from the West o f the Shetland Islands in section 6.3, the
form of the summed roses calculated from breakouts in the Moray Firth and Witch Ground
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Graben, are not influenced by a single borehole but by a number o f boreholes displaying
distinct breakout orientations.

The large number of boreholes illustrated in Figure 6.37 dictate that, in order to accurately
portray the nature o f the breakouts in this area, more boreholes have to be chosen than in
previous sections. To accomplish this, data from the following boreholes highlighted in
Figure 6.37 are illustrated below: OS 12/21-2, OS 14/6-1, OS 20/1-2 and OS 20/3-5.

Borehole OS 12/21-2
Borehole number OS 12/21-2 has been logged by the dipmeter from 320 to 3517 metres
below sea-level. A 225 metre gap occurs in the data between 2089 and 2314 metres (Figure
6.38). The total data set (37,163 data points) is too large for W e l l o g to cope with;
therefore, following the procedure outlined in section 5.3 every other data point was
employed in the original analysis of this borehole. The gap in the data enabled a convenient
division into two individual data sets which were subsequently analysed using all the
available data (Table 6.10).
Depth Range
All Data
320-2089m
2314-3518m

Interval
2973m (18582 data points)
1769m (22101 data points)
1204m (15062 data points)

Cal Ecc
131' (I)
140' (I)
123' (I)

Cal Grad
137' (I)
141' (I)
131' (I)

Res Ecc
141' (II)
145' (II)
134' (II)

Res Grad
141' (m)
145' (II)
134' (II)

Table 6.10: Breakout data (uncorrected for geographic north) for borehole OS 12/21-2. The
numerals in brackets indicate the class of breakout assigned by W ello g .

The rose diagrams produced from the detailed analyses o f borehole OS 12/21-2 are in good
agreement with those derived from the original analysis (Table 6.10). It is evident from
Table 6.10 that the upper section o f data is the dominant set although no great changes in
breakout orientation occur within this borehole. This point is well illustrated in the profile
plot o f caliper eccentricity data (Figure 6.39). The largest breakouts in this borehole occur
between 1700 and 2500 metres at either side of the gap in the data (Figures 6.39 and 6.40).
These NW-SE trending breakouts are relatively deep and extend throughout a large section
o f the borehole. The largest recorded eccentricity value in this borehole is 6.7 inches
(17cm) and eccentricity values o f 2 to 3 inches (5 to 7.62cm) commonly occur between
1800 and 3300 metres.
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Figure 6.38: Rose diagram of caliper eccentricity from 320 to 3518 metres in borehole
OS 12/21-2 using linear weighted statistics. The calculated minimum stress orientation is
131 ° ± 15° (Class 1). The two traces to the right of the rose are the azimuth of caliper pad 1
(AZI) from 0° to 180° and the calculated eccentricity (ECC) values from 0 to 6.7 inches. This
borehole is deviated from 0° to 3.4° from vertical. The total data available from this borehole
(37,163 points) is too large for W ello g to cope with, every other data point was therefore
employed in the production of this diagram. A 225 metre gap occurs in the data between 2089
and 2314 metres.
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Figure 6.39: Caliper eccentricity profile plot from 320 to 3518 metres in borehole OS 12/21-2.
The single line represents the average azimuth of Caliper 1 throughout the borehole section, the
arrows define the length and orientation of breakouts and the dotted line depicts the ‘Quality’
of the breakouts relative to the largest breakout in the borehole. The largest breakouts in this
borehole occur between 1700 and 2500 metres at either side of the gap in the data.
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Figure 6.40: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1 from 320 to 3518 metres in borehole OS 12/21-2. Caliper eccentricity values at
each point within this borehole are overlain as colour on the diagram. The highest values of
eccentricity and the greatest concentration of high values occur at an azimuth of 130°/310°. At
least two hole diameters are evident from this illustration; 17.25 inches (43.8cm) and 8.5 inches
(21.6cm), the broad band of data suggests that a drill-bit of intermediate diameter (possibly of
12.25 inches, 31.1 cm) was employed during the drilling of this borehole.

Borehole OS 14/6-1
Consistently oriented breakouts are also observed in the northernmost borehole analysed in
the Moray Firth and Witch Ground Graben area (Figure 6.37). The NE-SW oriented
breakouts in borehole OS 14/6-1 principally occur in its uppermost section (Figure 6.41),
and extend throughout the top 250 metres of the logged interval. A further feature of the
data analysed from this borehole is the detection of a second, orthogonal set o f breakouts
in the rose diagrams obtained from analysis o f the resistivity data (Figure 6.42).

The angle of deviation from vertical in this borehole increases almost linearly with depth.
Below 1614 metres where the angle of deviation exceeds 10°, the breakouts have formed
at an orientation which is unrelated to that of the high side of the borehole. As the deviation
angle increases towards 10° the borehole remains in-gauge, and the orientations of the small
breakouts at the base of the section are consistent with the larger breakouts in the upper
section. However, in order to remain consistent with the procedures for data rejection
(Appendix One), all the data below 1614 metres in this borehole have been rejected.
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Figure 6.41: Rose diagram of caliper eccentricity from 793 to 1614 metres in borehole
OS 14/6-1 using linear weighted statistics. The calculated minimum stress orientation is
036° ± 13° (Class 1), 41% of the azimuthal values occur between 030° and 040°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
calculated eccentricity (ECC) values from 0 to 4.42 inches. This borehole is deviated from 0°
to 10° from vertical. The NE-SW oriented breakouts in this borehole principally occur in its
uppermost section.
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Figure 6.42: Rose diagram of resistivity gradient from 793 to 1614 metres in borehole
OS 14/6-1 using linear weighted statistics. The calculated minimum stress orientation is
036° ± 18° (Class 2)., 18% of the azimuthal values occur between 030° and 040°. The two
traces to the right of the rose are the azimuth of caliper pad 1 (AZI) from 0° to 180° and the
calculated gradient (GRAR) values from 0 to 777 units. In comparison to Figure 6.41, a second,
orthogonal set of breakouts oriented at 125°/305° are observed in this rose diagram.
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Borehole OS 20/1-2
Considering the four methods of breakout analysis used in this thesis (caliper eccentricity,
caliper gradient, resistivity eccentricity and resistivity gradient) in that order, the method
by which W e l l o g progressively accentuates orthogonal breakout orientations is further
displayed using data from borehole OS 20/1-2 (Figure 6.43).

(a) Caliper Eccentricity (Weighted)

(b) Caliper Eccentricity

174° ± 15°

(c) Caliper Gradient (Weighted)

174° ± 17°

Z

174° ± 17°

(Unweighted)

-i(d) Resistivity Eccentricity (Weighted)

(e) Resistivity Gradient (Weighted)

173° ± 17°

083° ± 18°

Figure 6.43: The accentuation of orthogonal breakout orientations by W e ll o g from borehole
OS 20/1-2 using the four methods of data analysis used throughout this study, (a) Rose diagram
of caliper eccentricity from linear weighted statistics indicates a main N-S breakout with a
maximum caliper eccentricity of 11.4 inches, the calculated minimum stress orientation is
174° ± 15°; (b) Rose diagram of caliper eccentricity obtained using unweighted statistics, the
calculated minimum stress orientation is 174° ± 17°; (c) Rose diagram of caliper gradient using
linear weighted statistics, the N-S orientation is again obvious although a secondary E-W
orientation is also noticeable, the calculated minimum stress orientation is 174° ± 17°; (d) Rose
diagram of resistivity eccentricity data using linear weighted statistics is very similar in form
to that derived from the analysis of caliper gradient data, although the secondary E-W
orientation is more conspicuous, the calculated minimum stress orientation is 173° ± 17°;
(e) The analysis of linear weighted resistivity gradient data emphasises the E-W breakout
orientations observed in this borehole to such an extent that the calculated minimum stress
orientation becomes 083° + 18°.

The caliper rose diagram (Figure 6.43a) indicates a main N-S breakout with a maximum
caliper eccentricity of 11.4 inches/29cm (Caliper 1-3 = 19.5 inches/49.5cm. Caliper 2-4
= 8.1 inches/20.5cm). The lack of tool rotation associated with the large breakout at the
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top o f the borehole section greatly affects the minimum stress orientation calculated for this
borehole and is reflected in the rose diagram obtained using unweighted statistics on caliper
data (Figure 6.43b). The N-S orientation is again obvious in the rose diagram derived from
caliper gradient analysis (Figure 6.43c) although a secondary E-W orientation is also
noticeable. The rose diagram illustrating resistivity eccentricity data (Figure 6.43d) is very
similar in form to that derived from the analysis of caliper gradient data, although the
secondary E-W orientation is more conspicuous. The analysis o f resistivity gradient data
(Figure 6.45e) emphasises the E-W breakout orientations observed in this borehole to such
an extent that the calculated minimum stress orientation is 083° 4- 18°.

Borehole OS 20/3-5
The final borehole to be discussed in this section is OS 20/3-5. The distinct lack of
breakouts throughout the logged interval is manifested by the complete rotation of the
dipmeter logging tool, the negligible differences observed between the two pairs o f calipers
and the circular nature of the caliper cross-plot (Figure 6.44). The largest eccentricity value
encountered in the 725 metre section is 0.83 inches (2.1cm) at 3830 metres (Figure 6.45)
which is thought to be due to an anomalous caliper 1 value at this depth.

_QS_2_Q/3-5 X.OS_20_/3-5)_
DEPTH RANGE FROM:

31 6 5 .6 TO

3899.6

METRES

Gal eccenl (ECC )
0.83
2.

-

2.

-

-5 .

-

Caliper 1 (CALI)
SECTION NUMBER OF DATA POINTS:
9176
DEV FROM:
0.0 TO
3.2 UNITS

Figure 6.44: Cross-sectional plot of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1 from 3165 to 3900 metres in borehole OS 20/3-5. Caliper eccentricity values at
each point within this borehole are overlain as colour on the diagram. With the exception of the
tool extension into the larger borehole section at the top of the logged interval illustrated in
Figure 6.45, the diameter of the borehole does not change indicating that it is in-gauge.
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Figure 6.45: Raw log data from borehole OS 20/3-5 on a scale of 1 to 5000. The azimuth of
caliper pad 1 (PIAZ) from 0° to 360° is overlain by a log of the azimuth of the high side of
the borehole (HAZI) on the left of the diagram. The diameter of the two calipers (Cl and C2)
from 0 to 12 inches are depicted in the centre, and the borehole deviation from 0° to 4° is
illustrated to the right. The dipmeter tool rotates, and the diameter of the borehole does not
change throughout the section indicating that the borehole is in-gauge.

The lack of breakouts in this borehole are well illustrated in the rose diagrams obtained
from each analytical method (Figure 6.46). In cases where tool rotation is complete
throughout the logged section, any developing crack network on the borehole wall will
exhibit lower resistivity values relative to the intact borehole wall. The resistivity
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eccentricity and gradient functions are therefore a useful analytical tool in the determination
of stress orientations in such cases.

(a) Caliper Eccentricity (b) Caliper Gradient (c) Resistivity Eccentricity (d) Resistivity Gradient
013° ± 25°

015° ± 26°

017° ± 26°

056° ± 27°

Figure 6.46: The different rose diagrams produced from linear weighted statistics by each
analytical technique for the data from borehole number OS 20/3-5. (a) Caliper Eccentricity,
minimum horizontal stress orientation = 013° ± 25° (Class 2); (b) Caliper Gradient, minimum
stress orientation = 015° ± 26° (Class 2); Resistivity Eccentricity, minimum horizontal stress
orientation = 017° + 26° (Class 2); Resistivity Gradient, minimum horizontal stress orientation
= 056° + 27°. The tool rotation throughout the borehole section is apparent from the shape
of each rose.

Eastern Witch Ground Graben
The large concentration of rose diagrams in the eastern portion of the Witch Ground Graben
are illustrated in Figure 6.47. Borehole breakout data from 15 boreholes drilled in an area
bounded by the co-ordinates 58°8’ to58°25’ N and 0°E to 0°24’E, are presented in Figure
6.47. The summed rose data for each map are described in Table 6.11.
Caliper Eccentricity (Figure 6.47 and SV13) - The summed rose displays a broad NW-SE
to NE-SW orientation ranging from 165° to 035°. The calculated mean orientation
from the 15 boreholes illustrated is 025° ± 24°.
Caliper Gradient (Figure SV14) - The breakout orientations displayed on the summed rose
are more isotropic than those derived from the Caliper Eccentricity data although a
broad band of breakout orientations from 145° to 035° are apparent. The calculated
mean orientation from the 15 boreholes illustrated is 030° ± 25°.
Resistivity Eccentricity (Figure SV15) - The summed rose is dominated by the data from the
easternmost borehole illustrated (OS 15/22-4). The calculated mean orientation from
the 13 boreholes illustrated is 165° + 24°.
Resistivity Gradient (Figure SV16) - The summed rose illustrates a broad NW-SE to NE-SW
orientation ranging from 035° to 155°. The calculated mean orientation from the 13
boreholes illustrated is 005° + 25°.
Table 6.11: A summary of summed rose data for the boreholes located in the Eastern Witch
Ground Graben.
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Figure 6.47: Rose map of breakout orientations from the eastern Witch Ground Graben derived
from caliper eccentricity. The scale is 1 to 20,000 and is plotted on a universal transverse
mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative to the
amount and quality of data represented. The mean orientation for the 15 boreholes illustrated
is 025° -H 24°.

The concentration of boreholes in the eastern Witch Ground Graben area have been studied
in great detail. For example, 494 metres of data from borehole OS 15/21-4 have been
removed prior to transferral to O r acle , as the high side of the borehole was coincident
with the breakout orientation. Detailed information on the local structure, tectonic history
and the rock types encountered in a number of these boreholes have been acquired from oil

- 239 -

company records. The results derived from breakout analysis with respect to lithology,
chronostratigraphy and structure in boreholes in this area are presented in Chapter Eight.

6.6 The South Viking and Central Grabens
Wellbore breakout orientations have been determined from 28 boreholes situated in the
South Viking Graben and the Central Graben (between 56°N to 59®N and 0°24*E to 5®E).
Figures 6.1 and 6.48 clearly illustrate that this area is situated at the junction o f three
grabens; the Witch Ground Graben, South Viking Graben and Central Graben. As a
consequence, the area has undergone a long and complex tectonic history, movement along
these faults originated during the Permo-Triassic rifting events and continued until the end
o f the Cretaceous. The boreholes in this area sample a total depth interval o f 29,287 metres
and upper and lower depths o f 1469 and 5207 metres respectively (Table 6.12).
Borehole Name
OS 15/28a-3
OS 15/30-4
OS 16/7a-a2
OS 16/7a-a5
OS 16/17-15
OS 16/18-1
OS 21/4-1
OS 21/15a-3
OS 21/18-6
OS 21/24-2
OS 21/25-5
OS 22/5b-2
OS 22/5b-3
OS 22/6a-4
OS 22/10a-4
OS 22/18-4
OS 22/20-1
OS 23/27-6
OS 23/27-7
OS 29/lb-l
OS 29/lb-2
OS 29/5b-4
OS 29/6b-2
OS 29/14b-l
OS 29/14b-2
OS 30/1C-3
OS 30/23a-3
OS 31/26-3

Depth Range
1818-3673m
2832-3759m
3483-4382m
3843-4429m
3590-4485m
1469-3621m
2743-3798m
3502-3927m
1853-3316m
1626-2202m
1769-1982m
2500-3949m®
1644-2801m
2182-2942m
1581-279 Im
2965-3681m
3295-5207m^
1850-3953m
3083-3479m
1783-4030m®
2284-2909m
2835-5490m
1762-2693m
3568-4142m
3191-4256m
3938-4980m
2557-3124m
2914-3476m

Interval
1855m
927m
899m
586m
895m
2152m
576m
425m
1463m
576m
213m
1449m
1157m
310m
2791m
716m
1912m
2103m
396m
2247m
625m
2665m
931m
574m
1065m
1042m
567m
562m

Cal Ecc
059® (II)
021® (I)
167® (I)
174® (II)
071® (I)
107® (II)
056® (U)
114® (III)
030® (II)
003® (I)
140® (I)
034® (I)
087® (II)
091® (II)
113® (II)
019® (II)
076® (U)
065® (III)
131® (II)
074® (I)
162® (II)
150® (I)
158® (II)
078® (II)
014® (I)
114® (I)
072® (I)
090® (I)

Cal Grad
108® (II)
020® (I)
150® (ni)
173® (II)
073® (I)
111® (I)
174® (II)
125® (II)
029® (II)
007® (ni)
142® (HI)
080® (II)
064® (II)
074® (II)
111® (II)
174® (II)
046® (II)
066® (III)
119® (II)
075® (I)
145® (II)
140® (II)
158® (II)
079® (II)
013® (I)
115® (I)
074® (I)
019® (II)

Res Ecc
056® (II)
026® (III)
061® (III)
056® (II)

Res Grad
054® (II)
018® (II)
080® (III)
056® (II)

-

-

117® (II)
059® (II)

119® (II)
062® (II)

-

-

176® (II)
115® (H)

032® (II)
115® (II)

-

-

035® (II)
006® (II)

035® (II)
023® (II)

-

-

-

-

-

-

130® (II)
051® (III)
035® (II)
161® (I)
161® (II)
138® (II)
157® (II)
078® (II)

131® (II)
049® (II)
132® (II)
165® (I)
160® (II)
139® (II)
157® (II)
075® (II)

-

-

120® (III)

112® (I)

-

-

-

-

®Resistivity data from 3078-3949m only
^ Resistivity data from 4690-5207m only
®Resistivity data from 1783-2806m and 3680-4030m only

Table 6.12: Breakout orientation data (uncorrected for geographic north) derived from W ellog
for boreholes drilled in the South Viking and Central Grabens.
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The logged borehole sections in the South Viking and Central Graben area display 22 Class
One breakouts, 61 Class Two breakouts and 11 Class Three breakouts (Table 6.12). It is
noticeable from Table 6.12 that only 19 o f the 28 boreholes listed contain resistivity
information. The rose diagram maps depicting resistivity data for this area will therefore
be relatively less representative of breakout orientations in this area than those depicting the
caliper eccentricity and gradient data. This has been apparent in each map illustrating
resistivity data throughout this chapter but the resistivity data presented for the South Viking
and Central Grabens is more noticeably sparse than for other areas (compare for example.
Figures SV17 and SV19).

With respect to the other areas o f the North Sea described in this chapter, the breakouts in
this area display the least consistent orientations. Many o f the rose diagrams illustrated in
Figure 6.48 display relatively isotropic breakout orientations. Very few boreholes display
a single consistent orientation throughout the logged interval and orientations often differ
for each analytical method. Instead, two or three breakout directions are apparent from the
majority o f the rose diagrams illustrated. The lack o f consistently oriented breakouts within
this area are reflected in the summed rose diagrams derived from these data (Table 6.13).
Caliper Eccentricity (Figures 6.48 and SV17) - The summed rose displays two maxima; the
first and most predominant is oriented between 005® and 025®, the second is
oriented in a general ENE-WSW direction ranging from 065® to 085®. The
calculated mean orientation from the 28 boreholes illustrated is 018® ± 23®.
Caliper Gradient (Figure SV18) - The summed rose illustrates that the breakout orientations
calculated firom Caliper Gradient are relatively more isotropic than those derived
from the Caliper Eccentricity data. Three main breakout orientations are apparent,
the most prominent, ENE-WSW orientation is centred around 075°, the second most
prominent is centred around 015®. The final breakout orientation observed centres
on 115®. The calculated mean orientation from the 28 boreholes illustrated is
077® ± 26®.
Resistivity Eccentricity (Figure SV19) - The summed rose is virtually circular although a
NW-SE orientation centred around 145® is apparent. The calculated mean orientation
from the 19 boreholes illustrated is 145® ±25®.
Resistivity Gradient (Figure SV20) - The directionally isotropic summed rose illustrates two,
very broad, maxima. The first a NNE-SSW centred around 025® and the second a
WNW-ESE orientation centred around 115®. The calculated mean orientation from
the 19 boreholes illustrated is 026® + 25®.
Table 6.13; A summary of summed rose data for the boreholes located in the South Viking anc
Central Graben.

Wellbore breakouts calculated from analysis of caliper eccentricity data in boreholes drilled
adjacent to the graben margins in this area (Figure 6.48) are generally oriented
perpendicular to the margin faults, for example borehole OS 16/17-5 in the South Viking
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Graben and boreholes OS 29/14b-2 and OS 23/27-6 in the Central Graben. The breakouts
observed In the middle of the Central Graben such as those determined in boreholes
OS 29/5b-4 and OS 30/lc-3, are generally oriented parallel to the graben margins (Figure
6.48).

0.0'E

0.0'E

TOTAL

Viking Graben

r

58"N

58°N

56

56°N
2°

0.0'E

4°

0.0'E

Figure 6.48: Rose map of breakout orientations from the South Viking and Central Graben
derived from caliper eccentricity. The scale is 1 to 2 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 28 boreholes
illustrated is 018° 4- 23°.
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6.7 Southern North Sea
Wellbore breakouts have been determined from 21 boreholes drilled in the southern North
Sea Basin (between 53°N to 55®N and 0°W to 3®E). Figures 6.1 and 6.49 and SV21 to
SV24 illustrate that the majority o f boreholes drilled in this area are situated adjacent to the
NW-SE striking Dowsing Fault zone. The boreholes in this area sample a total depth
interval o f 11,652 metres and upper and lower depths of 545 and 4665 metres respectively
(Table 6.14).
Borehole Name
OS 42/29-2
OS 42/29-3
OS 42/30-2
OS 42/30-3
OS 43/12-1
OS 44/21-2
OS 47/5a-2
OS 47/5a-3
OS 47/9b-4
OS 47/10-5
OS 47/14a-5
OS 47/14a-6
OS 47/14a-8
OS 47/14a-9
OS 47/15a-3
OS 48/6-25
OS 48/6-28
OS 48/18b-3
OS 49/1 la-2
OS 49/21-6
OS 49/27G-9

Depth Range
2691-2981m
3017-3261m
2816-3051m
2970-3075m
3137-3562m
3722-4665m
2885-3116m
2841-3109m
1542-3220m
545-1836m^
1308-2425m
2759-2959m
2708-2827m
2720-2864m
2619-3084m*’
2833-3065m
2984-328 Im
2512-3052m
1537-3022m
1419-2487m
1981-2218m

Interval
290m
244m
235m
285m
425m
943m
231m
268m
1678m
1291m
1117m
200m
119m
144m
465m
232m
297m
540m
1485m
1068m
237m

Weighted Mean Orientation

Cal Ecc
071® (I)
174® (III)
094® (II)
104® (II)
040® (III)
050® (I)
006® (I)
055® (I)
072® (I)
057® (I)
083® (II)
076® (I)
083® (I)
075® (I)
076® (I)
113® (III)
051® (I)
063® (I)
153® (II)
033® (II)
074® (II)

Cal Grad
073® (I)
041® (I)
094® (III)
103® (I)
061® (III)
053® (I)
008® (I)
059® (I)
068® (II)
058® (I)
086® (II)
073® (I)
074® (I)
075® (I)
078® (I)
114® (II)
051® (I)
069® (I)
156® (II)
031® (II)
051® (II)

Res Ecc
068® (I)
1 6 6

®(ni)

Res Grad
073® (I)
013® (III)

-

-

-

-

014® (II)
055® (II)
008® (I)
057® (I)
153® (I)
033® (I)
074® (I)

167® (n)
047® (II)
009® (I)
056® (I)
157® (II)
115® (II)
075® (III)

-

-

006® (I)
124® (II)
166® (II)
037® (H)
052® (I)

003® (II)
077® (II)
164® (II)
038® (II)
053® (I)

-

-

054® (II)
033® (II)
-

063® (II)
035® (II)
-

058® ± 19"’ 059® ± 21® 055® ± 23® 056® ±23'

®Resistivity data from 1604-1836m only
^ Resistivity data from 2619-283 Im only

Table 6.14: Breakout orientation data (uncorrected for geographic north) derived from W ellog
for boreholes drilled in the Southern North Sea. Numerals indicate breakout class.

The breakouts in the Southern North Sea determined from each analytical method used in
this study display a generally consistent, NE-SW orientation centred around 055®. From
the analysis of caliper eccentricity data (Figure 6.49) it can be clearly seen that isolated
boreholes exhibit N-S or NW-SE oriented breakouts, however, these are very rare and are
generally observed in boreholes where the secondary direction is oriented NE-SW.
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It is apparent from Figure 6.49 that a very subtle change in breakout orientation occurs as
the Dowsing Fault Zone (DFZ) is crossed. Wellbore breakouts in those boreholes to the
west o f the DFZ are oriented roughly ENE-WSW (with an average orientation centred
around 075°) whilst breakouts in those boreholes to the east o f the DFZ are oriented
roughly NE-SW (centred around an orientation of 055°).

o

0.0'E
Figure 6.49: Rose map of breakout orientations from the southern North Sea derived from
caliper eccentricity. The scale is 1 to 2 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 21 boreholes illustrated is
058° + 19°.

Breakout orientations derived from the analysis of resistivity data reflect a complementary
NW-SE trend to the NE-SW trend determined from analysis o f caliper data. In the central
area o f the southern North Sea, the breakouts are observed to be less systematically oriented
than those determined from analysis of caliper data. This is again a facet o f the type of data
recorded and the analytical methods used for the determination of breakout orientations in
this area.

- 244 -

6.8 The Mid-North Sea High
To the west of the Central Graben, data from a single borehole (OS 26/12-1) drilled on the
Mid-North Sea High (MNSH) have been analysed. From the four analytical methods used,
a single ENE-WSW breakout orientation has been observed (Table 6.15).

OS 26/12-1

Depth Range
825-1600m

Interval
775m

Cal Ecc
076® (I)

Cal Grad
076® (I)

Res Ecc
072® (I)

Res Grad
071® (II)

Table 6.15: Breakout orientation data (uncorrected for geographic north) derived from W ellog
for the single borehole drilled on the Mid-North Sea High. Numerals indicate breakout class.

These calculated orientations are subparallel to the strike o f the Southern Upland fault and
the Highland Boundary Fault (Figure 6.1) both of which strike ENE-WSW in this area. It
is unfortunate that very few commercial boreholes are drilled on the Mid-North Sea High
apart from those drilled for stratigraphie research. More dipmeter data is required for
breakout analysis before firm conclusions can be drawn in regard to stress orientations on
this extensive intra-basinal high.

6.9 Breakout Orientations on the U.K. Mainland
Breakout orientations from boreholes on the U.K. mainland and adjacent offshore regions
including the North Sea area have already been illustrated in Figure 5.27. Two large
concentrations o f boreholes analysed on the U.K. mainland are apparent, firstly a broad
band in the English Midlands stretching from close to the Welsh border in the west to the
Humber Estuary in the east; and secondly in the south of England in and around the Wessex
Basin from Dorset to Kent.

The two main concentrations of data have been described and discussed by Brereton and
Evans (1987) and Brereton e t a l . (1993). It was proposed by these authors that the
breakouts observed in boreholes drilled on the U.K. mainland were generally consistently
oriented with depth and with respect to other breakouts. The breakouts observed in the
Wessex Basin (Brereton e t

a i.,

1993) demonstrate a bimodal, near-orthogonal

(NE-SW/NW-SE) distribution with the dominant minimum stress azimuth centred around
055°. The breakouts analysed in the English Midlands exhibit a relatively unimodal
distribution, the dominant minimum stress azimuth is centred around 075°.
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Further analysis o f the onshore data is beyond the scope of this thesis. The breakouts
observed in onshore boreholes have, however, been described and discussed elsewhere (see,
for example, Brereton e t a l . , 1993). Other areas of continuing interest include Morecambe
Bay, the Western Approaches Basin (south-west comer o f Figure 5.27), Cardigan Bay, and,
to a lesser extent, boreholes logged on the Irish mainland and its continental shelf.

6.10 Concluding Remarks and Summary
It has been shown in this chapter that the North Sea region can be subdivided into a number
o f small geographical domains. Each domain is characterised by its own distinctive
geological features and in general terms by the breakout orientations recorded within them.

The most important point to note is that the summation o f borehole breakout data for the
whole o f the North Sea is not conclusive. Instead, for intraplate areas such as the North
Sea, the derivation o f an average breakout azimuth from small domains, and the
interpretation o f a minimum stress orientation from such domains is the most effective
method o f obtaining useful information on stress in such regions.
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Chapter Seven - Results Presented By
Chronostratigraphic Interval
7.1 Introduction
In this chapter I describe and discuss the breakout orientations observed from analysis of
both caliper and resistivity data for the chronostratigraphic intervals listed in Table 5.1.
This is the first time that such a study has been undertaken on a basin-wide scale. Previous
authors have concentrated on changes in breakout orientation with depth in single scientific
test boreholes, or in a few closely spaced boreholes in areas o f interest to subsurface
engineering (e.g. Paillet and Kim, 1987; Zoback et al.y 1993). A recent study by Bell et
al. (1992), referred to in the introduction to Chapter Six, investigated changes in stress
orientations with depth in the Aquitaine Basin in South West France on a basin-wide scale
although these authors did not relate the orientations observed to the age o f the rocks logged
by the dipmeter tool.

From the data presented in Chapter Six, it is clear that very little basin-wide consistency
in breakout orientation was evident when the data were combined and averaged although
more coherent orientations were evident when smaller data sets were illustrated. It is shown
in this chapter that consistent, basin-wide breakout orientations are seen in individual
chronostratigraphic layers.

This chapter is subdivided into seven sections each o f which covers the breakout
orientations for a particular period of geological time. An eighth section briefly describes
the breakout orientations observed in different depth slices throughout the basin irrespective
o f chronostratigraphic age of the strata encountered by the dipmeter tool. Where practical,
the data for the individual chronostratigraphic interval are further subdivided into Upper,
Lower (and in some cases Middle) divisions, and breakouts from each division are
illustrated. For each major chronostratigraphic interval I will repeat the format used in
Chapter Six, where the breakout orientations within each geographical domain were
described individually. These descriptions will generally be brief and are principally used
as a method o f breaking down the large total data set into more manageable sub-sets.

In common with the format employed in Chapter Six, the maps chosen for presentation in
the main body of the text are of those rose diagrams derived from analysis o f caliper
eccentricity unless otherwise stated. The remaining maps from analysis o f caliper gradient,
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and resistivity eccentricity and gradient appear in the Supplementary Volume o f this thesis.
A detailed description of the summed rose from each analytical technique employed is
provided in table form.

7.2 The Precambrian and Lower Palaeozoic
Pre-Carboniferous strata have been logged by the dipmeter in 13 boreholes situated in the
northern part o f the North Sea basin (Figure 7.1 and SV25 to SV28; Table 7.1). PreCarboniferous age strata have not been logged by the dipmeter tool south of 5 6 °N. The
boreholes sample a total depth interval o f 1,834 metres and upper and lower burial depths
o f 965 and 3870 metres respectively.
Borehole Name
OS 13/13-1
OS 13/19-3
OS 13/29-1
OS 13/30-3
OS 14/6-1
OS 20/2-2
OS 22/18-4
OS 26/12-1
OS 30/23a-3
OS 9/11-2

Depth Range
2929-3007m
1664-1712m
2872-2945m
3563-3609m
1158-1614m
3709-3 870m
3606-368 Im
965-1600m
2973-3124m
1531-1575m

Interval
78m
48m
73m
45m
456m
161m
74m
635m
151m
44m

Cal Ecc
131® (I)
Oil® (I)
139® (I)
160® (II)
036® (I)
108® (I)
000® (II)
076® (I)
089® (I)
141® (I)

Cal Grad
114® (I)
010® (II)
143® (III)
081® (II)
037® (III)
105® (III)
177® (II)
077® (I)
089® (I)
148® (III)

Res Ecc
108® (I)

Res Grad
108® (III)

-

-

144® (II)
110® (II)
043® (II)

143® (II)
163® (II)
039® (II)

-

-

-

-

073® (I)

071® (II)

-

-

047® (II)

084® (II)

Borehole breakout orientations not illustrated in the maps (Figure 7.1 and SV25 to SV28) as
insufficient data were available for the inversion of profile data.
OS 12/21-2
148® (I)
147® (II)
146® (II)
3491-3518m
146® (I)
27m
OS 13/29-2
022® (I)
3307-3330m
028® (I)
23m
OS 9/11-3
140® (I)
019® (II)
027® (II)
1515-1535m
017® (II)
20m
-

-

Table 7.1: Breakout orientation data (uncorrected to geographic north) derived from W ellog
for Pre-Carboniferous strata.

As outlined in sections 3.2.1 and 3.2.2, the lithologies sampled by the drill bit from PreCarboniferous rocks consist of Devonian basin sediments and granites and older
metamorphic rocks. The geological history o f the North Sea from the Late Proterozoic to
the Carboniferous comprises a series o f mountain building episodes due to continental
collision, and periods o f extension in the hinterland o f these mountain ranges Glennie
(1990).

The breakout orientation data from the Pre-Carboniferous (Table 7.1) comprises 18 Class
One breakouts, 19 Class Two breakouts and just 5 Class Three breakouts. It is evident from

248 -

Figure 7.1 that a large proportion of the rose diagrams calculated from analysis o f caliper
eccentricity data display unimodal orientations.

60° 0.
Great Glen Fault

AL

Viking Graben

M id-North Sea High

Figure 7.1: Rose map of breakout orientations from Precambrian and Lower Palaeozoic strata
derived from caliper eccentricity. The scale is 1 to 4 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 10 boreholes
illustrated is 077° ± 2 1 ° .

In general, breakouts in the Pre-Carboniferous rocks of the North Sea display a number of
orientations (Figure 7.1) with a mean ENE-WSW orientation o f 077° ± 2 1 ° . The data set
is dominated by the single borehole situated on the Mid-North Sea High to the east of the
Firth o f Forth (OS 26/12-1).

Within 5 boreholes in the Witch Ground Graben/Moray Firth area, a radial pattern of
breakout orientations occurs, with the breakout orientations in this area ranging from
NE-SW to N-S and NW-SE. Apart from this concentration o f boreholes, other boreholes
within which Lower Palaeozoic strata have been logged are situated throughout the area.
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The single borehole situated within the Viking Graben (OS 9/11-2) displays NW-SE
breakout orientations from analysis of caliper data and NE-SW to E-W orientations
determined from analysis o f resistivity data.

Within the Central Graben, N-S breakouts are observed from analysis o f caliper eccentricity
data in borehole OS 22/18-4. To the south o f the graben, breakouts in borehole
OS 30/23a-3 are oriented E-W, sub-parallel to the dominant breakout orientation in the
Lower Palaeozoic strata and the Mid-North Sea High.

7.3 The Carboniferous
Carboniferous strata have been logged by the dipmeter in 21 boreholes situated in the
southern part o f the North Sea basin (Figure 7.2 and SV29 to SV32; Table 7.2). No
Carboniferous age strata have been logged by the dipmeter tool north o f 5 9 ®N, and
resistivity data are also only available from boreholes in the southern part o f the North Sea
Basin. The boreholes sample a total depth interval o f 2285, metres and upper and lower
burial depths of 2201 and 4665 metres respectively.

As outlined in section 3.2.3, during the Carboniferous the North Sea area lay to the north
o f the Variscan orogenic belt. Extension and the creation o f half-grabens (‘basins’) and
horsts (‘blocks’) led to sedimentation in the basins and the development of condensed
sequences on the horst blocks. The lithologies encountered in the Carboniferous mainly
comprise thick clastic sequences and include coal-bearing deltaic sediments (Besly, 1990)
These coals and associated carbonaceous shales form important source rocks for the natural
gas reservoirs in the overlying Permian sandstones in the southern North Sea Basin
(Cornford, 1990).

The breakout orientation data from the Carboniferous (Table 7.2) comprise 43 Class One
breakouts, 25 Class Two breakouts and just 2 Class Three breakouts. A large proportion
o f the rose diagrams calculated from analysis o f caliper eccentricity data display unimodal
orientations.

In general, breakouts in the Carboniferous rocks o f the North Sea display a dominant
NE-SW breakout orientation centred around 50® (Figure 7.2) with a mean orientation of
057°/237® ± 14®. The data set is dominated by the large number o f consistently oriented
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Borehole Name
OS 20/4a-2
OS 31/26-3
OS 42/29-2
OS 42/29-3
OS 42/30-2
OS 42/30-3
OS 43/12-1
OS 44/21-2
OS 47/5a-2
OS 47/5a-3
OS 47/9b-4
OS 47/14a-6
OS 47/14a-8
OS 47/14a-9
OS 47/15a-3
OS 48/6-25
OS 48/18b-3
OS 49/1 la-2

Depth Range
2772-2982m
3346-3476m
2909-298 Im
3208-326 Im
3026-305 Im
2998-3075m
3399-3562m
3868-4665m
3058-3116m
3057-3109m
3077-3220m
3806-3959m
2796-2827m
2798-2864m
2690-3084m*
3020-3065m
2791-3052m
2992-3022m

Interval
210m
130m
72m
53m
25m
77m
163m
656m
58m
51m
143m
152m
30m
66m
393m
45m
261m
30m

Cal Ecc
063“ (I)
093“ (II)
075“ (I)
130“ (II)
174“ (I)
001“ (II)
071“ (I)
049“ (I)
177“ (II)
065“ (I)
095“ (I)
075“ (I)
066“ (I)
073“ (I)
075“ (I)
122“ (II)
071“ (I)
042“ (I)

Cal Grad
061“ (I)
178“ (II)
077“ (I)
061“ (I)
173“ (IB)
003“ (I)
070“ (I)
052“ (I)
008“ (II)
067“ (I)
099“ (I)
073“ (I)
065“ (I)
074“ (I)
077“ (I)
114“ (II)
072“ (I)
040“ (I)

Borehole breakout orientations not illustrated in the maps (Figure 7.2
insufficient data were available for the inversion of profile data.
OS 48/6-28
3260-328 Im
21m
051“ (I)
048“ (I)
OS 49/21-6
2462-2487m
25m
028“ (II)
125“ (II)
OS 49/27G-9
2201-2218m
17m
035“ (I)
034“ (I)

Res Ecc

Res Grad

-

-

-

-

076“ (I)
056“ (I)

078“ (II)
060“ (I)

-

-

-

-

165“ (II)
054“ (II)
010“ (II)
063“ (I)
105“ (I)

166“ (II)
048“ (II)
013“ (II)
064“ (II)
105“ (I)

-

-

075“ (I)
104“ (III)
166“ (II)
036“ (II)

071“ (I)
079“ (I)
071“ (II)
036“ (II)

-

-

047“ (I)

050“ (II)

and SV29 to SV32) as
051“ (I)
122“ (I)
-

048“ (II)
128“ (II)
-

■ Resistivity data from 2690-2832m only

Table 7.2: Breakout orientation data (uncorrected to geographic north) derived from W ellog
from Carboniferous strata.
breakouts in borehole OS 44/21-2 (Table 7.2). It is apparent, however, that a large number
o f breakouts in the rocks o f the Carboniferous display an orientation centred around 075®
with only slight variations about this mean. The important features o f the summed rose
calculated from each analytical method (Figures 7.2, and SV29 to SV32) are listed in Table
7.3.

The northernmost borehole to penetrate Carboniferous strata in the North Sea Basin
(OS 20/4a-2) contains breakouts with an average orientation o f 063®, this orientation falls
neatly between the two major breakout orientations determined for the Carboniferous as a
whole. The second borehole to penetrate Carboniferous strata in the northern North Sea is
situated immediately to the north of the Mid-North Sea High and contains breakouts which
are predominantly oriented in an E-W direction; complementary N-S breakout directions
are also common in this borehole.
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Figure 7.2: Rose map of breakout orientations from Carboniferous strata derived from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 18 boreholes illustrated is
056° ± 14°. The boreholes indicated are referred to in the text.

Within the southern North Sea, the breakouts in Carboniferous strata display relatively
consistent orientations and are generally oriented orthogonal to the Dowsing Fault Zone
(DFZ). It is apparent from the breakouts calculated from caliper eccentricity data (Figure
7.2) that a subtle change in breakout orientation occurs across the DFZ. To the west o f the
DFZ the breakouts are oriented roughly ENE-WSW (with an average orientation centred
around 075°) whilst breakouts in those boreholes to the east o f the DFZ are oriented
roughly NE-SW (centred around an orientation o f 055®).

Finally, it must be noted that the breakout orientations recorded in the Carboniferous rocks
of the North Sea Basin are similar to those recorded in British Coal boreholes on the U.K.
mainland by Brereton and Evans (1987).
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Caliper Eccentricity (Figure 7.2 and SV29) - The summed rose illustrates a two slightly
different dominant breakout orientations within the Carboniferous. The primary
NE-SW orientation is centred around 050° and occurs in a single borehole within
the southern North Sea Basin. The secondary ENE-WSW orientation is centred
around 075° and occurs in boreholes throughout the southern North Sea. The
calculated mean orientation from the 18 boreholes illustrated is 056° ± 14°.
Caliper Gradient (Figure SV30) - The summed rose again displays two slightly different
orientations. The primary orientation is similar to that derived from the Caliper
Eccentricity data and is centred around 050°. The secondary ENE-WSW orientation
centred around 075° is evident in a number of boreholes to the west of the Dowsing
Fault Zone. The calculated mean orientation from the 18 boreholes illustrated is
060° ± 16°.
Resistivity Eccentricity (Figure SV31) - The primary NE-SW breakout orientations centred
around 050° are again illustrated in the summed rose calculated from resistivity
eccentricity data. A second orientation orthogonal to the dominant orientation is also
apparent centred around 145°. The calculated mean orientation from the 12
boreholes illustrated is 064° ± 18°.
Resistivity Gradient (Figure SV32) - The breakout orientations calculated from analysis of
resistivity gradient data are essentially the same as those observed in the summed
rose calculated from resistivity eccentricity data. The primary, NE-SW orientation
is centred around 050°, the secondary centred around 145° is also emphasised by
the summed rose. The calculated mean orientation from the 12 boreholes illustrated
is 064° ± 17°.
Table 7.3: A summary of the sununed rose data from Carboniferous strata.

7.4 The Permo-Triassic
It is common practise for geologists working in the North Sea to combine data from both
the Permian and Triassic as the rocks types deposited and the tectonic setting in the two
geological Periods are closely associated (see sections 3.2.4 and 3.2.5). In the North Sea
Basin, the Permian and Triassic strata are usually barren o f fossils and are consequently
difficult to date using conventional biostratigraphic methods.

Breakout data from 54 boreholes situated throughout the North Sea Basin from Permian and
Triassic strata have been jointly analysed (Figure 7.3). The summed rose in the NE comer
o f Figure 7.3 clearly shows that there are two dominant orientations. The primary NW-SE
orientation (between 055° and 075°) occurs mainly in boreholes in the Southern North Sea
and in a number o f boreholes in the Inner Moray Firth. The secondary N-S orientation
(centred around 015°) is observed in boreholes throughout the Northern North Sea and
occasionally in the Southern North Sea.
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Figure 7.3: Rose map of breakout orientations from Permo-Triassic strata derived from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 54 boreholes illustrated is
057° -f 25°.
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In the south Central Graben and on the Mid-North Sea High the breakouts are oriented
mainly E-W. These breakouts are oriented orthogonally to the general N-S trend in the area
but are parallel to the trend of the Mid-North Sea High.

The data from the Permo-Triassic have been further divided to illustrate breakouts in both
Permian and Triassic strata. Breakout orientations from the Triassic are discussed in section
7.6. Section 7.7 will concentrate on the breakout orientations observed in Permian rocks
in the area.

7.5 The Permian
Permian strata have been logged by the dipmeter in 37 boreholes situated in the southern
part o f the North Sea basin (Figure 7.4 and SV33 to SV36; Table 7.4). Permian rocks are
not encountered by the drill bit north o f 59®N. The boreholes sample a total depth interval
o f 10,448 metres and upper and lower depths o f 825 to 4253 metres.

As outlined in section 3.2.4, the Permian sediments can be divided into two different
lithological units; aeolian sandstones o f the Lower Permian Rotliegend Formation which are
overlain by evaporites belonging to the Upper Permian Zechstein Formation. The Zechstein
Formation is a complex association o f evaporite and carbonate rocks which underly a large
part o f the North Sea and north-west Europe (Taylor, 1990). The two formations were
deposited in two broad E-W trending transtensional basins separated by the Mid-North Sea
High (MNSH) which developed in the Foreland o f the Variscan orogenic belt. The two
basins were linked by the Central Graben which was in its initial phase o f development.

The breakout orientation data from the Permian (Table 7.4) comprise 58 Class One
breakouts, 52 Class Two breakouts and 16 Class Three breakouts. It is evident from Figure
7.4 that a large proportion of the rose diagrams calculated from analysis o f caliper
eccentricity data display unimodal orientations. A second noteworthy point is the paucity
o f resistivity data in the Central Graben area (Figures SV33 and SV36). Accordingly, the
results derived from analysis of resistivity data must be treated with care.
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Figure 7.4: Rose map of breakout orientations from Permian strata derived from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 37 boreholes illustrated is
052° 4- 24°. The indicated boreholes are referred to in the text.

In general, breakouts in the Permian rocks of the North Sea display two principal
orientations, (Figure 7.4) with a mean orientation of 052° ± 2 4 ° . The primary NE-SW
orientation is centred around 055°, the secondary N-S orientation is centred around 015°.
The important features of the summed rose calculated from each analytical method (Figure
7.4 and SV33 to SV36) are listed in Table 7.5.

The breakouts in the Permian strata can be naturally divided into two distinct domains
separated by the MNSH. The northern data set comprises data derived from 17 boreholes.
Two dominant orientations are apparent in this area; the primary N-S orientation is seen in
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a number o f boreholes within the Moray Firth, Witch Ground and Central Grabens and is
centred around 015°, and the secondary ENE-WSW to ESE-WNW orientation is seen in
the Inner Moray Firth, southern Witch Ground Graben and within boreholes situated
adjacent to the MNSH. In general, the breakouts in Permian strata in the northern sector
o f the North Sea are oriented approximately orthogonal to the local faults (Figure 7.4).

Borehole Name
OS 12/21-2
OS 12/22-2
OS 13/13-1
OS 13/19-3
OS 14/12-1
OS 15/21-3
OS 20/2-2
OS 20/3-5
OS 20/4a-2
OS 20/8-1
OS 21/18-6
OS 21/25-5
OS 22/18-4
OS 26/12-1
OS 29/14b-2
OS 30/23a-3
OS 31/26-3
OS 42/29-2
OS 42/29-3
OS 42/30-2
OS 42/30-3
OS 43/12-1
OS 44/21-2
OS 47/5a-2
OS 47/5a-3
OS 47/9b-4
OS 47/14a-5
OS 47/14a-6
OS 47/14a-8
OS 47/14a-9
OS 47/15a-3
OS 48/6-25
OS 48/6-28
OS 48/18b-3
OS 49/1 la-2
OS 49/21-6
OS 49/27G-9

Depth Range
2802-3491m
1932-2109m
2463-2929m
1570-1664m
2243-2323m
2905-3180m
3485-3709m
3849-3900m
2694-2772m
3057-348 Im
3270-3305m
1887-1982m
3308-3606m
825-965m
3191-4256m
2664-2973m
3283-3346m
2691-2909m
3017-3208m
2816-3026m
2790-2998m
3137-3399m
3722-3868m
2885-3058m
2840-3057m
2624-3077m
2124-2425m
2758-2806m
2707-2796m
2720-2798m
2618-2690m
2833-3020m
2984-3260m
2152-2791m
1537-2992m
1700-2462m
1981-2201m

Interval
689m
118m
466m
94m
80m
275m
224m
41m
78m
424m
35m
95m
432m
140m
1065m
309m
63m
218m
191m
210m
208m
262m
146m
173m
217m
453m
300m
48m
89m
78m
72m
187m
276m
279m
1455m
762m
220m

Cal Ecc
118* (I)
102* (I)
021* (I)
165* (I)
036* (I)
033* (I)
080* (I)
006* (II)
028* (III)
121* (I)
160* (I)
119* (II)
024* (III)
076* (I)
014* (I)
081* (I)
070* (III)
152* (II)
175* (I)
095* (III)
171* (II)
031* (II)
085* (I)
007* (I)
054* (I)
072* (I)
137* (II)
078* (III)
090* (I)
083* (III)
095* (I)
113* (III)
051* (I)
043* (I)
152* (III)
035* (I)
075* (II)

Cal Grad
121* (I)
101* (I)
024* (I)
155* (I)
041* (I)
035* (II)
085* (I)
128* (II)
021* (III)
116* (I)
159* (I)
118* (II)
153* (II)
065* (II)
013* (I)
084* (I)
095* (III)
152* (II)
039* (I)
096* (III)
101* (I)
022* (II)
092* (II)
010* (I)
057* (I)
071* (I)
129* (III)
057* (II)
089* (I)
082* (I)
092* (III)
115* (II)
051* (I)
041* (I)
156* (II)
033* (II)
056* (II)

Res Ecc
118* (II)
012* (III)
025* (I)

Res Grad
121* (II)
007* (I)
024* (ID

-

-

038* (II)
034* (II)

039* (II)
126* (ID

-

-

044* (II)

043* (II)

-

-

108* (II)
075* (I)

105* (ID
071* (H)

-

-

-

-

065* (I)

063* (ID

-

-

-

-

-

-

050* (I)
164* (HI)

049*
020*

-

-

-

-

018*
101*
008*
056*
154*
139*

(II)
(II)
(I)
(I)
(I)
(II)

-

008*
126*
000*
029*
052*

106*
098*
012*
054*
156*
140*

(n)
(in)
(ID
(II)
(I)
(D
(II)
(ID

-

(I)
(II)
(I)
(II)
(I)

002* (I)

131* (ID
088* (ID
027* (ID
053* (D

-

-

055* (II)
024* (II)

063* (ID
026* (ID

-

-

Borehole breakout orientations not illustrated in the maps (Figure 7.4 and SV33 to SV36) as
insufficient data were available for the inversion of profile data.
OS 20/12-1
2946-2957m
11m
038* (I)
025* (I)
127* (II)
127* (II)

Table 7.4: Breakout orientation data (uncorrected to geographic north) derived from W ellog
from Permian strata.
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To the south o f the Central Graben and in the solitary borehole adjacent to the Scottish
coast, data have been analysed from 3 boreholes which sample 500 metres o f Permian
strata.

In common with the breakouts analysed immediately to the north o f the Mid-North Sea
High breakouts in those boreholes to the south o f this area (between 55® and 54°N ) are
predominantly oriented in an E-W direction, complimentary N-S breakout orientations are
also common in this area (Figure 7.4).

The dominant breakouts in the Permian rocks of the southern North Sea basin (and the
North Sea basin for this chronostratigraphic interval as a whole) are located around a
latitude o f approximately 5 5 °N (Figure 7.4). The breakout orientations in this area display
a general NE-SW orientation although occasional N-S and NE-SW oriented breakouts are
recorded. These breakouts are perpendicular to the NE-SW trending Dowsing Fault Zone.

Caliper Eccentricity (Figures 7.4 and SV33) - The summed rose illustrates two dominant
breakout orientations within the Permian. The primary NE-SW orientation is centred
around 055® and occurs mainly within the southern North Sea Basin. The secondary
N-S orientation is centred around 015® and occurs in boreholes throughout the
northern North Sea. A third E-W orientation centred around 095® occurs in a
number of boreholes within the Moray Firth, Witch Ground Graben and Central
Graben. The calculated mean orientation from the 37 boreholes illustrated is
052° ± 24®.
Caliper Gradient (Figure SV34) - The summed rose displays two dominant orientations. The
primary orientation is similar to that derived from the Caliper Eccentricity data and
is again centred around 055®. The secondary N-S orientation centred around 015°
is evident in a number of boreholes in the north of the area. The calculated mean
orientation from the 37 boreholes illustrated is 052° ± 24°.
Resistivity Eccentricity (Figure SV35) - The primary NE-SW breakout orientation centred
around 055° are again illustrated in the summed rose calculated from resistivity
eccentricity data. A second orientation orthogonal to the dominant orientation is also
apparent centred around 145°. A small number of breakouts oriented approximately
N-S are also evident in both parts of the area. The calculated mean orientation from
the 24 boreholes illustrated is 048° ± 2 1 ° .
Resistivity Gradient (Figure SV36) - The breakout orientations calculated from analysis of
resistivity gradient data are essentially the same as those observed in the summed
rose calculated from resistivity eccentricity data. The primary, NE-SW orientation
is centred around 055°, the secondary N-S orientation is centred around 015°, the
third orientation centred around 145° is also apparent. The calculated mean
orientation from the 24 boreholes illustrated is 047° ± 2 1 ° .
Table 7.5: A summary of the summed rose data for the boreholes containing Permian strata.
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Further evidence for NE-SW to ENE-WSW directed stress orientations within PermoTriassic rocks are provided from Anelastic Strain Recovery experiments carried out on
Permo-Triassic sandstones from boreholes drilled in the English East Midlands (S.
Butterworth pers. comm.). This appears to be consistent with breakout data from Permian
strata within the southern North Sea Basin.

The rock types encountered in the Upper and Lower Permian have vastly different
mineralogies and lithologies. As a consequence the rheological and mechanical properties
will also be different. The following two sections describe the differences in breakout
orientations between the Upper and Lower Permian rocks within the North Sea. For clarity
and simplicity, and to enable a greater coverage o f data, only orientation data derived from
analysis o f caliper eccentricity data are described in these sections.

7.5.1 The Lower Permian
Breakouts within the Lower Permian calculated from analysis o f caliper eccentricity data
have an average orientation o f 051® ± 19® (Figure 7.5). Two dominant trends are apparent
from Figure 7.5, the primary orientation is centred around 055® and the secondary
orientation is centred around 005®. The NE-SW oriented breakouts are observed throughout
the southern North Sea Basin. Breakouts which are oriented N-S and E-W are observed
throughout the Central Graben and in a number o f boreholes within the southern Basin.

7.5.2 The Upper Permian
Breakouts within the rocks o f the Upper Permian display a dominant N-S orientation
centred around 015® and a secondary ENE-WSW orientation centred around 075® (Figure
7.6) with a calculated mean o f 023® ± 20®. The primary orientation is similar to that
determined for the whole Permian, whereas the secondary orientation is more akin to the
breakout orientations seen in the overlying Triassic than the Permian as a whole.

It is clear from Figure 7.6 and Table 7.4 that the N-S oriented breakouts within borehole
OS 29/14b-2 in the Central Graben and the ENE-WSW oriented breakouts within the
borehole to the East o f the Firth of Forth (OS 26/12-1) and borehole OS 47/9b-4 in the
southern North Sea dominate the calculated breakout orientation for the Upper Permian.
Two sub-orthogonal orientations are apparent in the caliper eccentricity data, the dominant
ENE-WSW orientation centred around 025® and a secondary orientation centred around
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125°. It must be noted that the breakouts observed in the Permian strata within borehole
OS 26/12-1 are similar to those recorded in the same borehole within Pre-Carboniferous
strata (Figure 7.1).

Throughout the northern North Sea Basin and especially within the Moray Firth and Witch
Ground Graben, the N-S and NE-SW breakouts within Upper Permian strata are generally
oriented at an orthogonal angle to the graben margins. In the southern North Sea the
breakouts are generally oriented orthogonally to the DFZ in the area.
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Figure 7.5: Rose map of breakout orientations from Lower Permian strata derived from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 25 boreholes illustrated is
051° + 19°.
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Figure 7.6: Rose map of breakout orientations from Upper Permian strata derived from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 27 boreholes illustrated is
023° ± 2 0 ° . The indicated boreholes are referred to in the text.

7.6 The Triassic
Triassic strata have been logged by the dipmeter tool in 29 boreholes situated throughout
the North Sea Basin (Table 7.6; Figure 7.7 and SV37 to SV40). The boreholes sample a
total depth interval of 7781 metres and upper and lower depths of 732 and 5205 metres
respectively (Table 7.6).
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Figure 7.7: Rose map of breakout orientations from Triassic strata derived from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 29 boreholes illustrated is
079° -b 22°.
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Borehole Name
OS 1/4-2
OS 12/21-2
OS 12/22-2
OS 13/12-2
OS 13/13-1
OS 14/6-1
OS 14/20-15
OS 14/30a-2
OS 15/21-3
OS 20/1-2
OS 20/5b-2
OS 20/8-1
OS 205/26a-2
OS 21/18-6
OS 22/18-4
OS 22/20-1
OS 29/lb-l
OS 29/14b-l
OS 30/1C-3
OS 30/23a-3
OS 31/26-3
OS 47/9b-4
OS 47/14a-5
OS 49/21-6
OS 9/12a-5
OS 9/13b-25a
OS 9/14b-2b

Depth Range
732-868m
2477-2802m
1420-1932m
1725-1831m
1705-2463m
838-1158m
3156-3215m
2456-2499m
2869-2905m
2707-2756m
3663-4163m
2798-3057m
2152-2470m
3179-3270m
3130-3174m
5106-5207m
3866-4030m
3711-4142m
4713-4980m
2582-2664m
3190-3283m
1542-2624m
1307-2124m
1419-1700m
3203-339 Im
3041-3114m
4823-489 Im

Interval
136m
325m
386m
106m
758m
320m
59m
43m
36m
49m
500m
259m
318m
91m
44m
101m
164m
431m
267m
82m
93m
1082m
817m
281m
188m
73m
68m

Cal Ecc
168° (I)
098° (I)
137° (I)
072° (III)
040° (II)
036° (I)
158° (III)
134° (I)
037° (I)
078° (I)
087° (I)
111° (I)
009° (I)
152° (I)
104° (I)
045° (I)
170° (I)
079° (II)
110° (I)
067° (I)
095° (I)
177° (II)
083° (II)
142° (I)
026° (I)
038° (III)
009° (I)

Cal Grad
172° (II)
160° (II)
137° (III)
019° (II)
043° (II)
036° (I)
158° (in)
132° (I)
028° (I)
073° (I)
085° (I)
111° (I)
005° (I)
163° (in)
111° (I)
042° (n)
171° (II)
080° (II)
111° (I)
067° (I)
101° (I)
170° (II)
084° (II)
143° (I)
026° (I)
037° (II)
007° (I)

Res Ecc

Res Grad

-

-

072° (III)
134° (I)

077° (II)
133° (II)

-

-

036° (III)
036°(I)
152° (I)

039° (in)
035° (I)
157° (II)

-

-

030° (I)
072° (I)

027° (I)
072° (II)

-

-

112° (I)
008° (I)
063° (II)

114° (II)
007° (II)
064° (n)

-

-

123°
071°
079°
113°

(I)
(I)
(II)
(I)

132°
048°
075°
110°

-

-

-

-

073°
076°
048°
022°
134°
176°

(II)
(I)
(I)
(I)
(II)
(I)

073°
078°
053°
025°
029°
010°

(I)
(II)
(II)
(I)

(II)
(II)
(II)
(I)
(II)
(I)

Borehole breakout orientations not illustrated in the maps (Figure 7.7 and SV37 to SV40) as
insufficient data were available for the inversion of profile data.
002° (I)
OS 20/2-2
3461-3485m
24m
002° (I)
094° (II)
076°
(I)
155°
(II)
OS 20/3-5
3829-3849m
20m
151° (II)
142°
(I)
OS 3/14a-10
3805-3814m
143°
(I)
9m
Figure 7.7 and SV37 to SV40 also include breakout orientation data from two unreleased boreholes.

Table 7.6: Breakout orientation data (uncorrected to geographic north) derived from W ellog
from Triassic strata.

As outlined in section 3.2.5, the Triassic rock types encountered throughout the area are
dominantly red beds, which include alluvial fan, fluvial, aeolian, sabkha, lacustrine and
shallow-marine sequences (Fisher and Mudge, 1990). These rocks can be considered to be
syn-rift sediments deposited in basins which developed as a result o f the incipient break-up
o f the Pangaean supercontinent and the associated crustal thinning and rifting along the axis
o f the incipient Atlantic Ocean (Fisher and Mudge, 1990). Within the North Sea, the
Triassic rift-pattern has a dominantly N-S orientation (Badley et al.y 1988).
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The breakout orientation data calculated from the Triassic comprise 59 Class One
breakouts, 34 Class Two breakouts and 9 Class Three breakouts (Table 7.7). The large
proportion o f Class One and Two breakouts in the Triassic rocks are apparent from the
large number o f rose diagrams indicating a unimodal orientation in Figure 7.7.

In general, breakouts in the Triassic rocks o f the North Sea display three principal
orientations (Figure 7.7) with a mean ENE-WSW orientation o f 079° ± 22°. The two
primary orientations are ENE-WSW and ESE-WNW and centred around 075° and 105°
respectively. The third orientation observed in the Triassic is N-S, centred around 005°,
and represents locally important orientations. The important features o f the summed rose
from each map (Figure 7.7 and SV37 to SV40) are listed in Table 7.7.

To the West of the Shetland Islands and in the northern sector o f the North Sea wellbore
breakouts have been analysed from 1493 metres o f Triassic strata in 7 boreholes. The
dominantly N-S orientations observed in these boreholes are similar to the orientations
observed in the overlying Jurassic strata in this domain. Within the Viking Graben, the
breakouts examined are less well developed than those in the single borehole to the West
o f the Shetland Islands. In general, these breakouts display N-S to NE-SW orientations and
have developed parallel and sub-parallel to the graben margins. In two o f the boreholes,
wellbore breakouts are orthogonal and sub-orthogonal to the graben margins.

Data from 11 boreholes have been analysed in the Triassic rocks o f the Witch Ground
Graben and Moray Firth area. In the north and west o f this domain the breakouts are
oriented normal to the graben bounding faults illustrated in Figure 7.7. It is interesting to
note that many o f the boreholes analysed in this area display secondary orientations which
are parallel to the faulted margins.

Within the southern Witch Ground Graben, breakouts in three boreholes (OS 20/1-2,
OS 20/5b-2 and OS 20/8-1) exhibit a general E-W trend. It is clear that data from these
boreholes exerts a strong influence over the summed rose in Figure 7.7.

The E-W orientation of breakouts continues into the Central Graben and is most apparent
to the south of the Graben. Data from 8 boreholes have been analysed from this area, it is
immediately apparent from Figure 7.7 that breakouts analysed in Triassic strata in boreholes
drilled adjacent to the Central Graben margins are, in general, oriented both parallel and
-2 6 4 -

Caliper Eccentricity (Figure 7.7 and SV37) - The summed rose illustrates three dominant
breakout orientations within the Triassic. The primary ENE-WSW orientation is
centred around 075° and occurs in a number of boreholes throughout the area. The
secondary ESE-WSW orientation is centred around 105° and is restricted to a
occasional boreholes within the Inner Moray Firth and Central Graben. The third
N-S orientation centred around 005° occurs in a number of boreholes in the Viking
Graben and to the West of the Shetland Islands. The calculated mean orientation
from the 29 boreholes illustrated is 079° ± 2 2 ° .
Caliper Gradient (Figure SV38) - The summed rose displays two dominant orientations. The
primary orientation is more diffuse than that derived from the Caliper Eccentricity
data although it is again centred around 075°. The secondary N-S orientation centred
around (X)5° is again evident in a number of boreholes in the north of the area. The
calculated mean orientation from the 29 boreholes illustrated is 078° ± 2 2 ° .
Resistivity Eccentricity (Figure SV39) - Three dominant breakout orientations are illustrated
in the summed rose calculated from resistivity eccentricity data. The primary NE-SW
orientation is centred around 035° and is dominated by the breakouts in the
southernmost borehole depicted and two boreholes at the junction of the Moray Firth
and Witch Ground Graben. The secondary and tertiary orientations (ENE-WSW and
ESE-WNW, respectively) are centred around 075° and 105°. The calculated mean
orientation from the 22 boreholes illustrated is 038° ± 27°.
Resistivity Gradient (Figure SV40) - The breakout orientations calculated from analysis of
resistivity gradient data are essentially the same as those observed in the summed
rose calculated from resistivity eccentricity data. The primary, NE-SW orientation
is centred around 035°, the secondary ENE-WSW orientation is centred around 075°
and the tertiary WNW-ESE orientation is centred around 105°. The calculated mean
orientation from the 22 boreholes illustrated is 039° ± 2 7 ° .
Table 7.7: A sununary of the sununed rose data from Triassic strata.
perpendicular to the faulted margin. Within the two boreholes drilled in the centre o f the
graben the breakouts are oriented in an ESE-WNW direction. From a detailed inspection
o f the borehole data it is apparent that these breakouts are parallel to small local faults
below the resolution o f those faults illustrated in Figure 7.7.

A total o f 430 metres o f dipmeter data has been analysed in the three boreholes in the
southern part o f the Central Graben. The large breakouts in these boreholes are oriented
approximately parallel to the general trend o f the Mid-North Sea High and are consistent
with the breakouts observed in Permian strata within the same boreholes.

Breakouts in the three boreholes which penetrate Triassic strata in the southern North Sea
are also oriented dominantly E-W with a noticeable N-S component and, to the South-East
a NW-SE orientation. The two boreholes exhibiting N-S and E-W breakout orientations are
in close proximity to the Dowsing Fault Zone (DFZ: a major fault which is thought to have
been initiated during the Permo-Triassic rifting and was active in the late Cretaceous;
Hancock, 1990) yet exhibit breakout orientations conforming to the presumed rifting
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direction. The third, and most southerly borehole, is situated on a NW-SE trending fault
forming part o f the DFZ and is observed to have broken out in an orientation parallel to
this fault.

7.7 The Jurassic
The Jurassic period is the most economically important stratigraphie system in the North
Sea. Jurassic reservoirs contain the bulk o f the area’s oil reserves and significant volumes
o f gas, and the Upper Jurassic Kimmeridge Clay formation provides the main hydrocarbon
source rocks in the central and northern North Sea areas.

Jurassic strata have been logged by the dipmeter in 59 boreholes drilled in the Northern part
o f the North Sea and a single borehole situated in the southern North Sea Basin (Figures
7.8 and SV41 to SV44). Data from Jurassic strata sample a total depth interval o f 22,404
metres and are reported from burial depths o f 335 to 5105 metres. The rock types include
clay stones, shales, sandstones, siltstones, occasional coal horizons and laterally impers istent
but locally important volcanic rocks (Brown, 1990). These rocks were deposited for the
most part in fault-bounded basins related to the development o f the Permo-Triassic graben
system (section 3.2.8). It is thought that the Jurassic was a period of active faulting with
fault-controlled differential subsidence being the predominant control on sedimentation
(Brown, 1990).

It is clear from Figure 7.8 that the majority o f breakouts in Jurassic strata display a single
orientation. A number of bimodal orientations are apparent, the majority o f which are
orthogonal to the primary orientation. The breakout orientation data calculated from the
Jurassic display 82 Class One breakouts, 83 Class Two breakouts and 29 Class Three
breakouts (Table 7.8). The large number o f Class Two breakouts are greatly influenced by
the breakouts displaying orthogonal orientations from the analysis o f resistivity gradient
data.

The most striking feature of the breakout orientations determined from Jurassic strata
illustrated in Figure 7.8 and SV41 to SV44 is the consistency in orientation o f breakouts
in the boreholes adjacent to the Scottish mainland in the Inner Moray Firth (OS ll/3 0 a -8 ,
OS 12/21-2 and OS 12/22-2; Table 7.8) ^ d their influence over the summed rose. On
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removal of these data, the breakouts in the Jurassic determined from analysis of caliper
eccentricity data display a mean orientation of 167° ± 26° (Figure 7.9).

Viking Graben

OS 205/26a-2
G reat G le n F ault

Inner Moray Firth

Mid-North Sea High

Figure 7.8: Rose map of breakout orientations from Jurassic strata derived from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 57 boreholes illustrated is
142° ± 2 3 ° . The indicated boreholes are referred to in the text.

It is evident from Figure 7.8 and 7.9, and from Table 7.8, that a broad range of breakout
orientations occur within the Jurassic rocks of the North Sea Basin. The primary orientation
manifests itself as a narrow NW-SE band (centred around 145°); the second is a less tightly
constrained set of breakouts oriented in a NE-SW orientation (centred around 055°). The
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important features of the summed rose from each map (Figure 7.8 and SV41 to SV44) are
listed in Table 7.9.

In the solitary borehole situated to the West o f the Shetland Islands (OS 205/26a-2) the
dipmeter tool has only logged 55 metres o f Jurassic strata. It is therefore unrealistic to
assume that the data from this small interval is statistically valid. However, when the N-S
oriented breakout data from this borehole is combined with data from the Jurassic strata
logged in the north Viking Graben it becomes clear that the data from this borehole
accurately reflects the breakout orientations determined throughout the northern part of the
North Sea Basin.

Within the nine boreholes which sample Jurassic strata in the Viking Graben geographic
domain, the principal breakout orientations are N-S and E-W. It is immediately apparent
from Figure 7.8 that the major fault orientations in this area is N-S and the breakout
orientations are closely associated with these fault trends.

It is clear from Figure 7.8 that the breakouts in the Inner Moray Firth are aligned
orthogonal to the ENE trending fault which forms the northern boundary o f the Inner
Moray Firth. The general NW-SE breakout trend continues eastwards and southwards
towards the Witch Ground Graben. Eastwards from approximately 1 °W the trend becomes
progressively dominated by N-S and NE-SW breakout orientations as the Junction o f the
Witch Ground, Viking and Central Grabens is approached. It must be noted that, in
general, the NW-SE to NE-SW trend o f breakout orientations in the Inner Moray Firth and
Witch Ground Graben have been documented within each chronostratigraphic interval
discussed in this chapter.

Dipmeter data have been analysed from 11 boreholes which sample Jurassic strata in the
South Viking Graben and Central Graben geographic domain. It is clear from Figure 7.8
that breakout orientations in boreholes situated adjacent to the graben margins are intimately
related to the orientation of these faults. In the southern part o f the Viking Graben, the
breakouts are generally oriented E-W, orthogonal to the graben bounding faults. In this area
the normal faults at the edge o f the graben change orientation from NNE-SSW to
NNW-SSE, this subtle change in strike o f the faults is mimicked by a similar rotation of
breakout azimuths. Within the Central Graben the breakouts are again generally oriented
both parallel and perpendicular to the margin faults. It is worth noting that in this area the
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Borehole Name
OS 1/4-2
OS ll/30a-8
OS 12/21-2
OS 12/22-2
OS 12/29-1
OS 13/12-2
OS 13/13-1
OS 13/19-3
OS 13/29-1
OS 13/29-2
OS 13/30-3
OS 14/6-1
OS 14/12-1
OS 14/19-15
OS 14/20-15
OS 14/26-3
OS 14/30a-2
OS 15/16-T5
OS 15/21-2
OS 15/21-3
OS 15/21a-7
OS 15/21a-8
OS 15/21a-9
OS 15/21a-10
OS 15/21a-ll
OS 15/21a-12a
OS 15/21a-13
OS 15/21a-14
OS 15/22-4
OS 16/7a-a2
OS 16/7a-a5
OS 16/17-15
OS 2/5-15
OS 20/1-2
OS 20/2-2
OS 20/3-5
OS 20/4a-2
OS 20/5b-2
OS 20/8-1
OS 20/12-1
OS 205/26a-2
OS 211/1 la-3
OS 21/la-12
OS 21/15a-3
OS 21/18-6
OS 22/5b-2
OS 22/20-1
OS 23/27-6
OS 29/lb-l

Depth Range
567-732m
2036-2529m
960-2477
1076-1420m
1310-2174m
1402-1725m
1367-1705m
1404-1570m
2189-2872m
2499-3307m
2700-3563m
808-838m
1999-2243m
2623-3168m
3008-3156m
2320-2436m
2266-2456m
3845-4178m
3113-4443m
2367-3869m
3143-3560m
2305-2526m
2318-2637m
2331-2540m
2323-2567m
2347-2564m
2381-2726m
2482-2692m
3462-400Im
3815-4382m
3947-4420m
4030-4485m
3296-3388m
2362-2707m
3016-346 Im
3164-3829m
2549-2694m
3124-3663m
2614-2798m
2446-2946m
2094-2152m
2996-3668m
4176-4632m
3773-3927m
3102-3179m
3336-3949m
4761-5106m
3687-3953m
3767-3866m

Interval
165m
493m
1292m
344m
864m
323m
338m
166m
683m
808m
862m
30m
244m
545m
148m
116m
190m
333m
913m
502m
147m
221m
319m
209m
244m
217m
345m
210m
539m
567m
473m
455m
92m
345m
445m
665m
145m
539m
184m
500m
58m
672m
456m
155m
77m
612m
345m
266m
99m

Cal Ecc
013° (III)
137° (I)
141° (I)
148° (I)
109° (I)
102° (I)
148° (I)
144° (I)
040° (I)
126° (II)
165° (I)
033° (I)
026° (I)
177° (I)
137° (I)
079° (II)
130° (III)
139° (II)
077° (II)
028° (I)
110° (I)
086° (I)
126° (I)
008° (I)
149° (II)
143° (I)
139° (I)
134° (I)
163° (I)
126° (II)
175° (II)
081° (III)
131° (II)
179° (I)
117° (III)
013° (II)
003° (I)
138° (III)
104° (I)
167° (I)
014° (I)
099° (I)
163° (III)
127° (I)
146° (I)
037° (III)
156° (II)
031° (I)
112° (I)

Cal Grad
055° (III)
140° (I)
142° (I)
151° (I)
120° (I)
061° (III)
149° (II)
148° (I)
044° (I)
125° (II)
166° (I)
032° (I)
026° (I)
172° (I)
135° (I)
078° (II)
131° (I)
137° (in)
154° (II)
030° (I)
115° (I)
030° (II)
133° (II)
006° (II)
147° (II)
147° (I)
077° (I)
135° (III)
162° (I)
152° (II)
176° (II)
083° (II)
033° (I)
000° (I)
104° (III)
054° (II)
003° (I)
123° (III)
105° (I)
168° (III)
009° (I)
099° (I)
157° (HI)
130° (III)
116° (III)
035° (II)
023° (II)
026° (I)
135° (II)

Res Ecc

Res Grad

-

-

142° (I)
145° (I)
152° (I)

139° (I)
143° (II)
152° (II)

-

-

-

-

028° (in)

048° (II)

-

-

134° (II)

035° (II)

-

-

075° (I)
033° (II)
117° (II)

075° (I)
033° (II)
116° (II)

-

-

139° (II)
015° (II)

133° (II)
076° (II)

-

-

167°
143°
029°
108°
128°
125°
006°

(II)
(I)
(I)
(I)
(II)
(II)
(I)

-

164°
151°
029°
110°
014°
123°
001°

(II)
(II)
(II)
(II)
(II)
(II)
(II)

-

154° (I)

149° (II)

-

-

-

-

162° (I)
012° (II)
057° (II)

163° (II)
013° (II)
074° (II)

-

-

040° (III)
000° (II)

124° (II)
175° (II)

-

-

087° (II)

056° (II)

-

-

-

107°
173°
011°
021°

-

(I)
(III)
(I)
(I)

-

(I)
(II)
(I)
(II)

-

-

054°
034°
104°
032°
020°

108°
169°
013°
016°
-

(III)
(II)
(II)
(II)
(II)

055°
155°
104°
129°
043°

(III)
(II)

(II)
(II)
(II)

Table 7 .8 : Breakout orientation data (uncorrected to geographic north) derived from W ellog
for those boreholes within which Jurassic strata have been logged.

- 269 -

breakouts are oriented in a similar direction as those breakouts in Jurassic rocks in the Inner
Moray Firth and Witch Ground Graben.
Borehole Name
OS 29/14b-l
OS 3/14a-10
OS SO/lc-3
OS 9/12a-5
OS 9/13b-25a
OS 9/14b-2b

Depth Range
3606-371 Im
3513-3805m
4214-4713m
2752-3203m
2905-3041m
4055-4823m

Interval
105m
292m
499m
451m
136m
768m

Cal Ecc
175° (HI)
172° (I)
027° (II)
046° (I)
095° (II)
098° (II)

Cal Grad
179° (HI)
172° (H)
118° (II)
057° (III)
170° (II)
007° (II)

Res Ecc
021° (III)

Res Grad
029° (U)

-

-

124° (III)
011° (III)

116°
153°
179°
004°

177° (in)
003° (II)

(I)
(U)
(II)
(II)

Borehole breakout orientations not illustrated in the maps (Figure 7.8 and SV41 to SV44) as
insufficient data were available for the inversion of profile data.
106° (I)
105° (H)
104° (I)
021° (H)
OS 16/18-1
3602-3621m
19m
130° (I)
OS 30/23a-3
9m
128° (I)
2573-2582m
118° (I)
119° (I)
OS 31/26-3
3185-3190m
5m
Figure 7.8 and SV41 to SV44 also include breakout orientation data from two unreleased boreholes.

Table 7.8 cont:. Breakout orientation data (uncorrected to geographic north) derived from
WELLOG for those boreholes within which Jurassic strata have been logged.

Caliper Eccentricity (Figures 7.8 and SV41) The summed rose illustrates dominant NW-SE
breakout orientations. The data set is greatly influenced by the three NW-SE oriented
breakouts in the Inner Moray Firth adjacent to the Scottish mainland. The calculated
mean orientation from the 57 boreholes illustrated is 142® ± 23°. This average is
slightly misleading as discussed above. On removal of the data from the three
boreholes in the Inner Moray Firth, three dominant breakout orientations are
apparent (Figure 7.9); the dominant NNW-SSE orientation is centred around 165°,
the secondary and tertiary WNW-ESE and NE-SW orientations are almost
orthogonal and are centred around 105° and 025° respectively. The calculated mean
orientation from the 54 boreholes illustrated is 167° ± 26°.
Caliper Gradient (Figure SV42) - The summed rose is more diffuse than that derived from
the Caliper Eccentricity data although the data are again dominated by the three
boreholes in the Inner Moray Firth. The calculated mean orientation ffom the 57
boreholes illustrated is 143° ± 2 3 ° .
Resistivity Eccentricity (Figure SV43) - Two dominant breakout orientations are illustrated
in the summed rose calculated from resistivity eccentricity data. The primary NW-SE
orientation is centred around 165°, the secondary orthogonal ENE-WSW orientation
is centred around 075°. The calculated mean orientation from the 40 boreholes
illustrated is 165° ± 25°.
Resistivity Gradient (Figure SV44) - Three breakout orientations are observed in the summed
rose calculated from resistivity gradient data. The primary ENE-WSW orientation
is centred around 075°, the secondary NW-SE orientation is centred around 145°
and the tertiary N-S orientation is centred around 165°. The calculated mean
orientation from the 40 boreholes illustrated is 077° ± 2 5 ° .
Table 7.9: A summary of the summed rose data for the boreholes containing Jurassic strata.
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Figure 7.9: Rose map of breakout orientations from Jurassic strata minus the boreholes located
within the Inner Moray Firth. The roses presented have been derived from caliper eccentricity.
The scale is 1 to 5 million and is plotted on a universal transverse mercator projection using
latitude-longitude co-ordinates. Each rose is scaled relative to the amount and quality of data
represented. The mean orientation for the 54 boreholes illustrated is 167® + 26®.

From a close inspection of the data presented above it is apparent that the breakout
orientations in the Jurassic rocks of the North Sea Basin are not as consistent as the
summed rose in Figure 7.8 indicates. A number of factors are thought to be responsible for
this, not least of which is the influence of the three boreholes in the Inner Moray Firth
already discussed. In the next three sections I discuss the differences in the breakout
orientation data from the Upper, Middle and Lower Jurassic rocks of the North Sea. For
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clarity and simplicity, only orientation data derived from analysis o f caliper eccentricity data
are discussed in these sections.

7.7.1 The Lower Jurassic
Data from 6 boreholes have been analysed which sample a depth range o f 1400 metres o f
Lower Jurassic strata (5% o f the Jurassic data set) and are presented in Figure 7.10. The
illustrated data have a calculated mean orientation o f 147° ± 8°.

The breakouts in the 6 boreholes illustrated in Figure 7.10 display three dominant
orientations, the primary orientation is NW-SE which is apparent in the single borehole in
the Inner Moray Firth. The secondary NE-SW orientation illustrated on the summed rose
in Figure 7.10 records the data from boreholes OS 9/12a-5 and OS 14/6-1 in the Viking
Graben and Moray Firth respectively. Within the Viking Graben, a third, N-S orientation
is apparent in two boreholes and, in the northernmost borehole depicted in Figure 7.9 a
bimodal NE-SW and E-W distribution o f breakouts is apparent.

7.7.2 The Middle Jurassic
Wellbore breakout data have been analysed from 26 boreholes which sample a depth range
o f 4150 metres (18%) o f the Jurassic data set and are presented in Figure 7.11. It is
immediately apparent from Figure 7.11 that the data from the boreholes within the Inner
Moray Firth have little effect on the calculated mean orientation o f 031° ± 19°.

Two, orthogonal, dominant breakout orientations are apparent from the summed rose in
Figure 7.11 (centred around 025° and 115° respectively). It is clear from the E-W and N-S
oriented breakouts within the Viking and Central Grabens that the dominant breakouts in
the Middle Jurassic are found in the large concentration o f data in the Witch Ground
Graben. The breakouts in these boreholes are again aligned both parallel and perpendicular
to the graben margin in this area.
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Figure 7.10: Rose map of breakout orientations from Lower Jurassic strata in the northern
North Sea from caliper eccentricity. The scale is 1 to 5 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 6 boreholes
illustrated is 147° 4- 8°. The indicated boreholes are referred to in the text.
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Figure 7.11: Rose map of breakout orientations from Middle Jurassic strata in the northern
North Sea from caliper eccentricity. The scale is 1 to 5 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 25 boreholes
illustrated is 031° ± 19°.
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7.7.3 The Upper Jurassic
It is immediately apparent from a comparison of Figures 7.8 and 7.12 that the breakouts
within the Upper Jurassic rocks of the North Sea Basin are the dominant breakouts for the
Jurassic as a whole. In Figure 7.12 data from 53 boreholes sampling a total depth range of
17,270 metres are illustrated; this is 77% of the data presented for the entire Jurassic. The
data set is again dominated by the three boreholes in the Inner Moray Firth. On removal
of these boreholes from the data set (Figure 7.13) the calculated mean for the Upper
Jurassic changes from 144° ± 22° to 164° ± 24°.

22. 1
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Figure 7.12: Rose map of breakout orientations from Upper Jurassic strata in the northern
North Sea from caliper eccentricity. The scale is 1 to 5 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 53 boreholes
illustrated is 144° -I- 22°.
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Two dominant breakout orientations are apparent in the Upper Jurassic strata in this area;
the primary NW-SE orientation centred around 155° is clearly seen within the Moray Firth
and Witch Ground Graben. In the Central and Viking Grabens, the breakouts within the
Upper Jurassic are oriented in a general E-W direction with a minor N-S component. A
small number of boreholes within the Central Graben display NW-SE and NE-SW oriented
breakouts, it is clear from the length of the roses in Figure 7.11 that these are statistically
insignificant.
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Figure 7.13: Rose map of breakout orientations from Upper Jurassic strata in the northern
North Sea from caliper eccentricity minus data from the three boreholes located in the Inner
Moray Firth. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 53 boreholes illustrated is
164° -H 24°.
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The relationship between the orientation o f the graben margins and breakouts in the
boreholes adjacent to the margins is striking. For instance, in the Witch Ground and Viking
Grabens, the breakouts are oriented perpendicular to the margins whereas in the Central
Graben the breakouts are oriented generally parallel to the graben margins although
breakouts are observed perpendicular to the faults.

7.8 The Cretaceous
Cretaceous strata have been logged by the dipmeter in 69 boreholes situated in the Northern
part o f the North Sea and a single borehole situated in the southern North Sea (Table 7.10;
Figure 7.14 and SV45 to SV48). The boreholes sample a total depth interval o f 32,410
metres and upper and lower depths of 320 and 4769 metres respectively (Table 7.10).

Cretaceous rocks have been logged in the Central Graben and Inner Moray Firth as they
are o f some interest to the oil companies operating in these areas.

As outlined in section 3.2.7, the tectonically-controlled sedimentation o f the Early
Cretaceous, with extensive areas o f land was replaced in the Late Cretaceous by much
quieter fully marine conditions and chalk deposition with regional subsidence centred over
the axial graben system (Hancock, 1990).

To the West o f the Shetland Islands the breakouts exhibit bimodal NE-SW and NW-SE
orientations the primary orientation derived from analysis o f caliper eccentricity data is
centred around 035°. This orientation and a complementary NW-SE orientation are apparent
in the rose diagrams derived from analysis o f caliper data only (Figure 7.14). More diffuse
orientations are observed in the rose diagrams derived from the analysis o f resistivity data
(Figures SV47 and SV48) in which N-S and E-W oriented breakouts are predominant.

The breakout orientation data calculated from the Cretaceous display 96 Class One
breakouts, 100 Class Two breakouts and 33 Class Three breakouts. The large number of
Class Two breakouts is greatly influenced by the breakouts displaying orthogonal
orientations from the analysis o f resistivity gradient data (Figure SV48). Conversely, the
breakout orientations calculated from the analysis of caliper eccentricity data have only 21
Class Two and Three breakouts from the 66 boreholes listed in Table 7.10.
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Borehole Name
OS 12/21-2
OS 12/29-1
OS 13/12-2
OS 13/13-1
OS 13/19-3
OS 13/29-1
OS 13/29-2
OS 14/12-1
OS 14/12-2
OS 14/20-15
OS 14/26-3
OS 15/16-T7
OS 15/21-2
OS 15/21-3
OS 15/21-4
OS 15/21-6
OS 15/2 la-7
OS 15/21a-8
OS 15/21a-9
OS 15/21a-10
OS 15/21a-ll
OS 15/21a-12a
OS 15/21a-13
OS 15/21a-14
OS 15/22-4
OS 15/28a-3
OS 15/30-4
OS 16/7a-a2
OS 16/7a-a5
OS 16/17-15
OS 16/18-1
OS 2/5-15
OS 20/1-2
OS 20/2-2
OS 20/4a-2
OS 20/5b-2
OS 204/30-1
OS 205/10-2b
OS 205/10-3
OS 205/26a-2
OS 206/3-1
OS 208/26-1
OS 211/1 la-3
OS 21/la-12
OS 21/4-1
OS 21/15a-3
OS 21/18-6
OS 21/24-2
OS 22/5b-2

Depth Range
320-640m
456-1310m
1359-1402m
1065-1367m
930-1404m
1559-2189m
1190-2499m
1390-1999m
1668-3026m
2837-3008m
1420-2320m
3299-3669m
2375-3113m
2088-2367m
2071-2322m
2375-3069m
2389-3413m
2126-2305m
2173-2318m
2152-233 Im
2169-2323m
2163-2347m
2196-2381m
2224-2482m
3320-3462m
2676-3673m
2887-3759m
3483-3815m
3843-3947m
3590-4030m
2910-3602m
2894-3296m
2132-2362m
1558-3016m
1969-2549m®
2768-3124m
817-1374m
3534-4770m
2531-2755m
1034-2094m
3378-3974m
1774-3268m
2847-2996m
2459-4176m
2764-3798m
3503-3773m
2349-3102m
2104-2202m
2818-3336m^

Interval
640m
854m
43m
302m
474m
630m
1309m
609m
1358m
171m
900m
370m
611m
279m
28m
693m
1024m
179m
145m
179m
154m
184m
185m
258m
142m
997m
872m
332m
104m
440m
692m
402m
230m
1458m
580m
356m
557m
1236m
224m
1060m
596m
1492m
149m
1534m
1034m
270m
753m
98m
518m

Cal Ecc
078° (II)
080° (I)
160° (I)
019° (I)
166° (I)
020° (I)
120° (I)
015° (I)
090° (II)
143° (I)
175° (IB)
044° (II)
179° (I)
127° (I)
127° (I)
001° (I)
088° (II)
023° (I)
001° (I)
176° (I)
154° (I)
001° (I)
155° (I)
120° (I)
171° (I)
144° (I)
021° (I)
166° (I)
174° (III)
070° (I)
137° (I)
019° (I)
173° (I)
133° (III)
078° (I)
124° (I)
112° (I)
158° (II)
022° (III)
038° (I)
126° (I)
024° (II)
097° (I)
142° (I)
056° (II)
117° (IB)
178° (IB)
152° (IB)
043° (II)

Cal Grad
143° (II)
091° (I)
158° (I)
071° (IB)
170° (I)
126° (II)
113° (II)
020° (I)
090° (II)
145° (B)
125° (B)
035° (II)
178° (B)
130° (I)
127° (I)
005° (I)
090° (II)
027° (I)
000° (I)
001° (I)
156° (I)
000° (I)
161° (I)
108° (IB)
107° (II)
141° (IB)
020° (I)
165° (I)
158° (II)
073° (I)
137° (I)
020° (I)
173° (I)
121° (IB)
124° (II)
123° (I)
114° (II)
159° (II)
142° (II)
037° (IB)
127° (I)
027° (I)
091° (I)
144° (I)
173° (B)
003° (II)
175° (II)
155° (I)
105° (II)

Res Ecc
137° (II)

Res Grad
141° (II)

-

-

-

-

100° (IB)

079° (III)

-

-

125° (I)

124° (III)

-

-

008°
088°
165°
122°
130°
172°
035°
126°
005°
159°
027°
007°
007°

(I)
(II)
(II)
(B)
(IB)
(II)
(II)
(I)
(II)
(IB)
(I)
(II)
(II)

018°
089°
145°
119°
128°
162°
045°
036°
002°
021°
027°
007°
008°

(II)
(II)
(II)
(II)
(II)
(II)
(II)
(II)
(II)
(II)
(II)
(II)
(II)

-

-

001° (II)

001° (II)

-

-

-

174°
056°
026°
068°
035°

(II)
(II)
(IB)
(I)
(II)

093°
054°
019°
076°
124°

(II)
(II)
(II)
(I)
(II)

-

-

129° (I)
019° (I)
173° (II)

132° (II)
020° (II)
083° (II)

-

-

139° (I)

140° (II)

-

-

000°
069°
145°
005°

(I)
(IB)
(IB)
(IB)

008°
068°
130°
165°

(III)
(II)
(III)
(III)

-

-

111° (II)
094° (II)

029° (II)

-

-

095° (II)

059° (II)

061° (II)

-

-

174° (II)
079° (II)
086° (II)

000° (II)
037° (II)
112° (II)

Table 7.10: Breakout orientation data (uncorrected to geographic north) derived from W e l l o g
for those boreholes within which Cretaceous strata have been logged.
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Borehole Name
OS 22/5b-3
OS 22/18-4
OS 22/20-1
OS 23/27-6
OS 29/lb-l
OS 29/14b-l
OS 30/1C-3
OS 31/26-3
OS 9/11-3
OS 9/12a-5
OS 9/13b-25a

Depth Range
2664-280Im
2964-3130m
3365-476 Im®
3263-3687m
2851-3767m^
3568-3606m
3938-4214m
2955-3185m
1233-1515m
2619-2752m
2643-2905m

Interval
137m
166m
1396m
424m
916m
38m
276m
230m
282m
133m
262m

Cal Ecc
106® (I)
008® (I)
075® (III)
073® (I)
023® (I)
012® (III)
127® (II)
019® (I)
168® (III)
109® (II)
083® (III)

Cal Grad
122® (II)
Oil® (I)
017® (HI)
073® (I)
025® (I)
175® (II)
052® (II)
017® (I)
169® (II)
014® (II)
074® (II)

Borehole breakout orientations not illustrated in the maps (Figure 7. 14
insufficient data were available for the inversion of profile data.
028® (I)
OS 14/6-1
793-808m
15m
028® (I)
OS 20/8-1
129® (II)
2589-2614m
25m
129® (I)
064® (I)
OS 21/25-5
1884-1887m
3m
065® (I)
OS 22/10a-4
124® (I)
2765-279 Im
26m
119® (I)
OS 30/23a-3
105® (I)
2557-2573m
16m
109® (I)
168® (II)
OS 9/14b-2b
9m
170® (I)
4046-4055m
* Resistivity data
** Resistivity data
®Resistivity data
** Resistivity data

Res Ecc
102® (III)

Res Grad
046® (II)

-

-

096® (II)
072® (I)
118® (I)
124® (III)
025® (II)

092® (II)
071® (I)
114® (I)
056® (II)
173® (II)

-

-

001® (III)
015® (I)
028® (III)

002® (II)
014® (I)
036® (II)

and SV45 to SV48) as
119® (II)
039® (I)

110® (II)
039® (II)

-

-

-

-

-

-

078® (II)

078® (II)

from 1969-2302m only
from 3078-3336m only
from 4690-476Im only
from 2851-3767m only

Figure 7.14 and SV45 to SV48 include breakout orientation data from four unreleased boreholes.

Table 7.10 cont.: Breakout orientation data (uncorrected to geographic north) derived from
WELLOG for boreholes within which Cretaceous strata have been logged.

From the analysis of caliper eccentricity data (Figure 7.14 and Table 7.10), it is evident that
two dominant breakout orientations occur in the Cretaceous o f the North Sea Basin; the
primary orientation manifests itself as a broad band from NNE-SSW and NE-SW (between
010° and 040°); the second is a more tightly constrained set o f breakouts oriented in a
NW-SE orientation (centred around 125°). The important features o f the summed rose from
each map (Figure 7.14 and SV45 to SV48) are listed in Table 7.11.

To the West o f the Shetland Islands the breakouts exhibit bimodal NE-SW and NW-SE
orientations the primary orientation derived from analysis o f caliper eccentricity data is
centred around 035°. This orientation and a complementary NW-SE orientation are apparent
in the rose diagrams derived from analysis o f caliper data only (Figure 7.14). More diffuse
orientations are observed in the rose diagrams derived from the analysis o f resistivity data
(Figures SV47 and SV48) in which N-S and E-W oriented breakouts are predominant.
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Figure 7.14: Rose map of breakout orientations from Cretaceous strata from caliper
eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 66 boreholes illustrated is
030'’ + 25°.

Breakouts analysed from boreholes in the Viking Graben display two dominant orthogonal
orientations (N-S and E-W) centred around 015° and 105° respectively. In contrast to the
breakouts observed in the Inner Moray Firth, Witch Ground and Central Grabens, the
breakouts in Cretaceous strata in the basins to the West of the Shetland Islands and in the
Viking Graben are less well developed. This can be seen in the length of the large arm of
the rose diagrams in the boreholes in the south Viking Graben which are relatively poorly
developed when compared to the breakouts depicted to the south of the Witch Ground
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Graben. The breakout orientations in these areas are subtly different from those sampling
Jurassic strata in the same boreholes (compare for example Figure 7.8 with 7.14). A final
salient point is the predominance o f N-S oriented breakouts in the Viking Graben calculated
from the analysis o f resistivity eccentricity and gradient data (Figures SV47 and SV48).
Caliper Eccentricity (Figures 7.14 and SV45) - The summed rose illustrates breakout
orientations with an N-S to NE-SW bias. Breakouts oriented in a NW-SE direction
are also represented in this rose diagram. The calculated mean orientation from the
64 boreholes illustrated is 030® ±25® .
Caliper Gradient (Figure SV46) - The summed rose is more diffuse than that derived from
the Caliper Eccentricity data although the features described above are again
apparent. Two dominant orientations are observed (005® to 035® and 125®). The
calculated mean orientation from the 64 boreholes illustrated is 014® ±23® .
Resistivity Eccentricity (Figure SV47) - Three dominant breakout orientations are
demonstrated in the summed rose calculated from resistivity eccentricity data. The
primary orientation is oriented N-S, centred around 175®; the secondary orientation
is centred around 125®; the third, and most diffuse set of breakouts oriented E-W
and centred around 085®. The calculated mean orientation from the 49 boreholes
illustrated is 176® ± 24®.
Resistivity Gradient (Figure SV48) - Three breakout orientations are observed in the summed
rose calculated from resistivity gradient data. The primary and tertiary orientations
are orthogonal and centred around 005® and 095®, the secondary orientation is again
centred around 125® The calculated mean orientation from the 49 boreholes
illustrated is 020® ±25® .
Table 7.11: A summary of the summed rose data for the boreholes containing Cretaceous
strata.

Within the Witch Ground Graben and Inner Moray Firth data from 31 boreholes have been
analysed. From the analysis of caliper eccentricity data, two distinct breakout orientations
are apparent; the dominant (NW-SE) orientation is centred around 125® and is evident in
the boreholes in the southern Witch Ground Graben. The second (N-S) orientation is
centred around 175® and occurs in a number of boreholes throughout the Inner Moray Firth
and Witch Ground Graben (Figure 7.14). The two dominant orientations in the Inner Moray
Firth and Witch Ground Graben calculated from analysis o f caliper eccentricity data are
repeated in the rose diagrams determined from analysis o f caliper gradient and resistivity
data (Figures SV46 and SV48).

Two dominant breakout orientations are also apparent in the 16 boreholes analysed in the
South Viking and Central Graben geographic domain. From analysis o f caliper eccentricity
data (Figure 7.14), the primary (NNE-SSW) orientation is centred around 015® and the
secondary (ENE-WSW) is centred around 065®. A striking feature o f the data presented in
Figures 7.14 is the intimate relationship between the orientation o f breakouts and the

-2 8 1 -

orientation o f the graben margins. For example, the breakouts in the four boreholes along
the western margin of the Central Graben are oriented either parallel or perpendicular to
the graben margin (Figure 7.14). These trends in breakouts derived from analysis o f caliper
eccentricity are repeated in the southern portion of the Viking Graben (Figure 7.14). Away
from the margin faults in the centre o f the Central Graben, the breakout orientations are
less well defined than those towards the margin faults, but again they appear to follow the
general trend o f the graben.

In general, Cretaceous strata in the southern North Sea has not been encountered by the
dipmeter tool. However, caliper eccentricity and gradient data have been analysed from a
single borehole in this area. The breakouts recorded in this borehole have a consistent
orientation centred on 055°. Further information regarding the depth interval and quality
o f breakouts measured in this borehole cannot be revealed as this is proprietary information.

7.8.1

The Lower Cretaceous

Lower Cretaceous strata have been logged by the dipmeter in 38 boreholes situated in the
Northern part of the North Sea and a single borehole situated in the southern North Sea
(Figure 7.15). Few boreholes have penetrated Lower Cretaceous strata in the northernmost
North Sea and to the West o f the Shetland Islands, as a consequence, breakout data is
relatively sparse in these areas.

The orientation o f wellbore breakouts in the Lower Cretaceous determined by each
analytical method are essentially the same (Figure 7.15 and SV49 to SV52). The largest
concentration o f data are located in the Inner Moray Firth and Witch Ground Graben where
two distinct breakout orientations can be clearly observed; the primary (N-S) orientation,
centred around 175° occurs in a number of boreholes throughout this domain and is
especially evident in the large concentration of data in the eastern portion of the Witch
Ground Graben. The secondary (NW-SE) orientation, centred in a broad band around 130°
occurs in the majority of boreholes in the south of the Witch Ground Graben and in the
Inner Moray Firth.

Within the South Viking and Central Graben geographical domain the breakouts are again
oriented in a general N-S direction, a number of breakouts in this area display an E-W
orientation centred around 085°, this orientation is not seen in other boreholes in the Lower
Cretaceous.
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Figure 7.15: Rose map of breakout orientations from Lower Cretaceous strata in the northern
North Sea from caliper eccentricity. The scale is 1 to 5 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 38 boreholes
illustrated is 172° + 25°.

Breakouts in the Lower Cretaceous rocks within the borehole in the southern North Sea
Basin are well developed and exhibit a single orientation centred around 055°.

7.8.2 The Upper Cretaceous
Upper Cretaceous strata have been logged by the dipmeter in 58 boreholes situated in the
northern part of the North Sea and a single borehole situated in the southern North Sea
(Figure 7.16 and SV53 to SV56). It is clear from a comparison of the summed rose data
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presented in Figures 7.14 and Figure 7.16 that by further dividing the data into Upper and
Lower Cretaceous chronostratigraphic intervals, the data which is combined to produce the
relatively ambiguous nature of the summed rose diagram in Figure 7.14 becomes clearer.
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Figure 7.16: Rose map of breakout orientations from Upper Cretaceous strata in the northern
North Sea from caliper eccentricity. The scale is 1 to 5 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 58 boreholes
illustrated is 034° + 22°.

To the West of the Shetland Islands and in the Viking Graben, the breakout orientations
determined from analysis of caliper eccentricity data from the Upper Cretaceous are
essentially the same as those determined using the same analytical technique in the
Cretaceous as a whole.
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Within the Inner Moray Firth and Witch Ground Graben geographical domain, three distinct
breakout orientations are observed from analysis of caliper eccentricity data from the Upper
Cretaceous. The primary (NW-SE) orientation centred around 125° occurs in a number of
boreholes distributed throughout the area. The secondary and tertiary orientations are
sub-orthogonal (N-S and E-W) centred around 005° and 085° respectively. The majority
o f the breakouts illustrated in Figure 7.16 display one or more of these orientations.
However, subtle differences occur in breakout orientations in adjacent boreholes and few
consistent orientations are observed throughout this area.

Greater consistency in breakout orientations are observed in Upper Cretaceous strata in the
South Viking and Central Grabens. Two principal orientations are clear from Figure 7.16;
the primary (ENE-WSW to NE-SW) orientation centred around 065° is observed in a
number of boreholes on both flanks of the Central Graben and in the single borehole
situated in the centre of this graben. The second (N-S) orientation occurs in boreholes
located to the south of the Central Graben and in its centre.

It can be seen from the above discussion that the average breakout orientations determined
from Upper Cretaceous strata and the Cretaceous strata as a whole (Figures 7.14 and 7.16)
are controlled to a large extent by the data to the West o f the Shetland Islands. On removal
o f these data the summed rose diagram for the Cretaceous as a whole indicate a change in
maximum breakout orientation from 035° to 125°. This 90° rotation occurs as a direct
consequence of removal o f the West of Shetland data, with the data in the southern part of
the Witch

Ground Graben becoming the dominant data set for this particular

chronostratigraphic interval. A broader, secondary (N-S) breakout orientation is also
apparent. This is centred between 175° and 005° and is evident from a number o f boreholes
situated throughout the area.

Wellbore breakout orientations in the Upper Cretaceous rocks within the borehole in the
southern North Sea Basin are very restricted in size (Figure 7.16). Two orthogonal breakout
orientations are apparent in this borehole section centred around 075° and 165°, the former
being the dominant breakout orientation in this borehole.

In common with the breakout orientation data derived from analysis o f caliper eccentricity
and gradient data (Figure 7.16 and SV54), the orientations derived from analysis of
resistivity data from 41 boreholes show relatively consistent orientations (Figures SV55 and
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SV56). The relationship between the orientation of the graben margins and the calculated
breakouts are clearly demonstrated in Figures SV55 and SV56. A large proportion o f the
breakouts depicted in these Figures are oriented either orthogonal or parallel to the Viking
and Central Graben margin faults.

7.9 The Tertiary
Tertiary strata ranging in age from Oligocene to Lower Palaeocene have been logged by
the dipmeter in 42 boreholes situated exclusively in the northern part o f the North Sea
(Table 7.12; Figure 7.17 and SV57 to SV60). The boreholes sample a total depth interval
o f 25,363 metres and upper and lower depths o f 569 and 3648 metres respectively (Table
7.12). It is immediately apparent from Figure 7.17 that dipmeter data from Tertiary strata
in the North Sea Basin are, in general, restricted to the graben margins and are spatially
restricted in comparison to the Cretaceous strata documented in section 7.8. Tertiary rocks
are known to occur in the centre of the grabens but have not been logged by the dipmeter
tool as they are not of primary interest to the oil companies operating in these areas. In
general, the wellbore breakouts in the Tertiary strata are, less consistently oriented and less
well developed than those analysed from the Cretaceous.

As outlined in section 3.2.8, the rock types encountered in the Tertiary o f the North Sea
are usually in the form of soft clay stones, mudstones, poorly cemented sandstones,
limestones, chalks and occasional tuffaceous horizons (Lovell, 1990). The Tertiary of the
North Sea Basin is characterised by the deposition of thick sequences of "post-rift"
sediments (Ziegler, 1990).

The breakout orientation data set calculated from the Tertiary comprises 36 Class One
breakouts, 80 Class Two breakouts and 24 Class Three breakouts. The large number of
Class Two breakouts are apparent from the diffuse nature of the summed rose diagrams
displayed in Figure 7.17 and SV57 to SV60.

In common with the data from Cretaceous strata, it is clear from Table 7.12 that a large
proportion o f the boreholes analysed do not contain resistivity data. The maps illustrating
these data (Figures SV59 and SV60) are again therefore less representative of the data from
the Tertiary as a whole.
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Borehole Name
OS 14/12-1
OS 14/26-3
OS 15/21-2
OS 15/21-3
OS 15/21-4
OS 15/21-6
OS 15/21a-7
OS 15/21a-8
OS 15/2 la-9
OS 15/21a-10
OS 15/21a-ll
OS 15/21a-12a
OS 15/21a-13
OS 15/21a-14
OS 15/28a-3
OS 15/30-4
OS 16/18-1
OS 20/2-2
OS 20/4a-2
OS 204/28-1
OS 204/30-1
OS 205/10-3
OS 208/26-1
OS 21/la-12
OS 21/18-6
OS 21/24-2
OS 21/25-5
OS 22/5b-2
OS 22/5b-3
OS 22/6a-4
OS 22/10a-4
OS 22/20-1
OS 23/27-6
OS 29/lb-l
OS 31/26-3
OS 9/11-2
OS 9/11-3
OS 9/12a-5
OS 9/13b-25a

Depth Range
1220-1390m
1337-1420m
1548-2375m
1371-2088m
1362-2071m
1667-2375m
1349-2389m
1210-2126m
1766-2173m
1719-2152m
1795-2169m
1739-2163m
1771-2196m*
1768-2224m
1818-2676m
2832-2887m
1469-2910m
569-1558m
1593-1969m
1575-1757m
774-817m
1649-253 Im
900-1774m
1706-2459m
1853-2349m
1626-2104m
1769-1884m
2500-2818m
1664-2664m
2182-2492m
1581-2765m
3295-3365m
1850-3263m
1783-285 Im^
2914-2955m
1433-1531m
638-1233m
1695-2619m
1559-2643m

Interval
170m
83m
827m
717m
709m
709m
1040m
916m
407m
433m
374m
424m
425m
456m
858m
55m
1441m
989m
376m
182m
43m
882m
874m
753m
496m
478m
115m
318m
1020m
310m
1184m
70m
1413m
1068m
41m
98m
595m
924m
1084m

Cal Ecc
037* (I)
122* (I)
131* (I)
153* (II)
166* (III)
162* (I)
039* (II)
014* (III)
001* (I)
003* (in)
097* (II)
159* (in)
107* (II)
142* (in)
060* (I)
080* (I)
106* (II)
104* (I)
176* (III)
052* (III)
068* (I)
148* (n)
144* (n)
086* (I)
032* (m)
004* (I)
142* (I)
037* (I)
086* (II)
091* (II)
113* (II)
041* (I)
046* (in)
077* (I)
034* (I)
000* (II)
086* (II)
020* (I)
047* (I)

Cal Grad
035* (III)
123* (n)
132* (II)
052* (II)
167* (III)
172* (II)
032* (II)
014* (II)
085* (II)
005* (III)
036* (II)
167* (II)
010* (n)
140* (III)
105* (n)
080* (I)
109* (I)
101* (II)
122* (II)
050* (III)
071* (I)
039* (II)
117* (II)
091* (III)
034* (III)
007* (I)
148* (I)
078* (III)
064* (II)
074* (II)
111* (II)
048* (I)
048* (II)
077* (I)
034* (I)
021* (II)
160* (I)
006* (III)
045* (I)

Res Ecc
034* (II)
133* (II)
047* (II)
154* (III)
176* (II)
163* (ni)
048* (II)
012* (II)
007* (II)
Oil* (II)

Res Grad
038* (II)
128* (II)
045* (n)
146* (n)
177* (n)
172* (II)
046* (II)
158* (II)
Oil* (II)
006* (II)

-

-

166* (II)
109* (II)

167* (n)
102* (II)

-

-

109* (II)
080* (I)
021* (I)

110* (n)
080* (II)
024* (II)

-

-

118* (n)
055* (III)
160* (I)
044* (II)
027* (II)

119*
051*
158*
043*
061*

(II)
(III)
(II)
(II)
(II)

-

-

124* (II)
108* (II)

038* (II)
115* (II)

-

-

-

-

006* (II)

022* (II)

-

-

-

-

-

-

049* (III)
162* (I)

045* (II)
164* (I)

-

179*
154*
005*
132*

-

(II)
(n)
(ni)
(II)

081*
147*
005*
036*

(II)
(II)
(II)
(II)

Borehole breakout orientations not illustrated in the maps (Figure 7.17 and SV57 to SV60) as
insufficient data were available for the inversion of profile data.
006* (II)
007* (I)
OS 21/4-1
006* (I)
2743-2764m
21m
007* (I)
■ Resistivity data from 1771-2179m only
** Resistivity data from 1783-285Im only
Figure 7.17 and SV57 to SV60 also include breakout orientation data from three unreleased boreholes.

Table 7.12: Breakout orientation data (uncorrected to geographic north) derived from W e l l o g
for those boreholes within which Tertiary strata have been logged.
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Figure 7.17: Rose map of breakout orientations from Tertiary strata in the northern North Sea
from caliper eccentricity. The scale is 1 to 5 million and is plotted on a universal transverse
mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative to the
amount and quality of data represented. The mean orientation for the 42 boreholes illustrated
is 094° -H 25°.

From the analysis of caliper eccentricity data (Figure 7.16 and Table 7.12), it is evident that
three dominant orientations occur in the Tertiary rocks of the North Sea Basin; the primary
orientation is E-W (between 080° and 100°); the second, NE-SW orientation (between 015°
and 035°) is less well defined; the third group of breakouts are oriented in a NE-SW
direction (between 105° and 125°), orthogonal to the secondary orientation. The important
features of the summed rose from each map (Figure 7.17 and SV57 to SV60) are listed in
Table 7.13.
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To the West o f the Shetland Islands the breakouts exhibit bimodal NE-SW and NW-SE
orientations and display similar, but not exactly the samey orientations as those determined
in Cretaceous strata (compare Figure 7.14 and 7.17). The primary orientation is centred
around 055°. This orientation can be seen in the rose diagrams derived for each analytical
method. In boreholes where the predominant breakout orientation is NW-SE, an orthogonal
orientation is very often present.

Tertiary strata have not been logged in the northern part o f the Viking Graben or in the
Inner Moray Firth (Figure 7.17). In the south Viking Graben, however, data from six
boreholes have been analysed. The breakouts in these boreholes display a number of
inconsistent orientations (Figure 7.17 and SV57 to SV60) which range from N-S and E-W
to NE-SW. The breakout orientations in the South Viking Graben are centred around 015°.

In the Witch Ground Graben the breakouts in the large concentration of data display a broad
band o f NNW-SSE to NNE-SSW orientations ranging from 153° to 039°, centred around
165°. To the south and east o f this concentration o f data, a number o f boreholes exhibit
NW-SE oriented breakouts which are centred around 135°.

The breakouts analysed in boreholes situated in the South Viking and Central Grabens are
generally oriented E-W to ESE-WSW centred around 085°, secondary NW-SE orientations
are also common in this area.

7.10 Results Presented By Depth Interval
The results presented within this chapter show that, on division o f the breakout data into
a number o f small sub-sets, more coherent, basin-wide orientations are observed. This
section discusses the proposal of Breckels and van Eekelen (1981, described in section
2.3.2.5) that a distinct change in the stress regime o f the North Sea Basin occurs at an
approximate depth o f 3500 metres (Figure 7.18).

In this section I briefly describe and discuss the main characteristics o f breakout orientations
observed from analysis o f caliper eccentricity data for a number o f depth "slices" across the
basin. In order to observe the orientation o f borehole breakouts at different levels in the
crust of the North Sea, caliper eccentricity data have been divided into those data from 0 to
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3500 metres logged depth and those data logged between 3500 and 6000 metres. The
breakout orientations presented in this section have again been obtained from inversion o f
profile data held in the O r a c l e database using the Breakout Extract routine described in
section 5.5.
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Figure 7.18: Stress magnitude data derived from over 200 formation-integrity (leak-off) tests
in the North Sea Basin. (After Breckels and van Eekelen, 1981). The best-fit curve (curve 1)
is very similar to that derived from similar measurements in the U.S. Gulf Coast (curve 2) but
lies between 21%, at 500m, and 8%, at 3000m to the right of it.

The data presented by Breckels and van Eekelen {op. cit.) are illustrated in Figure 7 .ligand
show the trend of minimum horizontal stress with depth within the North Sea Basin. Over
200 formation integrity (leak-off) test values were combined and a "best-fit" curve (curve
1 in Figure 7.18) was calculated. This curve is similar to that calculated from leak-off data
in the Gulf Coast oil fields, eastern U.S.A. (curve 2 in Figure 7.18).

Breakout Orientations Between 0 and 3500 metres Depth
From Figure 7.19 and Figure 1.2 it is clear that a large number of boreholes within the
basin contain logged data from 0-3500 metres. Large concentrations of data occur in the
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graben areas, their margins, and in the basins to the West o f the Shetland Islands and in the
Southern North Sea. In comparison, the data from 3500-6000 metres logged depth (Figure
7.20) are geographically restricted to the deeper graben areas in the central areas o f the
North Sea, in three boreholes to the West o f the Shetland Islands and two boreholes in the
Southern North Sea.

The breakouts illustrated in Figure 7.19 are effectively the same as those documented in
Chapter Six. For example, the breakouts to the West o f the Shetland Islands display
bimodal NW-SE and NE-SW orientations, in the Inner Moray Firth the three boreholes
drilled adjacent to the Scottish mainland display NW-SE orientations and in the Southern
North Sea the breakouts are oriented ENE-WSW.

The summed rose in the top right comer o f Figure 7.19 illustrates the variability in
breakout orientation throughout the area discussed in Chapter Six. The principal orientation
is centred around 055°, two secondary orientations are also observed centred around 035°
and 145°. Overall, the data presented in Figure 7.19 are inconclusive and, in order to gain
greater insight into stress orientation changes with depth, this data set has been further
subdivided into the following intervals; 0-15(X)m, 1500-2500m and 2500-3500m logged
depth. Breakout orientation data from these intervals are illustrated and discussed here.

Breakout Orientations Between 3500 and 6000 metres Depth
In comparison to the data presented in Figure 7.19, the data from 3500-6(X)0 metres logged
depth are almost exclusively situated within the deeper parts o f the axial graben system
(Figure 7.20). The summed rose in the top right corner o f Figure 7.20 exhibits two
complementary orientations; N-S (centred around 015°) and E-W (centred around 095°).
These orientations are associated with breakouts within the grabens which form both parallel
and perpendicular to graben bounding faults.
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Figure 7.19: Rose map o f breakout orientations in strata from 0 to 3500 metres logged depth
from caliper eccentricity. The scale is 1 to 6.25 million and is plotted on a universal transverse
mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative to the
amount and quality o f data represented. The mean orientation for the 103 boreholes illustrated
is 052° 4- 25°.
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Figure 7.20: Rose map of breakout orientations in strata from 3500 to 6000 metres logged
depth from caliper eccentricity. The scale is 1 to 6.25 million and is plotted on a universal
transverse mercator projection using latitude-longitude co-ordinates. Each rose is scaled relative
to the amount and quality of data represented. The mean orientation for the 38 boreholes
illustrated is 020° -H 25°.
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Within the southern North Sea only two boreholes contain logged data from below 3500
metres (Figure 7.20). Both boreholes exhibit NE-SW breakout orientations centred around
055° similar to those boreholes illustrating logged data from above this depth (Figure 7.19).

To the West o f the Shetland Islands and within the boreholes situated in the northernmost
Viking Graben NW-SE breakout orientations centred around 125° are dominant (Figure
7.20) although minor E-W orientations are evident in a number o f boreholes.

Within the Viking Graben (in the area bounded by the co-ordinates 58-61 °N and
0°30*-3°E) the breakouts at burial depths o f over 3500 metres are oriented N-S and E-W,
respectively parallel and perpendicular to the margins o f the graben (Figure 7.20).

Breakouts formed between 3500 and 6000 metres in the boreholes within the Outer Moray
Firth and Witch Ground Graben are less consistently oriented than those in the Viking
Graben and display a range of orientations from E-W to NNW-SSE and NNE-SSW. In
common with the orientations described above, the breakout orientations in this area are
again intimately related to the orientation o f the local fault network. The relationship
between fault and breakout orientation continues into the Central Graben (Figure 7.21)
where breakouts are oriented E-W, NNE-SSW and NW-SE and the graben margin faults
changes trend from N-S to roughly E-W.

Breakout Orientations Between 0 and 1500 metres Depth
In direct contrast to the geographical locations of the boreholes for which data were
available from depths greater than 35(X) metres, the boreholes logged by the dipmeter tool
from 0 to 1500 metres are, in the main, situated on the flanks o f the graben structures and
within intra-graben highs (Figure 7.21).

The summed rose has a mean orientation o f 049° ± 2 1 ° and is dominated by the NE-SW
breakouts in the southernmost borehole to the West of the Shetland Islands and by a number
o f boreholes displaying similar orientations in the Moray Firth (Figure 7.21).

Within the Southern North Sea, dipmeter data were available for this depth interval in three
boreholes. The breakouts in these boreholes are generally poorly developed and have an
overall NE-SW orientation centred around 055°.
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Figure 7.21: Rose map of breakout orientations in strata from 0 to 1500 metres logged depth
below mean sea-level. The rose diagrams have been derived from caliper eccentricity data. The
scale is 1 to 6.25 million and is plotted on a universal transverse mercator projection using
latitude-longitude co-ordinates. Each rose is scaled relative to the amount and quality of data
represented. The mean orientation for the 38 boreholes illustrated is 050° ± 21°. The borehole
indicated is referred to in the text.
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The breakouts determined from boreholes situated within the Inner Moray Firth are oriented
E-W and NW-SE and, in common with those in the Southern North Sea are relatively
poorly developed. To the east of the Inner Moray Firth (in an area bounded by the co
ordinates 57®-59®N and 2°W-1®E) an interesting radial pattern is evident: in the south o f
this small area, E-W orientations are observed, whilst further north, NE-SW breakout
orientations are evident, between these two end-members, a set o f N-S breakouts occur, in
borehole OS 13/13-1, both N-S and NE-SW breakout orientations (centred around 015® and
075°, respectively) are seen.

Breakout Orientations Between 1500 and 2500 metres Depth
A number o f interesting features can be observed in the breakouts which occur in logged
sections between 1500 and 2500 metres below mean sea-level although variations between
different geographical domains are very conspicuous (Figure 7.22). The summed rose in
the top right corner of Figure 7.22 illustrates that these data have a mean NE-SW
orientation o f 030® ± 2 5 ® with a secondary, complementary NW-SE orientation centred
around 125®.

To the West o f the Shetland Islands, in the Viking and Central Grabens and within the Inner
Moray Firth the breakouts are oriented NE-SW and NW-SE echoing the summed rose data.
Within the Outer Moray Firth and the large concentration o f boreholes at the western end
o f the Witch Ground Graben, E-W and N-S breakout orientations predominate.

In the Southern North Sea Basin a number o f distinct orientations are observed, towards the
U.K. mainland, N-S and E-W breakouts predominate whilst to the south-east, breakout data
from three boreholes indicate NNE-SSW and NNW-SSE orientations.

Breakout Orientations Between 2500 and 3500 metres Depth
In common with the data presented in Figure 7.22 the boreholes in which relatively deeper
sections have been logged are situated away from the U.K. mainland towards the central
portions o f the axial graben system (Figure 7.23).

The summed rose data in Figure 7.23 have a mean NE-SW orientation o f 053® ±2 5®. This
mean value is dominated by the consistently oriented breakouts in the southern North Sea
Basin.
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Figure 7.22: Rose map of breakout orientations in strata from 1500 to 2500 metres logged
depth below mean sea-level. The rose diagrams have been derived from caliper eccentricity
data. The scale is 1 to 6.25 million and is plotted on a universal transverse mercator projection
using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and quality of
data represented. The mean orientation for the 64 boreholes illustrated is 030° ± 2 5 ° .
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Figure 7.23: Rose map of breakout orientations in strata from 2500 to 3500 metres logged
depth below mean sea-level. The rose diagrams have been derived from caliper eccentricity
data. The scale is 1 to 6.25 million and is plotted on a universal transverse mercator projection
using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and quality of
data represented. The mean orientation for the 38 boreholes illustrated is 053° ± 25°.

Breakouts occurring between 2500 and 3500 metres in the four boreholes to the West of
the Shetland Islands whilst in the Outer Moray Firth, South Viking Graben and Central

- 298 -

Graben a strong preference for N-S and NW-SE breakout orientations is apparent although
these orientations are poorly represented in the summed rose (Figure 7.23).

7.11 Concluding Remarks and Summary
It has been shown in this chapter that dipmeter data analysed from the North Sea region can
be subdivided into a number o f chronostratigraphic intervals. Each interval is characterised
by its own distinctive geological history and by the breakout orientations observed. It is also
apparent that the data within each chronostratigraphic interval can be further divided and
the definitive trends further enhanced.

As was shown in Chapter Six, when breakout data was taken from each borehole as a single
entity, no geographically extensive patterns or consistency were observed. This chapter has
clearly demonstrated that, on subdivision o f the data into individual chronostratigraphic
intervals, relatively consistent orientations are observed on a basin-wide scale.

In the final section o f the chapter it has been shown that the division o f breakout data into
depth "slices" illustrates a number o f interesting features, especially in the deeper parts of
the North Sea crust. However, as seen in the data presented in Chapter Six, beyond the
limits o f the individual geographic domains, consistently orientated breakouts over a wide
geographic area are few and far between.

The data may also be controlled to a certain extent by the age o f the rocks encountered, for
instance, the data presented in Figure 7.21 display similar orientations to the data presented
in section 7.2 for the Lower Palaeozoic. This is especially the case in the Moray Firth
region where the "radial" pattern is apparent in both Figure 7.1 and Figure 7.20.

In the deeper parts o f the crust, the breakout orientations are controlled to a certain extent
by the orientation o f the graben bounding faults whereas at relatively shallow depths, the
orientations are thought to be controlled by a number o f factors including lithology,
chronostratigraphy, local faulting and burial depth. These factors are discussed in detail in
Chapters Eight and Nine.
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Chapter Eight - Data Interpretation
and Discussion
8.1 Introduction
In this chapter, the data presented in Chapters Six and Seven are discussed with reference
to breakout formation and development in the North Sea Basin within a plate tectonic
context. The relationships between the breakout orientations illustrated in Chapter Seven
and the tectono-stratigraphic outline o f the North Sea documented in Chapter Three are also
discussed. A number o f models and hypotheses regarding the observed breakout orientations
are also described and critically discussed. The discussion will centre on the presentation
o f a series o f maps displaying interpreted stress orientations for the entire data set and, for
individual chronostratigraphic intervals. The stress trajectory mapping technique described
in section 5.7 is used in order to further aid interpretation o f the orientation data. For
clarity and in common with the material presented in Chapters Six and Seven, the illustrated
stress trajectory maps are derived from caliper eccentricity data unless otherwise stated.

The breakout orientations derived from this study have been combined with other sources
o f stress orientation data from the North Sea, such those derived from inversion of
earthquake focal mechanisms, and those from wellbore breakouts compiled by other
workers as part o f the World Stress Map Project (Klein and Barr, 1986; Clauss et al.,
1989; Zoback et a l., 1989; Addis, 1993). The observations made, and conclusions reached,
by these authors are considered with respect to the data presented in the earlier chapters of
this thesis.

8.1.1 Construction o f the Interpreted Stress Orientation Maps
In order to illustrate the orientation o f minimum horizontal stress within each borehole
analysed in this study, a logical basis for the interpretation o f the data presented in Chapters
Six and Seven was required.

In order to standardise the presentation o f the interpreted data, a base map was produced
illustrating the fault patterns within the North Sea Basin and the shape o f the surrounding
landmasses (Figure 8.1). The general outline of the coastlines and a number o f the fault
orientations were taken from Brennand et al. (1990) whilst the remainder o f the fault
patterns and the sense o f displacement along them were taken from the Tectonic Map o f the

-300-

North Sea and adjacent onshore areas produced by GECO Exploration Services and Alastair
Beach Associates (1989).
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Figure 8.1: The base map upon which the interpreted minimum stress orientations for each
borehole analysed in this study are plotted. The location and sense of movement on each fault
was obtained from the Tectonic Map of the North Sea and adjacent onshore areas compiled by
GECO exploration and Alastair Beach Associates (1989).
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The interpreted directions are shown as lines representing the azimuth o f the minimum
horizontal stress. The lines are effectively two arrows, the heads of which meet at the
location o f the borehole (Figure 8.1). In order to scale the single arrows with respect to
confidence in the data, a combination o f the confidence factor used by Addis (1993), the
ranking system adopted by the World Stress Map Project (2k)back and Zoback, 1980), and
the system employed by the BGS outlined in section 5.3 was used (Table 8.1).
Class 1 - Over 100 metres of dipmeter data analysed. Calculated breakout orientations within
± 2 0 ° of each other. Considerable confidence can be placed in the interpreted
minimum stress orientation.
Class 2 - At least two analytical methods give orientations within ± 2 0 ° of each other. These
may be orthogonal to the orientations derived from other methods i.e. Caliper
Eccentricity and Gradient orientations of 078° and 080° respectively. Resistivity
Eccentricity and Gradient orientations of 079° and 169° etc. A certain degree of
confidence can be placed in the interpreted orientation.
Class 3 - The breakout orientations derived from each analytical method are generally
different. Class III status is also used for those boreholes within which the calculated
breakout orientations may be similar, but the depth range sampled is less than 50m.
Little confidence can be placed in the interpreted orientation.
Table 8.1: The Classification of Interpreted Breakout Orientation Data used in this Study.
If the data presented were not weighted, a biased interpretation may be made, for example,
equal emphasis would be placed on all the data whether the single arrows represented 3
metres or 503 metres o f borehole section, and boreholes containing few or no breakouts
such as OS 20/3-5 (section 6.5) would be given the same weighting as those boreholes with
extensive breakouts {e.g. OS 12/12-2, section 6.5). It is pertinent to note at this point that,
in order to remain consistent with the orientation data presented throughout this thesis,
greater emphasis has been placed on caliper eccentricity data than on the breakout
orientations derived from the other methods used.

8.1.2 Interpretation of Stress Orientation Data
The orientation data from each borehole has been assigned a classification based on the
criteria outlined above. A number o f interpreted minimum stress orientations have been
assigned to each borehole, firstly to each borehole as a single entity, and secondly, to each
chronostratigraphic interval within individual boreholes. The interpreted orientations are
listed in Appendix Two.

Throughout the course o f this research it has become evident that, even if we assume the
existence o f a large scale, plate-wide stress field, wellbore breakouts in the North Sea Basin
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are predominantly influenced by local features. These features not only include the intimate
relationship between breakout orientation and fault trend emphasised by the data displayed
in Figure 8.2 but also such influences as the age and deformation history o f the rocks in
which the breakouts form and the mechanical property differences within those rocks.

From the data presented in Figure 8.2, it is immediately apparent that the number of
boreholes analysed during the course o f this study is far greater than any previous study on
this area, and that they also cover a much wider geographic region. Although Addis (1993)
collated data from a similar number o f boreholes (a total o f 117) these were restricted to
localised areas within the basin, and noticeably missed important areas such as the Moray
Firth and Witch Ground Graben (Figure 8.3). It must be noted that the data illustrated in
Figure 8.3 are the maximum horizontal stress orientations for boreholes in the North Sea
Basin in contrast to the orientation o f minimum stress illustrated from my data in Figure

8 .2 .

As discussed in Chapter Six and illustrated in Figure 8.2, the breakouts in the North Sea
Basin display a variety of different orientations. A number o f hypotheses can be proposed
in an attempt to explain the different breakout orientations observed:

• The breakouts illustrated in Figure 8.2 and discussed in section 6.2 indicate that the
orientations o f the minimum horizontal principal stress (a^) are approximately isotropically
distributed. At the present day, therefore, is horizontal stress anisotropy in the basin very
small; i.e. does Ujj effectively equal a^? The North Sea Basin is thought to be relatively
aseismic. This might support the idea that all three principal stresses are closely similar in
magnitude so that stress differences are too small to allow faulting to occur.

• In a recent paper, Brereton and Müller (1990) indirectly proposed that the boundary
between the Western European and Northern European stress provinces occurs along a line
at a latitude o f 55°N . Does the Mid-North Sea High therefore form a boundary between
stress provinces? Alternatively, is the paucity o f borehole data from the Mid-North Sea
High an aberrant influencing factor on the geographical position o f this stress province
boundary?
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Figure 8.3: Maximum horizontal stress orientations for boreholes in the North Sea. (After
Addis, 1993). It must be emphasised that the stress orientations illustrated in this Figure are
orthogonal to those illustrated from the breakout data in this study.
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• Is the distribution of stress controlled by geomechanical differences between different
rock types in the North Sea? Are mechanical differences between separate rock types
responsible for different modes o f failure around the wellbore?

• Do the major faults and other lineaments in the North Sea illustrated in Figure 8.1 act
as free surfaces to deflect horizontal stress in the North Sea region? Do cracks develop
parallel to and perpendicular to faults in the North Sea during faulting, and will strain relief
due to the presence o f the borehole cause cracks to develop further and induce breakout
formation in an orientation different to that o f the prevalent stress regime?

• The marked difference between breakout orientations in rocks o f different ages has
already been shown in Chapter Seven of this thesis. How significant are these differences,
and can they be related to residual stresses in the area?

• Is the directional isotropy seen in the basin as a whole a case o f noise dominating the
signal, in other words, are the data generally poor?

• Finally - is the explanation a combination or superposition o f a number or indeed all o f
these questions and hypotheses?

8.2 Is the Present Day Stress Anisotropy in the North Sea Basin Very
Small?
It is thought that, in general, the North Sea Basin is, essentially aseismic. During the last
700 years the largest event on the U.K. mainland did not exceed a magnitude o f 5.5 and
the largest event in the North Sea was the magnitude 5.5 Dogger Bank earthquake o f 1931
(Ambraseys and Jackson, 1985). In addition, Muir Wood (1985) noted that:
"observations on stress, strain and seismicity from throughout NW Europe can be combined
to reveal the regional seismotectonics... .post-glacial isostatic crustal rebound obscures the
long-term tectonic control o f crustal deformation in Scotland and Fennoscandia, over much
o f the region the dominant tectonics appears to be NE-SW extension".
The pattern o f seismicity across the region is far from uniform. For example, Muir Wood
(1985) demonstrated that more than half of North West Europe is effectively aseismic, that
is, having no felt or instrumentally detected seismicity, although small "patches" o f seismic
activity are seen in the northern North Sea grabens (Figure 8.4).
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Figure 8.4: Seismic provinces of North West Europe. (After Muir Wood, 1985). With the
exception of the area adjacent to the Norwegian coast, and isolated pockets of seismicity in the
northern North Sea, the area is effectively aseismic.

Within the seismically active zone adjacent to the Norwegian coast (Figure 8.4) three
earthquakes of magnitude around 5 occurred between February 1986 and January 1989
(Hansen e t a i . , 1989). The focal mechanism solutions for these three earthquakes indicate
significant reverse (thrust) faulting components along N-S to NNE-SSW striking fault planes
in response to NW-SE oriented compressional stress. Hansen e t a i . (1989) proposed that
the compressional stress causing the displacement along the faults could be attributable to
NW-SE compression associated with the direction of ridge-push from the Mid-Atlantic
Ridge.

From Anderson’s simple theory of faulting (Figure 2.1; Anderson, 1951), this mode of
faulting implies that the both horizontal stresses are greater than the vertical stress. The
proposal of Hansen e t a i . , (1989) is therefore completely at odds with the suggestion of
Muir Wood (1985) that the dominant tectonic regime in the North Sea area appears to be
NE-SW extension (ay = ai). However, the removal of an overburden load (such as that
provided by a large ice-cap) could create the necessary conditions for reverse faulting to
occur.
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The geological history o f the area presented in Chapter Three was based on the premise that
the evolution o f the North Sea Basin was associated with the continued reactivation o f major
(and some minor) zones o f crustal weakness throughout geological time. Indeed, Gabrielsen
(1989) reported that recently acquired data from deep seismic events from the North Sea
suggest that there is a correlation between seismic activity and major lineaments believed
to be deep-seated zones o f weakness. There is no good reason to suppose that fault
reactivation does not play a major part in taking up the strain in the rocks o f this area and
it is very likely that a large amount of the strain in the North Sea is taken up aseismically
by processes such as creep and compaction (Ambraseys and Jackson, 1985).

Opinions are clearly divided on the question o f the degree o f stress anisotropy in the North
Sea Basin. For example, from a study of stress orientations from British earthquakes. Lisle
(1992) concluded that:
"...we still have no reason to reject the notion of a homogeneous current UK stress field.
The indicated
axis plunges at an angle o f 48® towards 328® and the axis o f least
compression is almost horizontal (plunges 5®) in a direction 064®."

This orientation o f minimum horizontal stress is not unlike that reported from studies of
breakout orientations on the U.K. mainland by Brereton and Evans (1987), who reported
a mean breakout orientation o f 054® ± 11® in this area. A mean azimuth o f minimum
horizontal stress striking NE-SW was also reported by Klein and Barr (1986) from breakout
orientations in 16 boreholes in the North Sea.

In contrast, more recent studies (Yale et al., 1991; Aleksandrowski et al., 1992; Aadnoy
et al., 1994) have revealed a less coherent pattern of stress orientations in the North Sea
Basin from analysis o f wellbore breakouts, leak-off tests and shear wave anisotropy. In the
southern North Sea Basin, shear wave anisotropy measurements were made on core samples
from 8 boreholes, and dipmeter logs from 11 boreholes were analysed (Yale et al., 1991).
The weighted mean direction o f minimum horizontal stress was reported by Yale et al. to
be 083®. In addition, Aleksandrowski et al. reported a wide range o f breakout orientations
from a number o f different structural settings in the North Sea Basin and, in summary,
stated that:
"The changing pattern o f breakout directions appears to have formed in a directionally
inhomogeneous stress field o f generally low-anisotropy, weakly dominated by the regional
trend. "
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This regional trend reported by Aleksandrowski et al. indicates that the orientation of
minimum horizontal stress is between 075° and 115°.

One major criticism of the work which was acknowledged by Aleksandrowski et al. (1992)
is that their data were, in general, limited to one borehole from each structural setting and
therefore only very limited confidence could be placed in their interpretations. By contrast,
the orientation data reported in this thesis, are derived from a large number o f structural
settings over a wide geographic region, and, more reliance can therefore be placed on the
inferences drawn.

From a study o f formation integrity (leak-off) test data in the Norwegian Sector o f the
northern North Sea, Aadnoy et al. (1994) demonstrated the small differences between the
magnitudes o f minimum and maximum horizontal stress in the area. By normalising the
measured horizontal stress magnitudes to the overburden stress (a^) at depths ranging from
838 to 3035 metres below mean sea-level, Aadnoy et al. (1994) showed that a^la^ ranged
from 0.76 to 1.05 and

from 0.74 to 0.91 and the azimuth o f

varied both spatially

and with depth.

From the above observations, and from the data presented in this study, it is immediately
apparent that simply taking an average o f all analysed data leads to effectively meaningless
conclusions. Significant local variations from the general trend must be accounted for in any
rigorous and systematic analysis.

The magnitudes o f in situ horizontal and vertical stress in the crustal rocks o f southern
mainland Britain have been documented by Brereton and Evans (1987), following an initial
study by Evans (1987). The step-wise variation in the magnitude o f the horizontal stresses
illustrated in Figure 8.5 is noteworthy, and is thought to reflect a regional "decoupling"
horizon at 750m depth. Alternatively, this variation may result from a near surface effect
brought about by the change in the ratio o f vertical to horizontal stress at this depth
(Brereton and Evans, 1987).

The data presented in Figure 8.5 indicate that, within the crustal rocks o f the UK landmass,
the anisotropy between maximum and minimum horizontal stress is quite pronounced. For
example, at a depth of 1500m, the smallest expected stress difference is 22MPa. Hydraulic
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fracturing in the Wray borehole (Figure 8.5) showed clear evidence of a NW-SE orientation
of maximum horizontal stress.
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1987).
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The above discussion, together with the breakout orientation data presented in Chapters Six
and Seven, leads to the conclusion that, from the available earthquake focal mechanism,
hydraulic fracturing and borehole breakout data, the current state of stress in the UK and
adjacent offshore regions is complex. It is increasingly clear that the magnitude of the stress
anisotropy is small in comparison to that in areas of active tectonism. However, the stress
orientation data illustrated in Figure 8.2 are noticeably more heterogeneous than the
breakout data presented for western Canada by Bell and Babcock (1986) shown in Figure
8.6a, but have a remarkably similar character to the breakout data from the Aquitaine
Basin, SW France, illustrated in Figure 8.6b.

\

(a)
1'00-W

LEGEND

0 “ 00 ’
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•
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Figure 8.6: (a) Mean azimuths of major and minor breakout populations for 154 boreholes in
the Western Canadian Basin and Rocky Mountains. (After Bell and Babcock, 1986) (b) Mean
breakout orientations from 36 boreholes in the southern part of the Aquitaine Basin, SW France.
In comparison to the data presented in (a)' the stress regime does not appear to have a
homogeneous directional signature. (After Bell et al., 1992).
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The principal criticism of the majority o f the work reported above stems from the fact that
although most authors working on the present day stress field o f the North Sea Basin have
had very limited data sets at their disposal, they have overinterpreted the data and proposed
conclusions far beyond those that are reasonable for the data presented.

It is worth reiterating that the work presented in this thesis stems from a very extensive data
set, and the stress orientations reported here are not indicative o f an homogeneous tectonic
stress regime in the area. Can the subdivision o f the data into chronostratigraphic intervals,
smaller regions within the basin, and depth intervals, therefore aid the interpretation of this
apparent directional isotropy o f horizontal stress within the North Sea Basin? This question
will be addressed throughout the remainder o f this chapter.

8.3 Is the North Sea the Location of A Stress Province Boundary?
The far-field stresses affecting the Eurasian plate are thought to result from the
configuration of the tectonic plate boundaries to the west and south of the region (see
section 2.3.2.1). The E-SE separation o f Europe from North America and the N-NE
movement between the African and Eurasian plates (Figure 2.2) combine to produce a
broadly consistent NW-SE maximum compressive stress orientation across the region
(Brereton and Muller, 1991).

Brereton and Müller (1991) subdivided Europe to the west o f 17®E into three major stress
provinces, as outlined in Table 8.2. Each province is characterised by consistent stress
orientations although the orientations can become significantly modified by the influence o f
both micro- and mesoscale features such as bedding planes, joints, faults and folds.

Stress Province

Location

Minimum Horizontal
Stress Orientation

Lithospheric
Thickness

Heat Flow

Western Europe

45®N to 55®N
10®W to 17°E

055° ± 26°

Thin to Medium
50-90km

Medium to High
80 mW m'^

Northern Europe

North of 55 °N 030° ± 45°

Thick
110-170km

Low
< 50 mW m*^

Data unavailable

Data unavailable

Aegean and Western Anatolia

175° ± 27°

Table 8.2: European stress provinces defined by Brereton and Müller (1991).
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Although the boundaries between the stress provinces drawn up by Brereton and Müller
(1991) are not precise, it is pertinent to note that the North Sea Basin lies on the boundary
between the Western and Northern European provinces, and that an obvious geological and
topographic feature (the Mid-North Sea High) is also situated along this boundary (Figure
8.7).

The orientation o f breakouts derived from analysis o f caliper eccentricity data from this
study that lie within the Northern Europe stress province (to the north o f 55 °N) have a
mean direction o f 033° ± 2 5 ° (Figure 8.7) which is in very good agreement with the
minimum horizontal stress orientation calculated for the Northern Europe stress province
(Table 8.2) as a whole by Brereton and Müller (1991). To the south o f the Mid-North Sea
High, the breakouts from this study have a mean orientation o f 058° ± 19°, which again
is in very good agreement with Brereton and Müller’s orientation o f 055° for the minimum
horizontal stress of the Western Europe stress province.

Stress trajectory mapping of the entire North Sea region from the breakout data analysed
in this study (Figure 8.8) illustrates the distinct change in stress orientation that occurs at
a latitude of 55°30’N. The NE-SW trending breakouts in the southern North Sea, and the
general N-S to NNE-SSW oriented breakouts in the northern North Sea, are both reflected
by the calculated minimum stress trajectories shown. In the eastern portion o f the Central
Graben, the stress trajectories are oriented NW-SE, but these trajectories are controlled by
the E-W oriented breakouts that occur on the margins o f the Mid-North Sea High.

From the breakout orientations illustrated in Figure 8.7, it is suggested that the Mid-North
Sea High does form a barrier between two stress provinces with significantly different
characteristics. The limits o f the Mid-North Sea High are somewhat arbitrary as, unlike a
fault-bounded block, the boundaries cannot be detected directly from seismic data. Bell et
al. (1992) suggested that a strong horizontal stress anisotropy would be expected to develop
if stress provinces were in compression against each other. However, as has already been
argued in section 8.2, this is clearly not the case here. The North Sea Basin is, essentially,
aseismic, and stress anisotropy is thought to be very low. It is therefore proposed that only
a weak stress signal from the zones o f active deformation at the boundaries o f the Eurasian
plate may be felt in the North Sea, possibly due to the great distances involved between the
zones of active tectonism.
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Figure 8.7: Rose map of breakout orientations from the North Sea derived from caliper
eccentricity. The scale is 1 : 6.25 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 21 boreholes illustrated in the southern
North Sea is 058° ± 1 9 ° and the mean orientation for the 98 boreholes in the northern North
Sea is 033° ± 25°.
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Figure 8.8: Stress trajectory map of breakout orientations derived from caliper eccentricity data
analysed in this study on a scale of 1 : 6.25 million. Each rose diagram is scaled relative to the
amount and quality of data represented. The default values of 0.4 and 1 for the local distance
weighting function F and the smoothness function X respectively (section 5.7) were chosen in
the calculation of the illustrated trajectories.
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Deep seismic reflection profiling over "the most fundamental tectonic boundary in the
British Isles" (the ENE-WSW trending lapetus suture, see section 3.2.1) has been shown
by Klemperer and Hurich (1990) to occur along the same trend as the Mid-North Sea High
at a latitude of 55°30’N (Figure 8.9). To the north of this suture a 40km wide zone of
slightly thickened crust which extends eastwards into the North Sea may represent the
northern limit of the suture zone (Klemperer and Hurich, 1990).

58"^

MID N O R T H S E A H IG H

53“ N
3*W

Figure 8.9: Map illustrating the relationship between the lapetus suture mapped from northdipping reflectors on deep seismic reflection profiles (the tip of each arrow head is located at
the position where the suture reflectors meet the MohoroviCié Discontinuity) and the Mid-North
Sea High (drawn as the area where the Zechstein halites are absent). The synform symbol
(opposed arrowheads on profiles NEC and MOBIL-3 locate the 40km wide zone of crust still
thickened at the present day. The zone of thickened crust beneath the Ringkobing-Fyn High is
illustrated as a dashed line and marked as M>32km. The location of the Caledonian
deformation front is taken from Ziegler (1982). The inset map illustrates the location of the
other BIRPS profiles to the west of the area covered by the main map on which the lapetus
suture can be located by north-dipping reflectors. (After Klemperer and Hurich, 1990).

The lapetus suture may therefore still influence the stress field at the present day and may
provide a further basis for the proposal that the stress orientation data presented throughout
this thesis straddles two differing stress provinces^ The apparent location of the lapetus

' Recent work by Ask et al. (1994) has also revealed differing stress orientations to the north
and south of the Tornquist Zone, Denmark. To the south of this ancient zone of weakness the
stress orientations are similar to those from the Western Europe stress province whilst to the
north the orientations are similar to those in the Northern Europe Stress province.
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suture (Figure 8.9) Is coincident with the distinct change in stress orientation illustrated in
Figure 8.8 adding further credibility to the hypothesis that the Mid-North Sea High and the
lapetus Suture form the barrier between the Western and Northern Europe stress provinces.

Furthermore, this boundary marks the junction between historically "European" and
historically "American" terranes which until the closure o f the lapetus Ocean had markedly
different stress histories and the fact that the suture still influences the present day stress
field supports the contention o f a memory o f stress over geological time that is manifest in
the chronostratigraphic data described in Chapter Seven. This contention is discussed in
detail in section 8.6.

It is realised o f course that stress orientation data from the Mid-North Sea High would play
a key role in determining the precise nature o f the boundary between the Northern and
Western Europe stress provinces. Unfortunately, such data are sadly deficient due to a lack
o f economic interest in this uplifted block.

8.4 Are geomechanical differences responsible for the distribution of
horizontal stress in the North Sea Basin?
A number o f recent papers have proposed that mechanical property differences between the
layers in a rock mass significantly influence the formation and orientation o f wellbore
breakouts (Bell and Lloyd, 1989; Rawnsley et al., 1992). As outlined in section 2 .3.2.3,
these differences occur in the vertical plane between different rock types, in the horizontal
plane across fault planes and other discontinuities, and over basement highs.

In this section the hypothesis that, within the North Sea Basin, differences in rock
properties greatly influence the orientation of wellbore breakouts is critically discussed. Bell
et al. (1992) proposed that:
"the scale o f such phenomena is not well understood, but it appears that anomalous stress
orientations can be caused by geomechanical discontinuities in rock masses and that, in
favourable circumstances, breakouts can detect them"
Four examples o f stress orientation rotation due to mechanical differences are discussed in
the following section:
• Stress rotation across major geological features
• Stress rotation across (sub-)vertical discontinuities.
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•

Differences in breakout orientation between rock types with strongly contrasting

mechanical properties.
• Breakout orientation and modes o f wellbore failure in different rock types within a
relatively small area with a well known geological history.

8.4.1 Stress Rotation Across Major Geological Features
Two examples o f stress rotation across major geological features are documented in this
section; firstly, the change in stress across a structural high (the Halibut Horst) in the
central North Sea; and secondly stress rotation across the Dowsing Fault Zone in the
southern North Sea Basin.

8.4.1.1 The Change in Stress Orientation Across a Structural High
In the area immediately to the east o f the Inner Moray Firth a distinct change in the
interpreted stress orientations can be observed (Figure 8.2). The stress orientations within
this area are shown in greater detail in Figure 8.10. From Figure 8.10 it is apparent that
the orientation o f the horizontal stresses in this area are controlled, at least to some degree,
by the trends o f the local fault systems. More noticeable, however, are the differences
between stress orientations in the boreholes situated to the south and to the north o f the
Halibut Horst.

The east-west trending Halibut Horst is the most prominent structural element within the
Moray Firth area (Brown, 1990) and is thought to have had a major influence on Mesozoic
sedimentation in this area (Hibbert and Mackertich, 1992). This persistent up-faulted block
is predominantly composed of Devonian rocks which are unconformably overlain by
Cretaceous and Cenozoic strata (Figure 3.2). It has been proposed that, throughout
geological time, the Halibut Horst has acted as a barrier separating zones o f different stress
(Hibbert and Mackertich, 1992). This has resulted in local fault patterns which differ
markedly from the regional trend. The observations presented here fully support this
interpretation, since stress orientations can be seen to rotate across the uplifted block
(Figure 8.10).

In the 13 boreholes situated to the south of the Halibut Horst, two significant minimum
horizontal stress orientations are apparent; the dominant NW-SE direction centred around
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120° occurs in 8 boreholes whilst a less consistent NNE-SSW to NNW-SSE direction
centred around 165° is evident in the other 5 wells (Figure 8.10).

East Orkney
Basin

Halibut H orst
•V ------------------

V ^

^
Interpreted O rientation
C lassification
C lass 1
C lass 2
C lass 3
N orm al Fault

100 km
Figure 8.10: The rotation of minimum horizontal stresses across the Halibut Horst, Central
North Sea. To the south of this structural high, the stresses are oriented in a general NW-SE
direction whilst to the north, the stresses are oriented approximately NNW-SSE to NNE-SSW.
The interpreted stress orientations have been calculated from the four methods of breakout
analysis described in Chapter Six and have been divided into three classes depending on the
confidence in the data.

From the 8 boreholes situated to the north of the Halibut Horst, NNW-SSW and NNE-SSW
minimum horizontal stress orientations centred around 025° are evident. These orientations
are subtly different to those in the boreholes to the south of the horst.
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It is unclear what is the dominant factor controlling the orientation of minimum horizontal
stress in this area. The dominant N-S stress orientations on both sides of the horst, the
NW-SE orientations in the east, and the small change in stress orientation across the
uplifted block are well illustrated by the trajectories of minimum horizontal stress in Figure
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Figure 8.11: Stress trajectory map of interpreted minimum horizontal stress orientations in the
area around the Halibut Horst on a scale of 1:500,000. Each rose diagram is scaled relative to
the amount and quality of data represented. The default values of 0.4 and 1 for the local
distance weighting function F and the smoothness function X respectively (section 5.7) were
chosen in the calculation of the illustrated trajectories.
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It is shown in section 8.6 that the NW-SE stress orientations within the area to the south
o f the Halibut Horst are related to the age o f the rocks in which they form. On the other
hand, the NNW-SSE to NNE-SSW orientations are, in general, consistent throughout the
logged borehole section irrespective of the chronostratigraphic age o f the rocks.

The breakouts to the north of the Halibut Horst are consistent with the minimum horizontal
stress orientation o f 030° for Northern Europe determined by Brereton and Müller (1991)
whilst those to the south are rotated by (on average) 40° from this mean. It is therefore
proposed that the Halibut Horst does act upon the orientation o f horizontal stress in its
immediate vicinity and refraction does indeed occur across this uplifted block.

The Lower Palaeozoic and Precambrian rocks which make up the Halibut Horst will almost
certainly have different elastic properties to the younger sediments which lie against it. Such
property differences may therefore be an important factor in the distribution o f minimum
horizontal stress across the horst.

In order to evaluate the proposal that the orientation o f minimum horizontal stress
determined from wellbore breakouts is affected by the borehole location in relation to the
Halibut Horst, more breakout data are required from the crest o f this raised block. This,
combined with finite element modelling using material parameters such as Young’s Modulus
and Poisson’s ratio would go some way towards determining the role played by such
parameters in the re-orientation o f tectonic stresses. This type of modelling has already been
carried out by Bell and Lloyd (1989) on a larger data set over a much wider geographical
area in western Canada. They proposed that if the contrast between the principal horizontal
stress magnitudes is low (as is thought to be the case for the North Sea Basin) then a
relatively small lateral variation in rock properties may produce a significant refraction of
stress trajectories from the general trend. This may be the case for the differences observed
in the orientation of horizontal stress to the north and south o f the Halibut Horst.

8.4.1.2 Stress Rotation Across A Major Fault
The majority o f boreholes drilled in the Southern North Sea are situated adjacent to the
NW-SE striking Dowsing Fault Zone (Figure 8.12). Breakout orientations in this area
display a broadly consistent NE-SW orientation centred around 055°. Different stress
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orientations, however are apparent in the northernmost boreholes illustrated in Figure 8.12
where N-S and E-W oriented breakouts are observed.
3°E
55°N

■55°N

Silver Pit Basin

Sole Pit High
Interpreted Orientation
Classification
— — Class 1
^"4 Class 2
-►
4- Class 3

East
Midland
Shelf

Normal Fault
Thrust Fault
53°N

53°N

100km

Figure 8.12: The rotation of minimum horizontal stresses across the Dowsing Fault Zone,
Southern North Sea. To the west of this NW-SE trending fault, the stresses are oriented
ENE-WSW whilst to the east of the fault the stresses are oriented approximately NW-SE,
perpendicular to the fault. It is proposed that the Dowsing Fault acts as a free surface which
rotates stress orientations such that the minimum stress is orthogonal to the fault. In the area
surrounding the Silver Pit Fault, the stresses are oriented both parallel and perpendicular to the
E-W trending fault. The interpreted minimum stress orientations illustrated here have been
calculated from the four methods of breakout analysis described in Chapter Six and have been
divided into the three classes shown depending on the confidence which can be placed in the
data.

Evidence for the theory discussed in section 2.3.2.3 that faults may act as free surfaces, and
that stress orientations may differ to either side of such surfaces, is provided by the
orientation data presented in Figure 8.12. It is apparent from these data that a subtle change
in breakout orientation occurs across the Dowsing Fault Zone (DFZ). Wellbore breakouts
in those boreholes to the west of the DFZ are oriented roughly ENE-WSW (with an average
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orientation centred around 075°) whilst breakouts in those boreholes to the east o f the DFZ
are oriented roughly NE-SW (centred around an orientation o f 055°).

A number of authors have recently documented the orientations and styles o f faulting and
fracturing in the southern North Sea (see, for example Knott, 1993; Franssen et al., 1993;
Southwood et al., 1993). In general the faults in the area trend NW-SE to WNW-ESE and
are associated with conjugate fractures which are oriented NW-SE and NE-SW (Knott,
1993; Franssen et al., 1993). Fractures in this area are typically subvertical, planar and
dilatational, and are generally cemented by anhydrite. It is thought that these fractures
formed during Late Jurassic to Early Cretaceous extension and became infilled during the
Late Cretaceous to Early Tertiary compressional events (Southwood et al., 1993). In a
detailed examination o f the fault and fracture patterns within the southern North Sea, Knott
(1993) concluded that, within the Lower Permian Leman Sandstone Formation, WNW-ESE
trending faults are statistically more likely to act as seals^ whereas NW-SE trending faults
are less likely to act as seals.

As outlined in section 2 .3 .2 .3 , open fractures in a rock mass constitute, in a geomechanical
sense, tabular-shaped voids enclosed by a free surface which will deflect stress trajectories
in their immediate vicinity so that the least principal stress approaches the free surface at
right angles. This deflection is very well illustrated in the stress trajectory map o f this area
(Figure 8.13) in which minimum horizontal stresses can be seen to rotate from ENE-WSW
adjacent to the U.K. mainland to NE-SW further into the basin.

In comparison to the data presented around the DFZ (Figure 8.12) the orientation of
minimum stress around the Halibut Horst (Figure 8.10) may also be interpreted as being
partially controlled by the E-W trending faults in this area. Within the North Sea, relatively
small uplifted blocks such as the Halibut Horst are separated from the grabens and other
small basins by faults and fractures. These crustal discontinuities may be the controlling
factor on breakout orientation rather than rotation across a basement high due to mechanical
property differences although such differences cannot be discounted. The influence o f faults
on the orientation o f minimum stress within the North Sea Basin is further discussed in
section 8.5.

^ In this context, fault related seals act as barriers to or pore-fluid volume migration (Knott,
1993).
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Figure 8.13: Stress trajectory map of interpreted minimum horizontal stress orientations in the
area around the Dowsing Fault Zone on a scale of 1:500,000. Each rose diagram is scaled
relative to the amount and quality of data represented. The default values of 0.4 and 1 for the
local distance weighting function F and the smoothness function X respectively (section 5.7)
were chosen in the calculation of the illustrated trajectories.

8.4.1.3 Stress Orientations in Rocks With Differing Mechanical Properties I.
As reported in section 7.7, the greatest, broad-scale, mechanical property differences within
rocks of similar age are between the Upper Permian Zechstein evaporitic sequences and the
Lower Permian Rotliegend sandstone sequences (sections 3.2.4.1 and 3.2.4.2).

In order to determine whether breakouts within these rocks form as a function of lithology
and mechanical properties, a systematic study of the breakout orientations from caliper
eccentricity in each formation was carried out. The results are presented in Table 8.3.

In general, only small differences exist between the breakout orientations in the Upper and
Lower Permian strata. The summed rose data presented in Figures 7.5 and 7.6 are therefore
greatly influenced by data from a small number of boreholes rather than being
representative of the entire data set.
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Borehole Number

Upper Permian
Lower Permian
(Breakout Orientation)

OS 12/21-2
OS 12/22-2
OS 13/13-1
OS 20/8-1
OS 22/18-4
OS 29/14b-2
OS 30/23a-3
OS 42/29-2
OS 43/12-1
OS 47/14a-8
OS 47/14a-9
OS 47/15a-3
OS 48/18b-3
OS 49/21-6
OS 49/1 la-2

135°
105°
015°
125°
025°
015°
045°
145°
105°
095°
105°
155°
045°
025°
155°

125°
135°
025°
065°
175°
005°
085°
035°
175°
075°
075°
095°
035°
015°
125°

"DiflfCTence”

-10'
+30'
+ 10'
-60
-30
-10'
+ 40
-110
+ 70
-20
-30
-60
-10
-10
-30

A negative value in the "Difference" column indicates anti-clockwise rotation between the
breakout orientations in the Lower Permian and those in the Upper Permian.
Table 8.3: Differences in breakout orientations within the Upper and Lower Permian rocks or
the North Sea calculated from caliper eccentricity using the Minstress subroutine.
In order to illustrate the differences and similarities between breakout orientations in Upper
and Lower Permian strata, data from four illustrative boreholes are presented. Boreholes
OS 13/13-1 and OS 48/18b-3 illustrate similar orientations despite the obvious lithological
and mechanical differences between the rocks (Table 8.3; Figure 8.14). By contrast, the
breakouts in boreholes OS 20/8-1 and OS 43/12-1 (Table 8.3; Figure 8.15) indicate
significant differences in stress orientation within the different strata.

In borehole OS 13/13-1, large N-S oriented breakouts are observed throughout the Permian
section (Figure 8.14) In Figure 8.14, these breakouts are characterised by a lack o f rotation
o f the dipmeter tool, relatively high ‘Quality’ values and the large arrows in the upper 300
metres o f logged section. The large breakouts in the upper section contrast sharply with the
smaller, less well-developed breakouts observed below 2775 metres. A similar pattern to
that s ^ ^ borehole OS 13/13-1 also occurs in the profile plot o f Permian strata in borehole
OS 48/18b-3 whereby large N-S to NE-SW oriented breakouts are evident in the upper 180
metres whilst smaller, less consistently oriented breakouts occur towards the base.
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Figure 8.14: Profile plots of Permian strata in boreholes OS 13/13-1 and OS 48/18b-3
illustrating no change in the breakout orientations in the Upper Permian (PU) and Lower
Permian (PL) in each borehole despite the obvious mechanical differences between the rock
types encountered. The single line represents the average azimuth of Caliper 1 throughout the
borehole section, the arrows define the length and orientation of breakouts and the dotted line
depicts the ‘Quality’ of the breakouts relative to the largest breakout in the borehole. The
bottom row represents the age of the strata encountered.
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Figure 8.15: Profile plots of Permian strata in boreholes OS 20/8-1 and OS 43/12-1 illustrating
a noticeable change in the breakout orientations in the Upper Permian (PU) and Lower Permian
(PL) in each borehole. The single line represents the average azimuth of Caliper 1 throughout
the borehole section, the arrows define the length and orientation of breakouts and the dotted
line depicts the ‘Quality’ of the breakouts relative to the largest breakout in the borehole. The
bottom row represents the age of the strata encountered.
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In the Upper Permian section o f borehole OS 20/8-1 (Figure 8.15), the large NW-SE
oriented breakouts between 3150 metres and 3210 metres do not continue into the Lower
Permian strata within this borehole.

The short nature o f the arrows indicating breakout orientation and size and the relatively
low ‘Quality’ values seen in the Lower Permian within borehole OS 20/8-1 are again seen
in the Upper Permian in borehole OS 43/12-1 and in a large part o f the Lower Permian in
the same borehole. To the base o f the section, at a logged depth o f between 3340 and 3370
metres below mean sea-level, large N-S oriented breakouts are observed. These are well
depicted in Figure 8.15.

From the data presented in this section, it can be concluded that, even where conspicuous
mechanical differences are apparent between rock types o f similar age, the breakouts in
these rock types cannot entirely be attributed to such differences. Breakouts within the
Permian strata are therefore thought to occur as a function o f a combination o f factors
including lithology and local structural controls. A final consideration when appraising the
breakout orientations within the Permian strata is that halokinesis o f the Zechstein salt
sequence is known to have occurred throughout the geological history o f North Sea (see,
for example, section 3.2.8) and the differences in breakout orientations observed within the
Upper Permian may be at least partly attributable to these movements.

8.4.1.4

Stress Orientations in Rocks With Differing Mechanical Properties II.

Lithological and chronostratigraphic information has been obtained from a number of
boreholes situated within the large concentration o f boreholes to the east o f the Halibut
Horst (Figure 8.2) in order to discuss breakout orientation and modes o f wellbore failure
with respect to these data. A more detailed illustration o f the structure o f this area, the
location o f boreholes and interpreted stress orientations is provided in Figure 8.16.

The eastern termination o f the Halibut Horst shows evidence o f a complex structural
history, including a marked change in the active fault trends from NE-SW during the
Early/Mid Jurassic to WNW-ESE in the Late Jurassic/Early Cretaceous (Hibbert and
Mackertich, 1992). It has been proposed that, during the Devonian to Mid-Jurassic,
sediment deposition in an extensional tectonic setting, periods o f uplift and erosion have
together resulted in the absence o f any middle-Upper Carboniferous and Lower Jurassic
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sediments (Figure 8.17). Pre-Middle Jurassic strata, however, have not been penetrated by
the drill in any borehole reported here.

0°12'E
•58°17'N

58°17'N

üaiibut

Hoist

w

Interpreted
Orientation
Classification
— — Class 1
Class 2
->«4- Class 3
\ Normal Fault
-58°10'N

58°10'N
4 kms

Figure 8.16: Structural elements in Block 15/21. (After Hibbert and Mackertich. 1992). The
interpreted minimum horizontal stress orientations for each borehole analysed in this study are
illustrated using the classification outlined in Table 8.1. Lithological data have been obtained
for all the illustrated boreholes with the exception of borehole numbers OS 15/21-2,
OS 15/21-3, OS 15/21-4 and OS 15/21-6.

From the data presented in Figure 8.16 it is apparent that the minimum stress orientations
are generally consistent across the area, with the data exhibiting a broad N-S trend between
155° and 035°.

Following the methodology outlined in section 5.3, back-to-back caliper data from 7
boreholes within block 15/21 have been plotted (Figure 8.18 and SV61). The space between
the caliper traces has been infilled with colour to represent lithology. To the right of each
logged section, an interpreted stress orientation is depicted for chosen depth intervals.
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Figure 8.17: Stratigraphie column for block 15/21 in the Central North Sea. (After Hibbert and
Mackertich, 1992). It must be noted that the vertical sequence is not to scale and that the
Devonian / Caledonian basement has not been penetrated by any borehole drilled in the block.

- 330 -

“

S

à

1200

1200

1200

1200

1200

1200

1300

1300

1300-

1300

1300

1300

130 0

1400-

1400

1400-

1400

1400

1 400

1400

1500-

1500

1500-

1500

1500

1500

1 500

1600

1600

1600

1600

1600

600

1600

1700

1700

1700-

1700

1700

1700

1700

1800-

1800

1800-

18 0 0

1800

1800

1900

1900

1900 -

1900

1900

1900

2000

2000

2000

2000

2000

2000

2100

2100

2100

2100

2100

2100
2200

2200
23002400 H

2400

2400

2400

2400-

2600-

2600

O S 15/21a-8

1
H

2800

CD

Chalk

U p p er P alaeocene C lay sto n es (1)
0 02° +- 21 °

2800

15/21

O S 15/21 a-Ç

1 Sandstone

2800
O S 1 5 /2 1 a -ll

Crystalline

^0

Dolomite

Conglomerate

^0

Claystone

U p p e r P alaeocene C laystones (2)
0 9 3 ° + - 20°

§
11
i

1
1

2000

~ Â

1

*

U p p er P ala eo cen e C lay sto n es (3 )
015° + -2 5 °

□
■

P ala eo cen e C h alk
121° +- 2 4 °

2100
2200

I

2300
2400
2500
2600

4

2700

2700 -

2800

T

1900

2600

2600-

2700-

1800

4
!

2500 -

1200

O S 15/21 a - 13

2700
2800

2800
O S 15/2 la -1 2 a

Coal

Volcanics
Seatearth

(

C retaceo u s C halk
174° + - 1 5 °

O S 1 5 /2 1 a-1 4

CD

Siltstone

Ju rassic C la y sto n es
148° +- 21°

Ju rassic S an d sto n es
093° +- 20°

Ju rassic V o lcan ics
137° +- 21°

Figure 8.18: Borehole diameters measured by caliper pairs 1 and 2 for the boreholes situated in the Witch Ground Graben illustrated in Figure 8.16. Lithologies are indicated by the colour infill. To the right Af each borehole section
the respective breakout orientations are shown. Summed roses for separate lithology/age are illustrated at the base of the figure.
y ^

- 331 -

The depth intervals were selected after an initial, visual inspection o f the data to determine
those sections which are in-gauge, washed-out and broken-out. Each selected interval
comprises data with a particular characteristic. Similar lithologies are grouped together
irrespective o f their chronostratigraphic age; for example, all chalk sequences are grouped
together, even though the earliest chalk sequences in the North Sea date from the Lower
Cretaceous and continued to be deposited up to the Early Palaeocene. Further divisions
were carried out on the basis o f similar modes of wellbore failure. For example, it is clear
from Figure 8.18 (and SV61) that, in a number o f boreholes, the top o f the chalk sequence
is observed to wash out rather than break out. In such cases the chalk has been divided into
broken-out and washed-out sections.

Along the base of Figure 8.18, rose diagrams derived from analysis o f caliper eccentricity
data summarise the orientations o f breakouts from all the boreholes penetrating the relevant
horizons. A number o f notable features are apparent in the data presented.

• It is immediately apparent that the uppermost portion o f the logged section in each
borehole demonstrate all the typical characteristics o f a washed-out section (Figure 8.19).
This could be related to stress induced fracturing, but is more likely to be a product o f the
drilling method. Indeed, the composite log and the well completion report indicate a
reduction in wellbore diameter at this point, from 17.5” (44.5cm) to 12.25" (31.1cm). In
order to proceed with the drilling o f a deep borehole, steel casing is cemented into place
at specified intervals. The diameter o f the wellbore is therefore reduced each time casing
is installed. Immediately beneath each section o f casing, a small vertical interval o f the
borehole has the diameter of the upper section. Over this short section, the flow o f the
drilling fluid changes from laminar to turbulent, and consequently erodes the relatively
weak rocks in this section.

• Within borehole OS 15/2la-8 and a number o f other boreholes in this area (Figure 8.18
and SV61), small breakouts and washouts are seen throughout the Palaeocene section. At
a depth o f 1600 metres in borehole OS 15/21a-8 a claystone dominated sequence displays
convincing evidence o f washout, with the average borehole diameter changing from 12.25”
(31.1cm) to 18.75” (47.6cm). Just beneath the claystone, at a depth of 1690 metres, the
siltstones are, essentially "in-gauge", i.e. they exhibit the same diameter as the original drill
bit.
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Figure 8.19: Cross-sectional plots of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1 and the recorded caliper eccentricity values for the uppermost sections of (a)
borehole OS 15/2la-8 and (b) borehole OS 15/21a-ll. In both sections a large range of
borehole diameters are recorded by the dip meter tool and very few broken out zones are
observed. This is thought to be due to the relatively soft nature of the rocks in these sections
and the erosive action of the drilling fluid on the rocks.
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Figure 8.20: Cross-sectional plots of caliper 1 versus caliper 2 with respect to the azimuth of
caliper pad 1 and the recorded caliper eccentricity values for Jurassic sandstones in (a) borehole
OS 15/2la-8 between 2400 and 2450m and (b) borehole OS 15/21a-ll between 2400 and
2470m. In both sections the borehole tends to be in-gauge although good unidirectional
breakouts are developed in borehole OS 15/2la-8 and orthogonal breakouts are developed in
borehole OS 15/21a-l 1.
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It is clear from Figure 8.18 (and SV61) that, in the Palaeocene section at least, there is a
distinct relationship between wellbore stability and lithology, although very few breakouts
are observed in this section. The large amount o f Palaeocene strata above the chalk in this
area display a variety o f orientations from N-S ((X)2° ± 2 1 ® and 015° ± 25°) to E-W
(093° ± 20°; Figure 8.18; SV61).

• In general, the uppermost chalks in each borehole (for example at 2075 metres in
borehole OS 15/21a-8 and at 2110 metres in borehole OS 15/21a-9) show evidence o f being
washed-out. In common with the orientation data described above and the data from the
Tertiary and Cretaceous described in Chapter Seven, the uppermost sections o f chalk in this
area display a number o f breakout orientations from N-S to NW-SE with a mean of
121° ± 24° (Figure 8.18; SV61). The older and more deeply buried Cretaceous Chalks are
generally in gauge, but small breakout zones do occur in places throughout these sections,
and have a mean N-S orientation o f 174° ± 15° (Figure 8.18; SV61).

• The Lower Cretaceous and Upper Jurassic claystones in this area generally reflect the
original borehole diameter, with very few washed-out zones. Broken-out zones occur in
places throughout these claystones, for example, at 2310 metres in borehole OS 15/21a-8,
where the C l value is slightly larger than original bit diameter but the C2 value remains
constant at the original bit size.

• Further evidence for lithology-controlled wellbore failure is provided by the washouts
observed in the Upper Jurassic Claystones beneath the first sandstone packet (the Mid-Shale
Unit defined in Figure 8.17). A good example o f this type o f failure is provided by the
washouts which occur in this unit in borehole OS 15/21a-8 at a depth o f 2380 metres
(Figure 8.18; SV61).

• Wellbore breakouts within the Main Piper Sand Unit (defined in Figure 8.17) are
common throughout the area. The large breakouts seen at a depth o f 2420 metres in
borehole OS 15/2la-8 are superbly illustrated in Figure 8.20a, whilst the smaller, bimodal
breakouts at a depth o f 2420 and 2440 metres in borehole OS 15/2la -11 are shown in
Figure 8.20b. The orthogonal nature of the breakouts observed in Figure 8.20b suggests
that cracking and subsequent elongation o f the borehole is occurring as a result o f both
hoop stress and extensional stress acting on the borehole wall. Two explanations for this
are immediately apparent; firstly that stress anisotropy around the borehole wall is minimal,
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causing failure to occur in the directions o f both maximum and minimum horizontal stress;
and secondly, that the mudweight used in the drilling o f this section was slightly too high,
thereby causing tensile fracturing at the azimuth of maximum horizontal stress as well as
breakout at the azimuth o f minimum horizontal stress. In circumstances where two
orthogonal elongation orientations are evident in the same hole, it is difficult confidently
to assign an interpreted breakout azimuth to that section.

• In general, the Jurassic sandstones in this area display bimodal breakout orientations,
centred around 085° and 155° (Figure 8.18; SV61), with a mean orientation of
093° ± 20°.

• At the base o f each logged section illustrated in Figure 8.18 (and SV61), the drill has
encountered a series o f Middle Jurassic volcanic rocks (the Rattray Volcanics Formation,
Figure 8.17). The elongate nature of the caliper data at the base o f many o f the sections
(for example at the base of borehole OS 15/2la-12a) can be attributed to the caliper pads
beginning to record data before making contact with the borehole wall. In those boreholes
where this can be demonstrated to occur, the data have been removed from the breakout
analysis procedure to avoid the calculation o f spurious results. In general, only a relatively
small section o f volcanic strata have been drilled, although evidence for washed-out,
broken-out and in-gauge borehole section can be seen. Washouts occur throughout the
volcanic section in borehole OS 15/21a-13. Wellbore breakouts occur in this section in
boreholes OS 15/2la-8, OS 15/21a-ll and OS 15/21a-12a. In borehole OS 15/21a-10, the
Jurassic volcanic rocks remain essentially in gauge. When combined, the breakout data from
these rocks generally display (sub-orthogonal) bimodal breakout orientations centred around
135° and 035° with a mean orientation o f 137° ± 2 1 ° (Figure 8.18; SV61)).

In summary, the breakout azimuths in the Palaeocene claystones and shales at the top of
each borehole section are generally diffuse and non-consistent, but with N-S and E-W
orientations dominating. The upper chalk sequences are generally washed-out and hence
very little confidence can be placed in any stress orientation interpreted from these data.
The lower (Cretaceous) chalks demonstrate moderately coherent N-S breakout orientations
within this small area. The breakouts observed in the Jurassic strata illustrate a breakout
component in a general NW-SE orientation, parallel to the local fault trends (Figures 8.16,
8.18 and SV61). The relationship between breakout orientation and fault trend is discussed
further in section 8.5.
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8.4.1.5 Summary and Conclusions to Section 8.4
In conclusion, geomechanical differences within the rocks o f the North Sea Basin may
explain a certain proportion o f the stress orientations observed. Such a hypothesis is, by its
nature, difficult to prove. Also, as discussed in section 8.2, if the regional signal is weak
or stress anisotropy is low then it is difficult to ascertain whether the lack o f homogeneous
breakout orientations can be attributed to geomechanical discontinuities.

A further point which it is important to make here, and one which will be returned to a
number o f times in subsequent sections, is that the lack o f directional homogeneity of
breakout orientations on a regional scale can be accounted for by numerous local stress
deflections and rotations. What then is the relative importance o f local and regional effects,
and how can each be determined? Aberrant results can always be explained by invoking
local influences, but this tells us nothing by itself.

8.5 How Important are Local Structural Controls on the Orientation
of Horizontal Stress?
The relationship between the azimuths of borehole breakouts and the orientations o f regional
and local scale faults has been illustrated throughout this chapter without necessarily being
explained. It is apparent however from a number o f boreholes throughout the North Sea
Basin that geological structure exerts a major influence on breakout orientation. A number
o f examples o f this are illustrated in Figure 8.2; (i) to the West o f the Shetland Islands, the
breakouts generally form parallel to the local structure, (ii) in the Inner Moray Firth, large
breakouts in three boreholes are observed to form perpendicular to a local fault, and (iii)
in the Central and Viking Grabens, both fault-parallel and fault-perpendicular breakouts
have been reported both in this study and in the data presented by Clauss et al. (1989).
Finally, within the Southern North Sea the marked influence o f the Dowsing Fault Zone and
the Silver Pit Fault on breakout orientation has already been discussed in section 8.4.1.2.

A large proportion o f the data analysed in this study originates from boreholes situated in
close proximity to mapped faults. This high degree o f concurrence reflects the fact that the
boreholes studied were originally drilled for hydrocarbon exploration, appraisal or
production and faulted blocks provide attractive targets for the hydrocarbon industry.
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Two possible models can be proposed to explain the relationship between the trend of the
local faults and breakout orientation:• Firstly, faults may act as free surfaces ("stress guides") which cause the azimuth o f the
horizontal stresses to deviate in the vicinity of the fault.

• Secondly, it is clear from field evidence that, in the region adjacent to a major fault, a
pervasive crack network develops with cracks both parallel and perpendicular to the fault,
and also at oblique angles to it. Such a network of cracks may exert a major influence over
the orientation o f breakouts near faults. Following the drilling o f a vertical borehole into
a formation with a pre-existing crack network, strain relief in the immediate vicinity of the
hole may cause cracks to extend so that eventually spalling occurs away from the wall of
the borehole. The azimuth o f the spalled section may be different to the prevalent stress
regime, and incorrect orientations of minimum horizontal stress would be interpreted.

An understanding o f the intimate relationship between stress orientations and fault
orientations can be gained from Anderson’s (1951) theory of faulting (Figure 2.1). Within
normal faulting environments, the maximum horizontal stress orientation is parallel to the
strike o f the fault plane (Figure 8.21); breakouts which form under such stress conditions
will therefore be perpendicular to the fault or at a high angle to it. By contrast, in thrust
faulting environments, the direction o f maximum compression is perpendicular to the fault
strike and breakouts will consequently form nearly parallel to such faults. In strike-slip
faulting environments, the maximum horizontal stress is normally oriented at low angle (of
approximately 30°) to the fault plane (Figure 8.21) and breakouts would be expected to
form at a high angle to such faults.

A number of the faults illustrated in Figure 8.2 exhibit characteristics typical o f normal and
thrust faulting in the same zone of weakness. For example, from the data presented in
Figure 8.12, it is clear that both the Silver Pit Fault and faults within the Dowsing Fault
Zone have undergone a certain amount o f inversion. The breakout signatures determined
from these data indicate the two modes o f faulting. For example, the minimum stress
orientations in the majority o f boreholes adjacent to the DFZ are perpendicular to the fault
zone. However, to the north o f the Silver Pit Fault, and in the east o f the area, fault-parallel
minimum stress orientations are evident (Figure 8.12).
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From the above discussion it is therefore proposed that, to some degree at least, the nature
of the faulting is recorded by the relationship between the trend of the faults and the
calculated stress orientations. However, fault-parallel minimum horizontal stress orientations
have also been determined from a number of boreholes in the South Viking Graben
although the adjacent, normal faults are not thought to have been reactivated.

In order to carry out a more quantitative analysis of the relationship between fault trend and
minimum horizontal stress orientation in the North Sea Basin, a great deal more data are
required with respect to small-scale faulting and fracturing of the logged strata, and the
precise nature of these faults. It is recognised within the literature that, in many studies of
extensional basins, the amount of extension visible on normal faults (from seismic reflection
profiles, for example) is significantly less than the amount of extension indicated by crustal
thickness and thermal subsidence calculations (Wood and Barton, 1983; Marsden et at.,
1990). One mechanism suggested to account for this discrepancy is the existence of smallscale faults, with offsets too small to be resolved seismically and which accommodate
displacement variations around larger faults at all scales. As faults grow, many small faults
will no longer be required at the positions where they are present and will become inactive.
It has therefore been proposed (Walsh et a i , 1991) that an accumulated geological
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population o f faults will include many more smaller faults than the population that is active
at any one time. The orientations of minimum horizontal stress in relation to such faults are
here proposed to follow the patterns illustrated in Figure 8.21. It is however, very difficult
to relate the stress orientations observed to faults at subseismic scale.

This explanation can also be proposed for the hypothesis that the crack network around a
fault is oriented both parallel to the fault plane and perpendicular to it. In addition, the
marked difference between breakout orientations in rocks o f different ages illustrated in
Chapter Seven may be related to cracks, joints and faults formed within these rocks. This
hypothesis is discussed in detail in section 8.6.

8.6 Are Minimum Stress Orientations Controlled by Rock Age and
History?
A number of studies have revealed that the mechanical behaviour o f a number o f rock types
in the North Sea Basin and adjacent areas displays features related to the age and
deformation history of the strata. For instance, within formation integrity test data from
boreholes drilled on the Dutch mainland, the data from the Carboniferous rocks give very
low apparent stress levels relative to other rocks (Figure 8.22). Breckels and van Eekelen
(1981) proposed that these data cannot be explained in terms o f pore pressure effects, and
indicate that an extensional regime exists in these strata. The low leak-off values seen in
these tests may also be related to stress reductions induced by salt movements in the
overlying Zechstein halite formation.

A study o f the magnitudes and orientations of stresses within Triassic strata on the U.K.
mainland has been undertaken by Butterworth (1993). From anelastic strain recovery data
on rocks from the English East Midlands, Butterworth determined two independent
orientations. On recovery from the borehole the core under test expanded in a NW-SE
direction indicating a NE-SWlminimum horizontal stress orientation, similar to that
determined from breakouTafialyses in this area. After some time interval, a secondary
expansion was also recorded, but in a NNW-SSE direction. Butterworth proposed that this
second expansion was related to the early stress history of these strata rather than being a
record o f the contemporary in situ stress. The NNW-SSE orientation of maximum
horizontal stress during the secondary expansion coincides with the ENE-WSW breakout
orientations reported in this study for the Triassic sediments o f the North Sea (Figure 7.7).
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Further evidence of the intimate relationship between chronostratigraphic age of the strata,
its history and the orientation of breakouts is provided from breakouts in Jurassic strata
within the Witch Ground Graben (section 8.4.1.4; Figures 8.16, 8.18 and SV61). The
WNW-ESE to NW-SE fault trends developed during the Late Jurassic (Hibbert and
Mackertich, 1992) are reflected by the NW-SE and complementary NE-SW breakout
orientations observed in these rocks.

In the following sections, maps displaying interpreted minimum horizontal stress
orientations for each chronostratigraphic interval are presented following the format used
in Chapter Seven. Stress trajectory maps for the same intervals are also presented, and
discussed with reference to their geological significance.
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8.6.1 The Precambrian and Lower Palaeozoic
It is clear from the data presented in Chapter Seven and in Figure 8.23, that very few
boreholes sample strata o f Precambrian and Lower Palaeozoic age. The Lower Palaeozoic
strata are o f a number o f different ages and geological histories; dipmeter data have been
obtained from rocks ranging in age from the Precambrian to the Devonian. The relationship
between the trend o f faulting in the basin and the orientation o f minimum horizontal stress
is again apparent. For example, in the Inner Moray Firth and in a number o f boreholes to
the west o f the Witch Ground Graben the minimum stress orientations are generally
perpendicular or at angles o f approximately 30° to the local faults. In contrast, the
orientation o f minimum horizontal stress in the South Viking Graben is parallel to the fault
trend in that area.

Because the Lower Palaeozoic samples such a broad time span, the resulting breakout
orientations may be influenced by a number of factors such as the present day stress
regime, local faulting, elastic properties, and cracks relating to deformation associated with
ancient orogenic and faulting events. It is for these reasons that a stress trajectory map for
these data has not been produced.

8.6.2 The Carboniferous
The interpreted minimum stress orientations from breakouts in Carboniferous strata in the
southern North Sea Basin illustrated in Figure 8.24 and the stress trajectory map (Figure
8.25) are consistent with the average NE-SW orientation (centred around 055°) derived
from the Western European Stress Province (Brereton and Müller, 1991).

Three possible interpretations o f the data are considered here:• The interpreted orientations accurately represent the contemporary stress field.
•

The interpreted orientations reflect residual stresses within the rocks o f the

Carboniferous.
• The relationship between faulting and stress orientation discussed in section 8.4.1.2 can
explain the majority of the features observed.

As these interpretations are not mutually exclusive, all three may play a part in the
orientation o f breakouts in the Carboniferous rocks o f the North Sea Basin.
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o

Figure 8.25: Stress trajectory map of caliper eccentricity data in the Carboniferous rocks of the
Southern North Sea at a scale of 1 to 2 million. Each rose diagram is scaled relative to the
amount and quality of data represented. The default values of 0.4 and 1 for the local distance
weighting function F and the smoothness function X respectively (section 5.7) were chosen in
the calculation of the illustrated trajectories.

In order to determine whether residual stresses are present within the Carboniferous, and
if the very low apparent stress levels reported from boreholes in the Carboniferous on the
Dutch mainland (Breckels and van Eekelen, 1981) also occur within the same strata in the
North Sea, some idea of the stress magnitudes is required. Such data are available from
leak-off tests but their analysis is beyond the scope of this study.

As discussed in section 3.2.3, a number of different scenarios have been proposed for the
development of the North Sea during the Carboniferous; Leeder (1988) argued in favour
of a N-S oriented compressive stress field associated with back-arc extension to the north
of the Variscan orogenic belt (Figure 3.7). Further arguments for E-W extension, and
extension accompanied by transtension have also been proposed (Haszeldine, 1984; Read,
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1988). Olsen (1987) proposed that during the later stages o f the Variscan orogeny,
extension within the southern North Sea was associated with left lateral strike-slip
movement and NW-SE oriented compression. Such a compressive stress orientation would,
at least in part, explain the NE-SW minimum horizontal stress orientations currently
displayed in Carboniferous rocks in this area.

From the stress trajectory data presented in Figure 8.25, and the breakout orientation data
from boreholes situated on the U.K. mainland (Figure 5.27), it is suggested that the
minimum horizontal stress orientations within the Carboniferous o f the Southern North Sea
Basin reported here accurately reflect the contemporary stress field created by the collision
o f the African plate and the Eurasian plate producing NW-SE oriented maximum
compression throughout western Europe.

8.6.3 The Permian
Within the Southern North Sea, the interpreted minimum stress orientations determined
from breakouts in Permian strata (Figure 8.26) are less consistent than those from breakouts
in Carboniferous strata in the same boreholes (Figure 8.24). The relationship between the
orientation o f minimum horizontal stress and the Dowsing Fault examined in section 8.4.1.2
is again seen in this area and will not be further discussed.

Immediately to the north o f the Mid-North Sea High, the minimum horizontal stress is
oriented E-W, parallel to the approximate trend o f the high. To the north and east, within
the Central Graben and in the Moray Firth and Witch Ground Graben areas, the stress
orientations generally occur at angles oblique to the local faults, rather than perpendicular
or parallel to them. This indicates that the stress orientations calculated from breakouts in
Permian strata are controlled by influences other than the local faulting. A good example
o f such behaviour is provided by the data from Permian strata in the boreholes within the
Inner Moray Firth. The stress orientations within these two boreholes are approximately
WNW-ESE whilst the fault is oriented WSW-ENE.
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Figure 8.27: Stress trajectory map of caliper eccentricity data in the Permian rocks of the
Southern North Sea at a scale of 1 to 5 million. Each rose diagram is scaled relative to the
amount and quality of data represented. The default values of 0.4 and 1 for the local distance
weighting function F and the smoothness function X respectively (section 5.7) were chosen in
the calculation of the illustrated trajectories.

The stress trajectory map for minimum horizontal stress within Permian strata (Figure 8.27)
shows clearly the very large difference in stress orientations between the northern and
southern basins, as discussed in section 8.3. In the southern North Sea, the minimum
horizontal stresses are oriented NE-SW. This orientation changes across the Mid-North Sea
High, to become N-S in the Central and Viking Grabens.
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Within the southern North Sea, the stress field during the Permian is thought to have been
dominated by NW-SE oriented compression (Figure 3.14). These compressional forces are
thought to have been influential in the configuration o f the basins (Olsen, 1987) with
associated NE-SW oriented extension along left- and right-lateral strike-slip faults.

From the above discussion, and the data presented from the southern North Sea in Figure
8.12, it is again clear that the minimum stress orientations from the Permian display
features relating to both the present day NW-SE Alpine compression and residual stresses
o f Permian origin.

The structural development o f the northern Permian Basin is less well understood than the
development o f the southern basin, although it is thought to have been the site o f significant
tectonic activity (Ziegler, 1975,1988), including the development of the Oslo-Horn Graben,
and early structures within the Viking Graben (Figure 3.10). The N-S and E-W trending
stresses active at that time are poorly represented by the interpreted minimum stress
orientations derived from breakout analyses in these sediments. It is therefore proposed that
the orientations within the Permian strata to the north of the Mid-North Sea High reflect
the present day WNW-ESE compression from the Mid-Atlantic Ridge.

8.6.4 The Triassic
In section 3.2.5 the break-up o f the Pangaean supercontinent, together with the generation
o f associated tensional stresses, and subsequent extension in the North Sea area were
described. The stress regime in the Triassic sequences within the Central Graben and the
Southern North Sea Basin has been analysed by Olsen (1987), who proposed that the
dominant compressional stress during the Triassic was oriented NNW-SSE in the southern
basin and NW-SE in the Central Graben (Figure 3.17).

From Figure 8.28 it is clear that the paucity o f data from the southern North Sea precludes
further comment on these hypotheses. Because o f this paucity o f data, stress trajectories
have only been plotted for the area to the north o f the Mid-North Sea High where data are
more plentiful (Figure 8.29).
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Figure 8.29: Stress trajectory map of caliper eccentricity data in the Triassic rocks of the
Northern North Sea at a scale of 1 to 5 million. Each rose diagram is scaled relative to the
amount and quality of data represented. The default values of 0.4 and 1 for the local distance
weighting function F and the smoothness function X respectively (section 5.7) were chosen in
the calculation of the illustrated trajectories.

Within the Central Graben, the orientation of minimum horizontal stress ranges from
NNW-SSE, parallel to the graben margin faults, to E-W, oblique to the same faults (Figure
8.28). The change in orientation from N-S in the northern part of the graben to E-W in the
southern part, is well illustrated on the stress trajectory map (Figure 8.29). The minimum
horizontal stress trajectories are parallel To the apparent maximum horizontal stress
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orientation calculated for the Triassic this area by Olsen (1987) and illustrated in Figure
3.17. More data are required before this apparent contradiction can be clarified.

The orientations o f minimum horizontal stress in the Inner Moray Firth and Witch Ground
Graben (Figure 8.28) range from approximately E-W to NE-SW. These orientations are
again well illustrated by the stress trajectories in the area (Figure 8.29). To the north, in
the Viking Graben and to the West o f the Shetland Islands, trajectories are generally N-S.
This orientation is in agreement with the average orientation o f 030° determined for the
Northern Europe stress province by Brereton and Muller (1991). In the northern part o f the
Moray Firth, and in the South Viking Graben, the stress orientations illustrated in Figure
8.28 are closely related to the local fault trend. For example in the three boreholes to the
north-west o f the Inner Moray Firth the minimum stress orientations are aligned normal to
the faults, whilst in the South Viking Graben the stress orientations are parallel to the N-S
trending faults.

Interpretation of the data from Triassic strata is therefore difficult. Evidence for residual
stresses, for fault controlled stress orientations, and for the present day stress field can all
be found in the data. For example, the rift pattern in the North Sea has a dominantly N-S
orientation, evidence o f which has been recorded from the Viking Graben (Badley et al. y
1988). The breakout orientations observed in the boreholes in the South Viking Graben may
reflect this extension. Additionally, many o f the boreholes in the Viking Graben display two
orthogonal breakout orientations (Figure 6.25) indicating that, under certain conditions,
cracking and subsequent failure of the wellbore can take place at the azimuth o f both
minimum and maximum horizontal stress. Finally, the E-W oriented breakouts immediately
to the north o f the Mid-North Sea High, and in the Moray Firth Basin, Witch Ground
Graben and Central Graben areas may reflect the Triassic stress regime.

8.6.5 The Jurassic
As outlined in section 3.2.6, during the Jurassic the North Sea was flanked by the large,
active rift systems within the Arctic-North Atlantic and Tethyan Oceans (Ziegler, 1981).
Jurassic strata were, for the most part, deposited in fault-bounded basins related to the
crustal extension initiated during the Permian (Brown, 1990). Fault-controlled differential
subsidence, contemporaneous with sedimentation, had a marked influence on stratigraphie
thickness and facies distribution throughout the area (Brown, 1990).
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The Jurassic sequences within the Central and Southern North Sea Basins have been
analysed by Olsen (1987), who proposed that N-S and NW-SE trending faults developed
in response to a NW-SE oriented compressional stress regime (Figure 3.19). This
orientation is identical to that determined by Olsen (1987) for the Late Triassic successions
in this area (Figure 3.17). Olsen {pp. cit.) further proposed that the direction o f maximum
compression within the Central Graben was rotated from NW-SE to WNW-ESE. Although
this is only a relatively small re-orientation, the current trend o f extensional faults in this
area is consistent with this stress orientation.

It is apparent from the data illustrated in Figure 8.30 that the orientations o f minimum
horizontal stresses in the Jurassic rocks o f the North Sea Basin are related to the trends of
the local faults. This is particularly well documented for the Witch Ground Graben, as
discussed in section 8.4.1.4.

The stress trajectory map derived from caliper eccentricity data (Figure 8.31) tends to
oversimplify the complex interaction between fault trends and minimum horizontal stress
orientations observed within the Jurassic rocks of the North Sea. For example, data derived
from the large, NW-SE oriented breakouts that occur within the Inner Moray Firth are
masked to some extent by data from the breakouts within the Outer Moray Firth and the
large concentration of data from within the Witch Ground Graben (Figure 8.30). The
general N-S trend o f the Viking Graben is well illustrated by the stress trajectories in Figure
8.31 as is the subtle change in orientation o f the faults in the Central Graben. The NW-SE
to NNW-SSE orientation of the stress trajectories in the Central Graben is noticeably
different from the WNW-ESE orientation o f minimum horizontal stress proposed by Olsen
(1987), indicating that the pattern o f stress in these rocks cannot be explained by Olsen’s
simple scenario alone.

It has been proposed that much of the fault activity during the Jurassic resulted from the
reactivation of Precambrian, Caledonian and Variscan lineaments, since many of the
recognised faults appear to follow these older structural trends (Selley, 1975; Eynon, 1981;
Johnson and Dingwall, 1981). The data presented here lead to the conclusion that these
older faults and lineaments are the main influence on breakout orientations within Jurassic
strata in the North Sea region.
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Figure 8.30: Interpreted minimum horizontal stress orientations for Jurassic strata. The
classification used for each orientation is outlined in Table 8.1.
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Figure 8.31: Stress trajectory map of caliper eccentricity data in the Jurassic rocks of the
Northern North Sea at a scale of 1 to 5 million. Each rose diagram is scaled relative to the
amount and quality of data represented. The default values of 0.4 and 1 for the local distance
weighting function F and the smoothness function X respectively (section 5.7) were chosen in
the calculation of the illustrated trajectories.

This influence of local structure is much more apparent in the Jurassic strata than in the
older rocks of the North Sea. Using the ideas on residual stresses proposed by Engelder and
Sbar (1976) and other workers outlined in section 2.3.1.4, it is suggested that strains
associated with the active stress regime at the time were stored in the rocks during
sedimentation and diagenesis. Following Anderson’s (1951) simple theory of faulting,
extension on E-W trending normal faults would imply E-W directed compression. If the
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rocks were cemented under such crustal stress conditions it is reasonable to assume that any
fabric or crack array would also form in an E-W direction. Additionally, the N-S oriented
breakouts observed in the north Viking Graben may be explained by a similar hypothesis
whereby tensional crack arrays were imparted in an N-S direction during extensional
movements on the local faults. The breakouts analysed in these areas are therefore thought
to reflect the influences o f both ancient stress systems acting on the rocks and the local
pattern o f faults.

It is therefore proposed two influences dominate the orientation o f breakouts in the rocks
from the Jurassic. Firstly, the tectonic history of the region, the breakouts mimic the stress
system prevalent throughout the Jurassic, with many of the faults in close proximity to the
boreholes acting as stress guides and influencing the orientation o f the breakouts. Secondly,
orientations are influenced by the rock forming processes (sedimentology and vulcanology).
These latter processes are intimately related to the tectonic activity during the Jurassic, but
also exert local influences on breakout orientation. These influences are considered to
dominate over the prevailing present day stress field.

8.6.6 The Cretaceous
As described in section 3.2.7, the Cretaceous rocks within the North Sea area document the
transition from tectonically-controlled sedimentation with extensive stable massifs, to much
quieter, fully marine conditions o f regional subsidence over the axial graben system
(Ziegler, 1981; Doré and Gage, 1987; Hancock, 1990).

From the interpreted minimum stress orientations illustrated in Figure 8.32, it can be seen
that breakouts within Cretaceous strata are generally related to the local structure throughout
the area. For example, in the boreholes drilled to the west o f the Shetland Islands, the
orientations o f minimum horizontal stress are generally normal to the trend o f the faults,
even where the fault trends change. The picture is less clear within the Viking Graben,
although a number o f fault-parallel orientations can be clearly seen. Within the Outer Moray
Firth, the NW-SE stress orientations discussed in section 8 .4 .1 .4 and illustrated in Figure
8.10 predominate. In addition, the variety of minimum stress orientations derived from the
boreholes within the Witch Ground Graben discussed in detail in section 8.4.1.4 and
illustrated in Figure 8.18 (and SV61) suggest that the stress orientations within the
Cretaceous are far from clear.
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Figure 8.32: Interpreted minimum horizontal stress orientations for Cretaceous strata. The
classification used for each orientation is outlined in Table 8.1.
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The general NW-SE trending maximum compressive stress regime for the Jurassic proposed
by Olsen (1987) is also thought to have continued into the Lower Cretaceous. However,
Olsen suggested that, within the Central Graben a rotation occurred from WNW-ESE
compression during the Jurassic to NE-SW compression in the Cretaceous (Figure 3.20).
If residual stresses exist within Cretaceous strata in the North Sea, a NE-SW orientation of
maximum horizontal compressive stress would create NW-SE trending breakouts in this
area. However, such breakout orientations are not seen and other mechanisms for the
observed minimum horizontal stress directions must be invoked.

In order to aid the interpretation o f these data, the stress trajectory map illustrated in Figure
8.33 was produced. A number o f the local breakout patterns seen in Figure 8.32 are not
apparent in the regional trajectory map. For example, the NE-SW trending breakouts to the
west o f the Shetland Islands appear to be over-dominated by the N-S trending data from the
Viking Graben and Moray Firth. It is clear from Figure 8.32 that the directional data are
more complex than the simple average model illustrated in Figure 8.33. Therefore, in order
to highlight these local variations in the stress orientations observed within the Cretaceous,
the local distance weighting function F (equation 5.3) was changed from the default value
o f 0.4 to a new value o f 0.1 (reducing the proportion o f the total available data used to
calculate each point o f the stress trajectory map from the default value o f 40% to 10%).
This change has the effect o f emphasising local variability at the expense o f regional
smoothness.

The stress trajectory map thus produced (Figure 8.34) provides a more accurate
representation o f the local data. For example, to the west o f the Shetland Islands the
NE-SW breakouts are faithfully duplicated by the stress trajectories, and to the east, the
general N-S trend in the Viking Graben is also well reproduced by the trajectories.
Furthermore, in the southern part o f the Moray Firth the large number o f WNW-ESE
oriented breakouts are well represented, as is the change in stress direction into the Central
Graben. It is interesting to note that both the calculated trajectories (Figure 8.34) and the
interpreted minimum horizontal stress orientations (Figure 8.32) run parallel to the general
trend o f the Central Graben faults in the western part o f the graben whilst to the east, they
are orthogonal to the faults.
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Figure 8.33: Stress trajectory map of caliper eccentricity data in the Cretaceous rocks of the
Northern North Sea at a scale of 1 to 5 million. Each rose diagram is scaled relative to the
amount and quality of data represented. The default values of 0.4 and 1 for the local distance
weighting function F and the smoothness function X respectively (section 5.7) were chosen in
the calculation of the illustrated trajectories.
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Figure 8.34: Stress trajectory map of caliper eccentricity data in the Cretaceous rocks of the
Northern North Sea at a scale of 1 to 5 million. Each rose diagram is scaled relative to the
amount and quality of data represented. In order to emphasise local variation in the stress field
as opposed to regional smoothness, the value for the local distance weighting function F is
changed to 0.1 while the smoothness function X remains set at 1 (section 5.7) in the calculation
of the illustrated trajectories.

It is suggested that, within Cretaceous strata, two factors control the orientation of
breakouts observed, these are; the present day stress field, and local and regional scale
faults acting as stress guides (free surfaces).
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Within the Witch Ground Graben and Outer Moray Firth, the N-S oriented breakouts are
similar to those recorded in the Jurassic rocks of this area. This may indicate that the
tectonic stress conditions under which these rocks were formed existed at least from the
mid-Jurassic rifting and magmatism and throughout the Cretaceous. This is not
unreasonable, since it is well documented that extensional stress conditions existed within
the North Sea Basin from the Permo-Triassic up until the end of the Cretaceous (Glennie,
1990a). However, as discussed in section 8.4.1.4, the uppermost Cretaceous sequences are
generally washed-out, and hence little confidence can be placed in the data, whilst the
Lower Cretaceous sections demonstrate only moderately coherent N-S breakout orientations
within this relatively small area.

8.6.7 The Cenozoic
By Cenozoic times the North Sea Basin exhibited its present day north-south configuration.
The axis o f the basin follows the trend o f the rift systems described throughout Chapter
Three. Sediments deposited during this period are largely unfaulted and only slightly
deformed (Ziegler, 1982; Lovell, 1990).

A wide variation of interpreted minimum horizontal stress orientations are discernible from
the data presented in Figure 8.35, ranging from dominantly NE-SW and complementary
NW-SE orientations to the west o f the Shetland Islands, to generally N-S orientations in the
Outer Moray Firth, Viking Graben and Central Graben. It is pertinent to note here that the
minimum horizontal stress in the boreholes on the eastern flank o f the Central Graben is
NE-SW, noticeably different to the E-W to ESE-WSW orientations within Cretaceous rocks
in the same boreholes (Figure 8.32).

The stress trajectory map derived from breakout orientations in Cenozoic strata (Figure
8.36) displays the main features o f the data presented in Figure 8.35. To the west of the
Shetland Islands, the trajectories reflect the NW-SE orientations observed in these
boreholes. This orientation is parallel to the inferred direction o f maximum compression in
this area due to opening o f the Mid-Atlantic Ridge. A number o f the boreholes in this area
may therefore demonstrate wellbore failure caused by small-scale hydraulic fracturing of
relatively weak rocks by excessive drilling fluid pressure in the wellbore. Evidence from
Figure 8.35, however, indicates that the local NE-SW oriented faults may play a major role
in the stress orientation in this area.
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amount and quality of data represented. The default values of 0.4 and 1 for the local distance
weighting function F and the smoothness function X respectively (section 5.7) were chosen in
the calculation of the illustrated trajectories.

It is important to note that in section 8.4.1.4 it was shown that, due to the relatively
unconsolidated nature of these young sedimentary rocks, washouts are the predominant
mode o f wellbore failure, and therefore few meaningful conclusions can be reached.
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8.6.8 Summary and Conclusions to Section 8.6
From the data presented in section 8.6, it can be concluded that wellbore breakouts in the
relatively strong and consolidated Carboniferous, Permian and Triassic rocks exhibit
orientations that are closely related both to each other and to orientations measured in
boreholes from the mainland U.K. and Western Europe.

In contrast, the orientations o f breakouts in the mechanically weaker, softer and relatively
unconsolidated ‘basinal’ Jurassic, Cretaceous and Cenozoic rocks show much more
variability, and appear to be related to intermediate scale structures within the basin.

8.7 Is the directional isotropy seen in the basin as a whole, "real" or
"apparent"? In other words, does noise dominate the signal?
Throughout this thesis it has been shown that a number o f different breakout orientations
exist within the North Sea Basin. These data could at first glance be interpreted falsely as
being o f low quality, since consistent orientations do not exist on a basin-wide and basindeep scale. However, within discrete geographical domains, individual chronostratigraphic
intervals and within the same rock formations, the data are much more consistent and the
observed orientations can be suitably explained. In addition, the data can often be best
interpreted in terms o f the superimposition of the influence o f several of the factors
discussed throughout this chapter. For example, superimposition o f the influence o f local
faulting, residual stress and chronostratigraphic age acting in conjunction with the present
day stress field that results from the separation o f Europe and North America to the west
and from the collision o f Africa and Europe to the south.

8.8 Summary and Conclusions
Throughout this chapter it has been shown that the major controls on breakout formation
and orientation are the chronostratigraphic age of the strata, the mechanical properties of
the rocks such as strength, consolidation ere., the nature o f the local structure in the
immediate vicinity of the logged borehole. In addition it is also inferred that residual stress
is an important influence on breakout orientation. A number o f conclusions can be drawn
from the observations presented and their interpretation; these are outlined below and
expanded upon in Chapter Nine.
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• The magnitude o f the horizontal stress anisotropy within the North Sea Basin appears to
be small and local features such as faulting and, more importantly, the age of the rock units
influence the orientations o f wellbore breakouts in this area.

If the conclusion that the stress anisotropy in the North Sea Basin is low is correct, then it
is possible to include all the hypotheses discussed in sections 8.2 to 8.6 in order to explain
the heterogeneous nature o f breakout orientations throughout the North Sea.

•

Breakout orientations in the southern North Sea Basin display a high degree of

consistency. This is thought to be related to the age o f the rocks encountered in this area,
their mechanical properties, the relatively small area studied and their location within the
Western European stress province.

• In the northern North Sea; breakout orientations are much less consistent. Data from
boreholes in this area were obtained from rocks ranging in age from Precambrian to
Oligocene, and the large areal extent o f the basin and its complex structural history may
explain the greater variation in orientations observed.

•

Rock property differences have been shown to affect breakout orientations across

structural highs, large fault systems and within different rock units in the same borehole.
It must be noted that the age o f the rocks and their mechanical properties are not really
independent variables, since young rocks are generally poorly lithifled and are therefore
weak, whereas older sedimentary rocks are considerably stronger.

• Local structure has also been shown to influence the orientation o f stress trajectories in
the North Sea.

• Stress induced fabrics associated with the stress history o f strata may control the
orientation o f cracks and joints in the borehole wall leading to elongation o f the wellbore
along a preferred orientation.
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Chapter Nine - Conclusions
At first glance, the orientations o f wellbore breakouts in the North Sea Basin taken as a
whole could be interpreted falsely as telling us very little, since consistent orientations do
not in general exist either on a basin-wide or a basin-deep scale. However, within discrete
geographical domains, individual chronostratigraphic intervals and within similar rock
formations, the data are much more consistent.

The stress orientations interpreted from breakout orientations in boreholes drilled in the
North Sea may represent an effect of absolute rates o f plate motion. In section 2 .3 .2 .1 , it
was noted that 2toback et al. (1989) had demonstrated that the orientations o f maximum
horizontal stress in several plates occurred parallel to the direction of absolute plate motion.
This suggests that plate-driving forces were responsible for the stress configuration in the
plate interior. The absolute rate of motion may therefore determine the level of horizontal
stress anisotropy. In several North American sedimentary basins the stress anisotropy is
well developed (Fordjor et al., 1983; Plumb and Cox, 1987), but it is poorly developed in
basins within the Eurasian plate (Bell et al., 1992). It may be significant that the former lie
within lithosphere that is moving an order of magnitude faster than the Eurasian plate on
which the North Sea basin lies (Minster and Jordan, 1978). It should be pointed out,
however, that although the magnitude of the stress anisotropy within the North Sea may be
low, the absolute magnitudes o f the horizontal stresses may be high. However, as is the
case in the Aquitaine Basin (Bell et al., 1992), it is most likely that the vertical stress in the
North Sea is equal to a^, and

It is concluded that, at the present time, the magnitude of the horizontal stress anisotropy
within the North Sea Basin is small and that local features such as faulting and, more
importantly, the age of the rock units analysed, influence the breakout orientations described
in this study.

The geological history of the North Sea described in Chapter Three was based on the
premise that much of the younger structural and sedimentological history of the North Sea
Basin has been controlled to a considerable extent by the distribution o f older cratonic
blocks and intervening lines of weakness. This study has shown that these faults and sutures
still exert an influence over the present day crustal stress field in the area. Indeed, from the
breakout orientations observed to the north and south of the Mid-North Sea High (which
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is along the same trend as the lapetus suture in the west and the Ringkobing Fyn High and
the Tornquist zone in the east), and from stress trajectory modelling o f these orientations,
it is concluded that this ancient suture zone may form the boundary between the differing
stress provinces o f Western and Northern Europe. The location o f a stress province
boundary in this location is consistent with the proposal that stress orientations within the
rocks of the North Sea Basin are governed by stress memory effects rather than by the
currently active stress field.

Breakout orientations in the southern North Sea Basin have been shown to display a high
degree of spatial and temporal consistency. The majority o f the dipmeter data obtained from
these boreholes were from Permian and Carboniferous strata. These relatively older rocks
display breakout orientations closely related to those in boreholes drilled in the adjacent
European mainland.

On the other hand, the data from the northern part of the basin show relatively less
consistency in orientation. This may be related to the size and diversity o f the area, and its
geological complexity, as well as to the large age range of the rocks encountered. Data
from boreholes in this area were obtained from rocks ranging in age from Precambrian to
Oligocene and, although consistent breakout orientations are observed in individual
geographic domains with respect to both chronostratigraphic age and local structure, the
variation in orientations observed taken as a whole could be misinterpreted as being
characteristic of poor quality data.

The suggestion that stress induced fabrics may control the orientation o f cracks and joints
in the borehole wall leading to elongation o f the wellbore in a single preferred orientation
is more difficult to judge objectively, since more detailed data regarding the orientation and
occurrence o f natural and drilling-induced cracks and fractures than is currently available
would be required. Such an undertaking is beyond the remit o f this study and would require
detailed information from other geophysical logs (e.g. FMS and BHTV) along with drilling
record data and knowledge of the naturally occurring joints and fractures in equivalent
formations at the Earth’s surface. It is however recognised that some o f the fractures seen
in rock formations outcropping at the Earth’s surface, and in subsurface excavations, may
be the result of unloading due to uplift and the exhumation caused by erosion of the
overlying strata.
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In summary, it is possible to explain the observed stress orientations in the North Sea Basin
by superposing effects due to local structure, chronostratigraphic age and lithology onto the
stress field created by plate boundary forces. The ‘basement’ (pre-Jurassic) rocks show
closely similar stress orientations to the rest o f mainland Europe, whereas stress orientations
in the weaker and softer ‘basin’ rocks show much more variability that appears to be related
to intermediate scale structures within the basin.

Recommendations fo r Future Work
The application o f stress trajectory mapping in areas o f heterogeneous stress orientation has
been shown to be of great value in the interpretation o f both local and regional stress
patterns throughout the area. Such stress trajectory mapping in conjunction with finite
element modelling of the forces acting on the boundaries of the Eurasian plate may further
aid the interpretation of data from the whole of this plate and contribute to the precise
definition of the stress province boundaries.

The removal of orientation data which is assumed to be influenced by local features such
as faulting, folding, salt diapirism and the existence o f structurally controlled basement
highs may also contribute to the understanding of the underlying regional stress field.
However, knowledge of the regional scale stress field does not help the interpretation of
horizontal stresses on a reservoir scale where local variations will dominate.

The wide geographic spread of data obtained and analysed during the course o f this study
has contributed a large amount of stress orientation data which will greatly enhance the
World Stress Map Project database for this region However, in order to fully describe the
state o f stress (/. e. the stress tensor) in the area, it will also be necessary to obtain data on
the stress magnitudes. Rock stress magnitudes can only be obtained by performing
experiments either within boreholes (formation integrity tests and hydraulic fracturing
experiments) or on oriented rock cores recovered from boreholes. Such measurements allied
to the results of this study will greatly enhance our understanding o f the processes active
in the crust today and their effect on breakout development.

Finally, a greater understanding of the response of different lithologies to the in situ stress
in small areas of the basin would also be useful in order to further test some of the theories
proposed in this study. For example, some of the mechanical properties of rocks, and the
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inclination of these rocks can be obtained from geophysical well-logs, whilst the advent of
three-dimensional seismic surveys, allows the geological structure in the vicinity of the
borehole to be better defined, and the influence o f small-scale faulting on breakout
formation further enhanced.
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Appendix One - Data Rejection
Borehole Deviation
Information regarding the azimuth o f borehole deviation (hole azimuth, which equates to
the azimuth of the high side of the hole) was available for 10 o f the 19 boreholes which
were found to be deviated above 10° from vertical (Table A l.l) . From Table A l . l it is
evident that a strong correlation exists between the hole azimuth and the direction o f caliper
elongation in 6 of the 10 boreholes listed.
Borehole Number
OS
OS
OS
OS
OS
OS
OS
OS
OS
OS

15/17-14
22/17-T3
23/21-3a
47/14a-7
49/27-J5
9/12a-9
9/13a-29
9/13a-a47z
9/13b-5
9/13b-45

Azimuth of
Deviation
000° ± 12°
128° ± 2°
102° ± 2°
325° ± 6°
160° ± 14°
010° ± 3°
026° ± 9°
069° ± 5°
298° ± 21°
230° ± 3°

Borehole
Elongation
004° ± 11°
127° ± 11°
089° ± 8°
093° ± 13°
120° ± 16°
000° ± 8°
013° ± 15°
062° ± 9°
108° ± 22°
137° ± 4°

Borehole
Deviation
21° -2 5 °
30° - 34°
20° - 25°
35° - 42°
36° - 55°
22° - 48°
25° - 36°
31° - 37°
17° - 34°
37° -4 2 °

Table A l.l: A comparison between the orientation of hole deviation and wellbore elongation
(uncorrected to geographic north) in 10 boreholes inclined at more than 10° from vertical.

An example of the high side of the borehole coinciding with the orientation o f caliper
elongation is provided in Figure A l .l .

The azimuth of the high side of the borehole in four of the ten boreholes listed in Table
A l . l appear to be unrelated to the azimuth o f elongation in these boreholes (Figure A1.2).
Figure A1.2 indicates that the 1-3 caliper pair are locked in a general North-South direction
whilst the hole elongation azimuth calculated by W e l l o g is in an East-West orientation and
is recorded by the 2-4 caliper pair. The elongation orientations which differ from the
azimuth o f deviation in these boreholes may occur as a consequence o f a combination of
local stresses around the borehole and the angle of deviation. More data is required before
this phenomenon can be suitably explained.

The coincidence of the hole azimuth and elongation azimuth has been documented to occur
in a number of deviated boreholes in the North Sea basin. However, this is not the
exclusive mode of wellbore failure and subsequent elongation in such boreholes.
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Figure A l.l: Raw log data from borehole OS 22/17-T3 on a scale of 1:2500. The azimuth of
caliper pad 1 (PIAZ) from 0° to 360® is overlain by the log of the azimuth of the high side of
the borehole (HAZI) on the left of the diagram. The diameter of the two calipers (Cl and C2)
from 8 to 12 inches are depicted in the centre, and the borehole deviation from 30° to 34° is
illustrated to the right. The azimuth of pad 1 in the upper part of the borehole is co-incident
with the borehole angle and has been attributed to a key-seating effect.

From the data presented in Figure A1.2 and Table A l . l , it is suggested that by employing
a cut-off at 10° deviation from vertical, a certain proportion o f reliable data will not be
included in the O racle database. It is also suggested that, whilst the greatest care has been
taken throughout the course o f this research, a small amount o f unreliable data may have
been included in the final analysis. Such unreliable data would manifest itself by greatly
influencing the summed rose in the breakout maps produced in this thesis. An example of
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this is provided by the upper section of borehole OS 1/4-2, described and discussed in
section 6.4.

3500

-3 5 5 0

-

3600

-3 6 0 0

-3 6 5 0

3700

k3700

-3 7 5 0

3800

Figure A1.2: Raw log data from borehole OS 47/14a-7 on a scale of 1:2500. The azimuth of
caliper pad 1 (PIAZ) from 0° to 360° is overlain by the log of the azimuth of the high side of
the borehole (HAZI) on the left of the diagram. The diameter of the two calipers (Cl and C2)
from 0 to 15 inches are depicted in the centre, and the borehole deviation from 35° to 43° is
illustrated to the right. The azimuth of pad 1 appears to be unrelated to the high side of the
borehole as tool rotation is virtually continuous throughout the logged interval.

Tool Rotation
The orientation of borehole elongation in those boreholes which display incomplete rotation
of the dipmeter tool will be dominated by azimuthal data in the direction in which the tool
is stuck and at 90° to this orientation (Figure A1.3). Such anomalous results will therefore
affect the summed rose diagrams and may lead to incorrect or misleading conclusions being
drawn from the data presented.
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Figure A1.3: Rose diagrams and cross-sectional plots from boreholes OS 13/12-1, OS 2/5-12a
and OS 29/14b-3 which do not show complete tool rotation throughout the borehole.

Azimuthal data from borehole numbers, OS 13/12-1, OS 2/5-12a and OS 29/14b-3, display
incomplete tool rotation (Table A1.2 and Figure A1.3) and have consequently been withheld
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from the O r a c l e database. The range o f pad 1 azimuth data reported at the top o f Table
A1.2 is slightly different to that determined by W e l l o g , because, as described in section
5.3, the analytical program automatically assigns the larger o f the two caliper values to
caliper 1 irrespective o f which caliper pair actually records the larger value. Consequently,
in those boreholes with limited tool rotation, two orthogonal breakout sets are recorded
(Figure A1.3).
OS 13/12-1 - Pad 1 azimuth data from 096® to 161® only. Deviation from 8.4® to 11®.
OS 2/S-12a - Pad 1 azimuth data from 090® to 115® only. Deviation from 2.1° to 3.58°.
OS 29/14b-3 - Pad 1 azimuth data from 252° to 305® only. Deviation from 1° to 7.4°.
Azimuth
005®
015®
025®
035®
045®
055®
065®
075®
085®
095®
105®
115®
125®
135®
145®
155®
165®
175®

OS 13/12-1
-

0.770000
3.640000
325.4600
822.7700
76.59000
68.39000
0.340000

-

OS 29/14b-3
7993.160
4659.950
19.05000
4.790000

-

-

-

-

-

-

OS 2/5-12a
34.78000
37.42000
1.000000

-

-

-

25.90000
35.23000
103.6000
959.6300
734.7200
14.96000

658.8000
31.02000
9.450000

-

-

-

-

-

-

1545.640
6614.200
1355.310
59.20000
-

-

-

-

-

-

-

204.8000
634.5900

Azimuth
005®
015®
025®
035®
045®
055®
065®
075®
085®
095®
105®
115®
125®
135®
145®
155®
165®
175®

Table A1.2: Weighted statistics of data from boreholes showing limited tool rotation. The
orientations quoted are uncorrected for geographic north.

Hole azimuth information for boreholes OS 2 /5 -12a and OS 29/14b-3 is unfortunately not
available. However, no relation exists between the hole azimuth and the azimuth o f caliper
pad 1 in borehole OS 13/12-1 (Figure A1.4). From the data illustrated in Figure A 1.4, it
is clear that, even in those sections o f the wellbore which deviate above 10° from vertical,
the orientation in which the tool remains is unaffected by the angle o f deviation.

For the majority of boreholes drilled in the North Sea basin, the claim by Bell et al. , (1992)
that, in intra-plate regions, even relatively small changes in the deviation angle may affect
the orientation of borehole ovalisation may be rejected. The breakout orientations recorded
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in the Aquitaine Basin by Bell et aL, (1992) may therefore be attributable to more local
factors.
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Figure A1.4: Raw log data from borehole OS 13/12-1 on a scale of 1:5000. The azimuth of
caliper pad 1 (PIAZ) from 0° to 360° is overlain by the log of the azimuth of the high side of
the borehole (HAZI) on the left of the diagram. The diameter of the two calipers (Cl and C2)
from 4 to 19 inches are depicted in the centre, and the borehole deviation from 8° to 11° is
illustrated to the right. The azimuth of pad 1 appears to be unrelated to the high side of the
borehole.
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Wellbore elongation data from a fourth borehole (OS 2/5-9) has also been rejected due to
lack of tool rotation throughout the logged section. The summed rose in Figure A1.5, for
example is dominated by the breakouts in borehole OS 2/5-9. On removal of this borehole
from the rose map (Figure A1.6; a repeat of Figure 6.25) the summed rose is a more
accurate reflection of all the data presented.
62°

0.0'N

TOTAL

60“ 0.0'N

60“ 0.0'N —-

Figure A1.5: Rose map of breakout orientations from the Viking Graben derived from caliper
eccentricity on a scale of 1 : 3 million. Each rose is scaled relative to the amount and quality
of data represented. The mean orientation for the 18 boreholes illustrated is 034° ± 2 2 ° and
is greatly influenced by the data in borehole OS 2/5-9.

The summed rose data from Figures A1.5 and A1.6 and the data from borehole OS 2/5-9
are listed in Table A1.3. The values highlighted in bold indicate the dominant breakout
orientations in the summed rose incorporating data from OS 2/5-9 and the corresponding
orientations in borehole OS 2/5-9. The italicised and underlined data in the fifth column of
Table A1.3 indicate the minimum stress orientation in the summed rose excluding data from
OS 2/5-9. The major influence of OS 2/5-9 on the summed rose data between 080° and
090° (i.e. at 085°) is evident.
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TOTAL

OS 1/4-2

60“ 0.0'N

. —60'’ 0 . 0 ‘N
V ik in g G r a b e n

O S 9 /T 2 a-5

Figure A1.6: Rose map of breakout orientations from the Viking Graben derived from caliper
eccentricity on a scale of 1 : 3 million. Each rose is scaled relative to the amount and quality
of data represented. The mean orientation for the 16 boreholes illustrated is 042° + 21°.

An important point to note is that the breakout orientation from OS 2/5-9 calculated using
linear weighted statistics (029° ± 24°; Figure A1.7a) is greatly different from that value
determined from analysis of caliper eccentricity data using unweighted statistics
(090° ± 16°; Figure A 1.7b). The influence of a number of very large eccentricity values
at an orientation of 030° in the uppermost part of the logged interval is evident in both the
weighted rose diagram (Figure A1.7a) and the log plot of the raw data (Figure A1.8).

The influence of the breakout orientations from caliper eccentricity analysis from OS 2/5-9
on the summed rose from the Viking Graben is apparent by comparing Figure A1.7a with
A1.7f. The eccentricity gradient and resistivity eccentricity and gradient rose diagrams
(Figure A1.7c,d,e) provide a more accurate reflection of the raw data. However, the data
from borehole OS 2/5-9 still exert a great influence on the summed rose in their respective
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rose maps (Figure A1.7g,h,i) and bias the data to such an extent that the summed roses
become misleading and inconclusive.
Azimuth

Viking Graben
(with OS 2/5-9)
Figure A 1.5
005®
6752.960
015®
5688.320
025®
8966.881
035®
15898.35
045®
9652.461
055®
8008.690
2990.280
065®
5148.690
075®
085®
12763.34
4653.690
095®
105®
3814.360
115®
4400.920
4378.940
125®
135®
3488.010
145®
2955.300
155®
2466.920
165®
3098.500
175®
5769.480
Minimum Stress = 035®

OS 2/5-9 Data
(unweighted)
(weighted)
Figure A 1.7a
Figure A1.7b
579.0000
3363.800
1069.390
159.0000
559.0000
3513.800
2394.000
10108.57
508.7300
124.0000
20.00000
12.40000
5.000000
7.610000
1975.000
3197.360
6228.000
9898.670
593.0000
960.4600
325.7100
178.0000
650.0000
1087.720
2560.350
1174.000
1146.940
432.0000
420.2600
200.0000
302.1900
158.0000
1367.410
1222.000
3514.360
4523.000
035®
085®

Viking Graben
(minus OS 2/5-9)
Figure A1.6
3389.160
4618.930
5453.081
5789.780
9143.730
7996.291
2982.670
1951.330
2864.670
3693.230
3488.650
3313.200
1818.590
2341.070
2535.040
2164.730
1731.090
2255.120
045®

005®
015®
025®
035®
045®
055®
065®
075®
085®
095®
105®
115®
125®
135®
145®
155®
165®
175®

Table A1.3: The influence of borehole OS 2/5-9 on the summed rose diagram for caliper
eccentricity data in the Viking Graben. The orientations quoted are uncorrected to geographic
north.

Although borehole 2/5-9 does not exceed 10° deviation from vertical throughout the logged
interval (0.72° to 5.02°), the possibility remains that the hole elongation orientations
observed may reflect a ‘key-seating’ phenomena and may be oriented in the direction o f the
high side o f the borehole. Unfortunately, hole azimuth data was not available on the data
tape supplied for this borehole and this hypothesis can not be validated. An increase in
deviation angle towards the base of the section is associated with a reduction in the caliper
eccentricity value (Figure A1.8) which would indicate that the orientation o f elongation is
independent o f borehole deviation.

The influence o f the four rejected boreholes (OS 2/5-9, OS 2/5-12a, OS 13/12-1 and
OS 29/14b-3) on the results from analysis of weighted caliper eccentricity data is illustrated
in Table A1.4. Removal o f these data can be seen to change the orientation o f the calculated
minimum stress 20° from 055° to 035° (Table A 1.4).
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Figure A l.7: Rose diagrams from borehole OS 2/5-9 and their influence on the summed rose
diagrams from the Viking Graben geographic domain, (a) Caliper eccentricity using linear,
weighted statistics, breakout orientation 029° ± 24°; (b) Caliper eccentricity, unweighted,
breakout orientation 089° ± 16°; (c) Caliper gradient using linear weighted statistics, breakout
orientation 091° ± 17°; (d) Resistivity eccentricity using linear weighted statistics, breakout
orientation 179° ± 14°; (e) Resistivity gradient using linear weighted statistics, breakout
orientation 178° ± 13°; (f) Summed rose of caliper eccentricity data, mean orientation
034° ± 22°; (g) Summed rose of caliper gradient data, mean orientation 090° ± 23°; (h)
Summed rose of resistivity eccentricity data, mean orientation 000° ± 2 4 ° ; (i) Summed rose
of resistivity gradient data, mean orientation 179° ± 23°.
Azimuth
005°
015°
025°
035°
045°
055°
065°
075°
085°
095°
105°
115°
125°
135°
145°
155°
165°
175°

All Data
(Figure A.9)
50053.80
51916.82
47539.43
59243.09
50225.79
52116.23
39729.41
46980.41
53247.30
37250.02
40367.86
38004.91
40885.49
37658.97
39475.69
32575.56
34010.59
39665.57
Minimum Stress = 035°

Rejected Data
(Figure A. 10)
11391.74
5767.530
3537.490
10438.82
1331.500
88.99000
76.00000
4743.340
16512.87
3000.470
451.1600
1200.770
3519.980
1881.660
435.2200
302.1900
1572.210
4148.950
Minimum Stress

Revised Data
(Figure A. 11)
38662.06
46149.30
44001.93
48804.26
48894.29
52027.24
39653.41
42237.06
36734.45
34249.56
39916.70
36804.14
37365.51
35777.31
39040.47
32273.37
32438.38
35516.63
= 055°

Azimuth
005°
015°
025°
035°
045°
055°
065°
075°
085°
095°
105°
115°
125°
135°
145°
155°
165°
175°

Table A1.4: The influence of the four rejected boreholes on the summed rose data derived from
analysis of caliper eccentricity.
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Figure A1.8: Raw log data from borehole OS 2/5-9 on a scale of 1:10000. The azimuth of
caliper pad 1 (PIAZ) from 0° to 360° is illustrated on the left of the diagram. The diameter of
the two calipers (Cl and C2) from 4 to 22 inches are depicted in the centre, and the borehole
deviation from 0° to 4° is illustrated to the right.
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Figure A1.9: Rose map of breakout orientations from the North Sea derived from caliper
eccentricity on a scale of 1 : 6.25 million and including the data from boreholes OS 2/5-9,
OS 2/5-12a, OS 13/12-1 and OS 29/14b-3. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 119 boreholes illustrated is
035° -k 25°.

The main influences on the calculated minimum stress orientation are those provided by the
removal of boreholes OS 2/5-9 and OS 29/14b-3 from the data set. These two boreholes
greatly affect the data at orientations of 035° and 085°, and 005° and 085° respectively.
The two remaining boreholes (OS 2/5-12a and OS 13/12-1; Table A1.2) do not exert a
great influence over the data set as a whole. However, in order to maintain a consistent data
analysis procedure, the data from these boreholes have to be rejected.

-4 02 -

total-

60°

0 . 0 ‘N

5* 0

Figure Al.lO: Rose map of breakout orientations from the boreholes rejected from the North
Sea derived from caliper eccentricity on a scale of 1 : 6.25 million. Each rose has the same
weighting irrespective of the amount and quality of data represented. The mean orientation for
the 119 boreholes illustrated is 091° + 25°.

The data presented throughout this appendix strongly suggest that the removal of the data
from further analysis on the grounds of borehole deviation or lack of tool rotation is an
appropriate practice in order to enable the most effective representation of the data analysed
throughout the course of this thesis.
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Figure A 1.11: Rose map of breakout orientations from the North Sea derived from caliper
eccentricity on a scale of 1 : 6.25 million and excluding the data from boreholes OS 2/5-9,
OS 2/5-12a, OS 13/12-1 and OS 29/14b-3. Each rose is scaled relative to the amount and
quality of data represented. The mean orientation for the 115 boreholes illustrated is
052°
25°.
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Appendix Two - Data List
The data from each borehole are listed below along with the interpreted minimum horizontal
stress orientation and its classification. Orientation data from the rejected boreholes are also
included, these boreholes are highlighted with an asterisk (*). Figures in brackets in the
Data Interval column indicate the data interval for resistivity data.
Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Grad Eccr Grar
Ecc

OS 1/4-2
OS 1/4-2
OS 1/4-2

All Data
Jurassic
Triassic

301m
165m
136m

009**
013°
168°

056°
055°
172°

_

-

-

-

-

-

OS ll/3 0 a -8
OS ll/3 0 a -8

All Data
Jurassic

493m
493m

137°
137°

140°
140°

142°
142°

139°
139°

135° (I)
135° (I)

OS
OS
OS
OS
OS
OS

12/21-2
12/21-2
12/21-2
12/21-2
12/21-2
12/21-2

All Data
Cretaceous
Jurassic
Triassic
Permian
Lower Palaeo

2973m
640m
1292m
325m
689m
27 m

131°
078°
141°
098°
118°
146°

137°
143°
142°
160°
121°
148°

141°
137°
145°
072°
118°
147°

141°
141°
143°
077°
121°
146°

133°
135°
138°
077°
115°
142°

(I)
(II)
(I)
(II)
(I)
(III)

OS
OS
OS
OS

12/22-2
12/22-2
12/22-2
12/22-2

All Data
Jurassic
Triassic
Permian

848m
344m
386m
118m

148°
148°
137°
102°

145°
151°
137°
101°

148°
152°
134°
012°

148°
152°
133°
007°

142°
146°
130°
097°

(I)
(I)
(I)
(II)

OS 12/29-1
OS 12/29-1
OS 12/29-1

All Data
Cretaceous
Jurassic

1718m
854m
864m

101°
080°
109°

105°
091°
120°

_

_

-

-

-

-

098° (II)
081° (II)
110° (II)

OS 13/12-1*

All Data

682m

128°

128°

130°

130°

Rejected

OS 13/12-2
OS 13/12-2
OS 13/12-2

All Data
Cretaceous
Triassic

472m
43m
106m

014°
160°
072°

058°
158°
019°

_

_

-

-

-

-

053° (III)
154° (III)
041° (III)

OS
OS
OS
OS
OS
OS

All Data
Cretaceous
Jurassic
Triassic
Permian
Lower Palaeo

1492m
302m
338m
758m
466m
78m

020°
019°
148°
040°
021°
131°

039°
071°
149°
043°
024°
114°

035°
100°
028°
036°
025°
108°

038°
079°
048°
039°
024°
108°

028°
078°
144°
035°
019°
110°

13/13-1
13/13-1
13/13-1
13/13-1
13/13-1
13/13-1
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Interpreted
Orientation
(True North)
051° (III)
050° (III)
165° (II)

(I)
(III)
(III)
(I)
(I)
(III)

Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Grad Eccr Grar
Ecc

OS
OS
OS
OS
OS

13/19-3
13/19-3
13/19-3
13/19-3
13/19-3

All Data
Cretaceous
Jurassic
Permian
Lower Palaeo

781m
474m
166m
94m
47 m

166°
166°
144°
165°
011°

166°
170°
148°
155°
010°

OS
OS
OS
OS

13/29-1
13/29-1
13/29-1
13/29-1

All Data
Cretaceous
Jurassic
Lower Palaeo

1386m
630m
683m
73m

026°
020°
040°
139°

OS
OS
OS
OS

13/29-2
13/29-2
13/29-2
13/29-2

All Data
Cretaceous
Jurassic
Lower Palaeo

2140m
1309m
808m
23m

Interpreted
Orientation
(True North)

-

161°
163°
141°
155°
006°

(II)
(II)
(II)
(III)
(III)

126°
125°
134°
144°

129°
124°
035°
143°

122°
120°
035°
137°

(I)
(I)
(I)
(II)

114°
113°
125°
022°

_

_

-

-

-

-

-

-

113°
112°
121°
020°

(II)
(II)
(II)
(III)

_

-

-

-

-

-

-

-

-

125°
126°
044°
143°

121°
120°
126°
028°

OS 13/30-3
OS 13/30-3
OS 13/30-3

907m
All Data
862m
Jurassic
45m
Lower Palaeo

165°
165°
160°

166°
166°
081°

075°
075°
110°

075°
075°
163°

161° (II)
160° (II)
123° (III)

OS
OS
OS
OS
OS

14/6-1
14/6-1
14/6-1
14/6-1
14/6-1

All Data
Cretaceous
Jurassic
Triassic
Lower Palaeo

821m
15m
30m
320m
456m

036°
028°
033°
036°
036°

036°
028°
032°
036°
037°

037°
119°
033°
036°
043°

036°
110°
033°
035°
039°

031°
023°
028°
031°
034°

(I)
(III)
(III)
(I)
(I)

OS
OS
OS
OS
OS

14/12-1
14/12-1
14/12-1
14/12-1
14/12-1

All Data
Tertiary
Cretaceous
Jurassic
Permian

1088m
170m
594m
244m
80m

020°
037°
015°
026°
036°

025°
035°
020°
026°
041°

020°
034°
008°
117°
038°

022°
038°
018°
116°
039°

017°
031°
010°
021°
034°

(I)
(I)
(I)
(II)
(II)

OS 14/12-2
OS 14/12-2

All Data
Cretaceous

1358m
1358m

090°
090°

090°
090°

088°
088°

089°
089°

084° (I)
084° (I)

OS 14/19-15
OS 14/19-15

All Data
Jurassic

545m
545m

177°
177°

172°
172°

_

_

-

-

170° (II)
170° (II)

OS
OS
OS
OS

14/20-15
14/20-15
14/20-15
14/20-15

All Data
Cretaceous
Jurassic
Triassic

378m
171m
148m
59m

140°
143°
137°
158°

142°
145°
135°
158°

146°
165°
139°
152°

144°
145°
133°
157°

138°
145°
131°
151°

(I)
(II)
(I)
(II)

OS
OS
OS
OS

14/26-3
14/26-3
14/26-3
14/26-3

All Data
Tertiary
Cretaceous
Jurassic

1099m
83m
900m
116m

175°
122°
175°
079°

124°
123°
125°
078°

123°
133°
122°
015°

120°
128°
119°
076°

117°
122°
117°
073°

(I)
(II)
(I)
(I)
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Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Grad Eccr Grar
Ecc

Interpreted
Orientation
(True North)

OS 14/30a-2
OS 14/30a-2
OS 14/30a-2

All Data
Jurassic
Triassic

233m
190m
43m

131°
130°
134°

131°
131°
132°

126° (II)
126° (II)
128° (III)

OS 15/16-T5
OS 15/16-T5

All Data
Jurassic

333m
333m

139°
139°

137°
137°

167°
167°

164°
164°

133° (II)
133° (II)

OS 15/16-T7
OS 15/16-T7

All Data
Cretaceous

370m
370m

044°
044°

035°
035°

130°
130°

128°
128°

035° (II)
035° (II)

OS
OS
OS
OS

15/21-2
15/21-2
15/21-2
15/21-2

All Data
Tertiary
Cretaceous
Jurassic

2344m
820m
611m
913m

171°
131°
179°
077°

155°
132°
178°
154°

147°
047°
172°
143°

156°
045°
162°
151°

152°
127°
168°
144°

(I)
(II)
(I)
(II)

OS
OS
OS
OS
OS
OS

15/21-3
15/21-3
15/21-3
15/21-3
15/21-3
15/21-3

All Data
Tertiary
Cretaceous
Jurassic
Triassic
Permian

1809m
717m
279m
502m
36m
275m

031°
153°
127°
028°
037°
033°

035°
052°
130°
030°
028°
035°

032°
154°
035°
029°
030°
034°

034°
146°
045°
029°
027°
126°

028°
146°
124°
024°
026°
029°

(I)
(I)
(II)
(I)
(III)
(I)

OS 15/21-4
OS 15/21-4
OS 15/21-4

All Data
Tertiary
Cretaceous

737m
709m
28m

164°
166°
127°

165°
167°
127°

173°
176°
126°

174°
177°
036°

164° (I)
167° (I)
122° (III)

OS 15/21-6
OS 15/21-6
OS 15/21-6

All Data
Tertiary
Cretaceous

1402m
709m
693m

005°
162°
001°

003°
172°
005°

006°
163°
005°

003°
172°
002°

179° (I)
162° (I)
178° (I)

OS
OS
OS
OS

15/21a-7
15/21a-7
15/21a-7
15/21a-7

All Data
Tertiary
Cretaceous
Jurassic

2211m
1040m
1024m
147m

036°
039°
088°
110°

028°
032°
090°
115°

151°
048°
159°
108°

036°
046°
021°
110°

028°
036°
084°
106°

(I)
(I)
(III)
(I)

OS
OS
OS
OS

15/21a-8
15/21a-8
15/21a-8
15/21a-8

All Data
Tertiary
Cretaceous
Jurassic

1316m
916m
179m
221m

015°
014°
023°
086°

015°
014°
027°
030°

012°
012°
027°
128°

025°
158°
027°
014°

012°
008°
021°
081°

(I)
(I)
(I)
(III)

OS
OS
OS
OS

15/21a-9
15/21a-9
15/21a-9
15/21a-9

All Data
Tertiary
Cretaceous
Jurassic

871m
407m
145m
319m

003°
001°
001°
126°

088°
085°
000°
133°

010°
007°
007°
125°

003°
011°
007°
123°

000°
001°
179°
122°

(I)
(I)
(I)
(I)

-407

_

-

-

-

-

-

Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Ecc
Grad Eccr Grar

OS
OS
OS
OS

15/21a-10
15/21a-10
15/21a-10
15/21a-10

All Data
Tertiary
Cretaceous
Jurassic

821m
433m
179m
209m

001°
003°
176°
008°

003°
005°
001°
006°

003°
011°
007°
006°

005°
006°
008°
001°

178°
001°
178°
000°

(I)
(I)
(I)
(I)

OS
OS
OS
OS

15/21a-ll
15/21a-ll
15/21a-ll
15/21a-ll

All Data
Tertiary
Cretaceous
Jurassic

772m
374m
154m
244m

152°
097°
154°
149°

150°
036°
156°
147°

-

_

-

-

-

-

-

-

146°
031°
150°
143°

(II)
(III)
(II)
(II)

OS
OS
OS
OS

15/21a-12
15/21a-12
15/21a-12
15/21a-12

All Data
Tertiary
Cretaceous
Jurassic

825m
424m
184m
217m

007°
159°
001°
143°

004°
167°
000°
147°

155°
166°
001°
154°

001°
167°
001°
149°

172°
160°
176°
143°

(I)
(I)
(I)
(I)

OS
OS
OS
OS

15/21a-13
15/21a-13
15/21a-13
15/21a-13

All Data
Tertiary
Cretaceous
Jurassic

955 (408)m
425 (408)m
185m
345m

142°
107°
155°
139°

078°
010°
161°
077°

109°
109°

101°
102°

-

-

-

-

103°
101°
153°
134°

(III)
(II)
(II)
(III)

OS
OS
OS
OS

15/21a-14
15/21a-14
15/21a-14
15/21a-14

All Data
Tertiary
Cretaceous
Jurassic

924m
456m
258m
210m

137°
142°
120°
134°

138°
140°
108°
135°

_

_

-

-

-

-

-

-

133°
136°
109°
130°

(II)
(II)
(II)
(II)

OS 15/22-4
OS 15/22-4
OS 15/22-4

All Data
Cretaceous
Jurassic

681m
142m
539m

164°
171°
163°

163°
107°
162°

163°
174°
162°

165°
093°
163°

159° (I)
168° (II)
158° (I)

OS 15/28a-3
OS 15/28a-3
OS 15/28a-3

All Data
Tertiary
Cretaceous

1855m
858m
997m

059°
060°
144°

108°
105°
141°

056°
109°
056°

054°
110°
054°

051° (I)
103° (I)
138° (II)

OS 15/30-4
OS 15/30-4
OS 15/30-4

All Data
Tertiary
Cretaceous

927m
55m
872m

021°
080°
021°

020°
080°
020°

026°
080°
026°

018°
080°
019°

016° (I)
075° (II)
017° (I)

OS 16/7a-a2
OS 16/7a-a2
OS 16/7a-a2

All Data
Cretaceous
Jurassic

899m
332m
567m

167°
166°
126°

150°
165°
152°

061°
068°
012°

080°
076°
013°

154° (III)
161° (II)
008° (III)

OS 16/7a-a5
OS 16/7a-a5
OS 16/7a-a5

All Data
Cretaceous
Jurassic

577m
104m
473m

174°
174°
175°

173°
158°
176°

056°
035°
057°

056°
124°
074°

169° (II)
165° (III)
171° (III)

OS 16/17-15
OS 16/17-15
OS 16/17-15

All Data
Cretaceous
Jurassic

895m
440m
455m

071°
070°
081°

073°
073°
083°

_

_

-

-

-

-

067° (II)
067° (II)
077° (II)
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Interpreted
Orientation
(True North)

Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Grad Eccr Grar
Ecc

OS
OS
OS
OS

16/18-1
16/18-1
16/18-1
16/18-1

All Data
Tertiary
Cretaceous
Jurassic

2152m
1441m
692m
19m

107°
106°
137°
104°

111°
109°
137°
106°

117°
021°
129°
105°

119°
024°
132°
021°

109°
103°
129°
100°

OS
OS
OS
OS

2/5-9*
2/5-9
2/5-9
2/5-9

All Data
Tertiary
Cretaceous
Jurassic

1694m
27m
1218m
449m

029°
036°
032°
175°

091°
035°
091°
112°

179°
126°
177°
175°

177°
125°
179°
176°

Rejected
Rejected
Rejected
Rejected

OS 2/5-12a*

All Data

162m

096°

097°

097°

098°

Rejected

OS 2/5-15
OS 2/5-15
OS 2/5-15

All Data
Cretaceous
Jurassic

494m
402m
92m

019°
019°
131°

021°
020°
033°

021°
019°
040°

021°
020°
124°

016° (I)
015° (I)
123° (III)

OS
OS
OS
OS

20/1-2
20/1-2
20/1-2
20/1-2

All Data
Cretaceous
Jurassic
Triassic

624m
230m
345m
49m

174°
173°
179°
078°

174°
173°
000°
073°

173°
173°
000°
072°

083°
083°
175°
072°

169°
168°
173°
069°

(I)
(I)
(I)
(III)

OS
OS
OS
OS
OS
OS
OS

20/2-2
20/2-2
20/2-2
20/2-2
20/2-2
20/2-2
20/2-2

All Data
Tertiary
Cretaceous
Jurassic
Triassic
Permian
Lower Palaeo

3301m
989m
1458m
445m
24m
224m
161m

116°
104°
133°
117°
002°
080°
108°

108°
101°
121°
104°
002°
085°
105°

_

_

-

-

-

-

-

-

-

-

-

-

-

-

107°
097°
122°
106°
177°
078°
102°

(II)
(II)
(II)
(II)
(III)
(II)
(II)

OS
OS
OS
OS

20/3-5
20/3-5
20/3-5
20/3-5

All Data
Jurassic
Triassic
Permian

735m
665m
20m
41m

013°
013°
151°
006°

015°
054°
155°
128°

017°
087°
076°
044°

097°
056°
094°
043°

010°
048°
148°
050°

(I)
(III)
(III)
(III)

OS
OS
OS
OS
OS
OS

20/4a-2
20/4a-2
20/4a-2
20/4a-2
20/4a-2
20/4a-2

All Data
Tertiary
Cretaceous
Jurassic
Permian
Car5oniferous

1389 (708)m
376m
580 (332)m
145m
78m
210m

081°
176°
078°
003°
028°
063°

123°
122°
124°
003°
021°
061°

126°
118°
139°

126°
119°
140°

-

-

-

-

-

-

120°
115°
129°
178°
020°
057°

(II)
(I)
(III)
(II)
(II)
(II)

OS
OS
OS
OS

20/55-2
20/55-2
20/55-2
20/55-2

All Data
Cretaceous
Jurassic
Triassic

1395m
356m
539m
500m

123°
124°
138°
087°

122°
123°
123°
085°

_

_

-

-

-

-

-

-

118°
119°
126°
081°

(II)
(II)
(II)
(II)
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Interpreted
Orientation
(True North)
(I)
(II)
(I)
(III)

Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Grad Eccr Grar
Ecc

OS
OS
OS
OS
OS

All Data
Cretaceous
Jurassic
Triassic
Permian

892m
25 m
184m
259m
424m

109°
129°
104°
111°
121°

109°
129°
105°
111°
116°

110°
039°
107°
112°
108°

110°
039°
108°
114°
105°

105°
124°
101°
107°
108°

OS 20/12-1
OS 20/12-1
OS 20/12-1

All Data
Jurassic
Permian

511m
500m
11m

166°
167°
038°

168°
168°
025°

173°
173°
127°

168°
169°
127°

164° (I)
164° (I)
027° (III)

OS 20/12-3

All Data

760m

041°

045°

044°

091°

038° (I)

OS 204/28-1
OS 204/28-1

All Data
Tertiary

182m
182m

052°
052°

050°
050°

055°
055°

051°
051°

047° (I)
047° (I)

OS 204/30-1
OS 204/30-1
OS 204/30-1

All Data
Tertiary
Cretaceous

600m
43m
557m

109°
068°
112°

111°
071°
114°

000°
160°
000°

006°
158°
008°

105° (II)
065° (III)
108° (II)

OS 205/10-2b All Data
OS 205/10-2b Cretaceous

1236m
1236m

158°
158°

159°
159°

069°
069°

068°
068°

154° (II)
154° (II)

OS 205/10-3
OS 205/10-3
OS 205/10-3

All Data
Tertiary
Cretaceous

1106m
882m
224m

032°
148°
022°

039°
039°
142°

142°
044°
145°

135°
043°
130°

031° (II)
037° (I)
134° (I)

OS
OS
OS
OS

All Data
Cretaceous
Jurassic
Triassic

1436m
1060m
58m
318m

035°
038°
014°
009°

015°
037°
009°
005°

006°
005°
011°
008°

011°
165°
013°
007°

012°
011°
007°
002°

OS 206/1-2

All Data

1251m

096°

126°

003°

159°

091° (III)

OS 206/3-1
OS 206/3-1

All Data
Cretaceous

596m
596m

126°
126°

127°
127°

-

_

-

-

OS 208/26-1
OS 208/26-1
OS 208/26-1

All Data
Tertiary
Cretaceous

2366m
874m
1492m

028°
144°
024°

029°
117°
027°

024°
027°
111°

025°
061°
029°

022° (I)
126° (III)
022° (I)

OS 211/8b-3

All Data

1186m

017°

023°

-

-

015° (II)

821m
149m
672m

095°
097°
099°

098°
091°
099°

021°
094°
021°

015°
095°
016°

092° (II)
089° (I)
094° (II)

20/8-1
20/8-1
20/8-1
20/8-1
20/8-1

205/26a-2
205/26a-2
205/26a-2
205/26a-2

OS 211/1 la-3 All Data
OS 211/1 la-3 Cretaceous
OS 211/1 la-3 Jurassic

-410-

Interpreted
Orientation
(True North)
(I)
(III)
(I)
(I)
(I)

(I)
(III)
(II)
(I)

122° (II)
122° (II)
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Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Ecc
Grad Eccr Grar

OS
OS
OS
OS
OS

22/18-4
22/18-4
22/18-4
22/18-4
22/18-4

All Data
Cretaceous
Triassic
Permian
Lower Palaeo

716m
166m
44m
432m
74m

019°
008°
104°
024°
000°

174°
011°
111°
153°
177°

OS
OS
OS
OS
OS

22/20-1
22/20-1
22/20-1
22/20-1
22/20-1

All Data
Tertiary
Cretaceous
Jurassic
Triassic

1911 (516)m
70m (-)
1396 (70)m
345m
101m

076°
041°
075°
156°
045°

046°
048°
017°
023°
042°

130°

131°

-

-

096°
104°
123°

OS
OS
OS
OS

23/27-6
23/27-6
23/27-6
23/27-6

All Data
Tertiary
Cretaceous
Jurassic

2103m
1413m
424m
266m

065°
046°
073°
031°

066°
048°
073°
026°

OS 23/27-7

All Data

396m

131°

OS 26/12-1
OS 26/12-1
OS 26/12-1

775m
All Data
140m
Permian
Lower Palaeo 635m

OS
OS
OS
OS
OS

All Data
Tertiary
Cretaceous
Jurassic
Triassic

OS 29/lb -2

Interpreted
Orientation
(True North)
002°
005°
103°
019°
173°

(III)
(II)
(III)
(III)
(II)

092°
104°
132°

071°
040°
083°
092°
039°

(III)
(III)
(III)
(III)
(II)

051°
049°
072°
032°

049°
045°
071°
129°

053°
042°
067°
025°

(I)
(I)
(I)
(I)

119°

035°

132°

122° (I)

076°
076°
076°

076°
065°
077°

072°
065°
073°

070°
063°
071°

069° (I)
062° (I)
069° (I)

2247 (1369)m
1068 (1023)m
916 (83)m
99m
164m

074°
077°
023°
112°
170°

075°
077°
025°
135°
171°

161°
162°
118°
020°
071°

165°
164°
114°
043°
048°

070°
072°
019°
119°
166°

All Data

625m

162°

145°

161°

160°

152° (I)

OS 29/5b-4

All Data

1397m

150°

140°

138°

139°

137° (I)

OS 29/6b-2

All Data

931m

158°

158°

157°

157°

153° (I)

OS
OS
OS
OS

All Data
Cretaceous
Jurassic
Triassic

574m
38m
105m
431m

078°
012°
175°
079°

079°
175°
179°
080°

078°
124°
021°
079°

075°
056°
029°
075°

073°
179°
006°
073°

OS 29/14b-2
OS 29/14b-2

All Data
Permian

1065m
1065m

014°
014°

013°
013°

_

_

-

-

009° (II)
009° (II)

OS
OS
OS
OS
OS

All Data
Tertiary
Cretaceous
Jurassic
Triassic

1973m
1047m
190m
644m
92m

008°
086°
004°
012°
173°

007°
087°
005°
012°
174°

2 9 /lb -l
2 9 /lb -l
2 9 /lb -l
2 9 /lb -l
2 9 /lb -l

29/14b-l
29/14b-l
29/14b-l
29/14b-l

29/14b-3*
29/14b-3
29/14b-3
29/14b-3
29/14b-3

-412-

_

_

-

-

-

-

-

-

-

-

-

-

-

-

-

-

(II)
(II)
(II)
(III)
(III)

(I)
(III)
(II)
(I)

Rejected
Rejected
Rejected
Rejected
Rejected

Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Grad Eccr Grar
Ecc

Interpreted
Orientation
(True North)

OS 3/14a-10
OS 3/14a-10
OS 3/14a-10

All Data
Jurassic
Triassic

301m
292m
9m

171°
172°
143°

170°
172°
142°

-

-

-

-

-

-

166° (II)
167° (II)
138° (III)

OS 3/24b-2

All Data

350m

091°

083°

174°

173°

082° (II)

OS
OS
OS
OS

30/1C-3
30/1C-3
30/1C-3
30/1C-3

All Data
Cretaceous
Jurassic
Triassic

1042m
276m
499m
267m

114°
127°
027°
110°

115°
052°
118°
111°

120°
025°
124°
113°

112°
173°
116°
110°

110°
018°
114°
106°

(I)
(III)
(I)
(I)

OS
OS
OS
OS
OS
OS

30/23a-3
30/23a-3
30/23a-3
30/23a-3
30/23a-3
30/23a-3

All Data
Cretaceous
Jurassic
Triassic
Permian
Lower Palaeo

567m
16m
9m
82m
309m
151m

072°
109°
128°
067°
081°
089°

074°
105°
130°
067°
084°
089°

_

_

-

-

-

-

-

-

-

-

-

-

068°
102°
124°
064°
078°
084°

(II)
(III)
(III)
(II)
(II)
(II)

OS
OS
OS
OS
OS
OS
OS

31/26-3
31/26-3
31/26-3
31/26-3
31/26-3
31/26-3
31/26-3

All Data
Tertiary
Cretaceous
Jurassic
Triassic
Permian
Carboniferous

562m
41m
230m
5m
93m
63m
130m

090°
034°
019°
119°
095°
070°
093°

019°
034°
017°
118°
101°
095°
178°

_

_

-

-

-

-

-

-

-

-

085°
029°
013°
114°
093°
078°
088°

(III)
(III)
(II)
(III)
(II)
(III)
(III)

OS 33/9-1

All Data

406m

151°

OS 33/9-9

All Data

785m

OS 42/29-2
OS 42/29-2
OS 42/29-2

-

-

-

-

160°

161°

151°

151° (I)

049°

050°

049°

050°

045° (I)

290m
All Data
218m
Permian
Carboniferous 72m

071°
152°
075°

073°
152°
077°

068°
050°
076°

073°
049°
078°

066° (I)
147° (II)
072° (II)

OS 42/29-3
OS 42/29-3
OS 42/29-3

244m
All Data
191m
Permian
Carboniferous 53m

174°
175°
130°

041°
039°
061°

166°
164°
056°

013°
020°
060°

004° (III)
005° (III)
054° (II)

OS 42/30-2
OS 42/30-2
OS 42/30-2

235m
All Data
Permian
210m
Carboniferous 25m

094°
095°
174°

094°
096°
173°

_

_

-

-

-

-

089° (II)
091° (II)
169° (III)

OS 42/30-3
OS 42/30-3
OS 42/30-3

285m
All Data
208m
Permian
Carboniferous 77m

104°
171°
001°

103°
101°
003°

_

_

-

-

-

-

-413 -

099° (II)
096° (III)
177° (III)

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Grad Eccr Grar
Ecc

Interpreted
Orientation
(True North)

Borehole
Name

Data
Type

OS 43/12-1
OS 43/12-1
OS 43/12-1

425m
All Data
262m
Permian
Car5oniferous 163m

040°
031°
071°

061°
022°
070°

014°
018°
165°

167°
106°
166°

020° (III)
019° (I)
066° (II)

OS 44/21-2
OS 44/21-2
OS 44/21-2

802m
All Data
146m
Permian
Car5oniferous 656m

050°
085°
049°

053°
092°
052°

055°
101°
054°

047°
098°
048°

046° (I)
089° (I)
046° (I)

OS 47/5a-2
OS 47/5a-2
OS 47/5a-2

231m
All Data
173m
Permian
Car5oniferous 58m

006°
007°
177°

008°
010°
008°

008°
008°
010°

009°
012°
013°

003° (I)
004° (I)
002° (II)

OS 47/5a-3
OS 47/5a-3
OS 47/5a-3

268m
All Data
217m
Permian
Car5oniferous 51m

055°
054°
065°

059°
057°
067°

057°
056°
063°

056°
054°
064°

052° (I)
050° (I)
060° (II)

OS
OS
OS
OS

All Data
Triassic
Permian
Car5oniferous

1678m
1082m
453m
143m

072°
177°
072°
095°

068°
170°
071°
099°

153°
073°
154°
105°

157°
073°
156°
105°

065°
169°
067°
096°

OS 47/10-5

All Data

1290 (231)m

057°

058°

033°

115°

061° (II)

OS 47/14a-5
OS 47/14a-5
OS 47/14a-5

All Data
Triassic
Permian

1117m
817m
300m

083°
083°
137°

086°
084°
129°

074°
076°
139°

075°
078°
140°

075° (I)
075° (I)
131° (I)

OS 47/14a-6
OS 47/14a-6
OS 47/14a-6

200m
All Data
48m
Permian
Car5oniferous 152m

076°
078°
075°

073°
057°
073°

-

-

-

-

-

-

070° (II)
063° (III)
069° (II)

OS 47/14a-8
OS 47/14a-8
OS 47/14a-8

119m
All Data
89m
Permian
Car5oniferous 30m

083°
090°
066°

074°
089°
065°

006°
008°
075°

003°
002°
071°

074° (III)
085° (II)
064° (III)

OS 47/14a-9
OS 47/14a-9
OS 47/14a-9

144m
All Data
78m
Permian
Car5oniferous 66m

075°
083°
073°

075°
082°
074°

124°
126°
104°

077°
131°
079°

071° (I)
078° (III)
070° (II)

OS 47/15a-3
OS 47/15a-3
OS 47/15a-3

465 (212)m
All Data
72m
Permian
Car5oniferous 393 (140)m

076°
095°
075°

078°
092°
077°

166°
000°
166°

164°
088°
071°

072° (II)
087° (II)
069° (II)

OS 48/6-25
OS 48/6-25
OS 48/6-25

232m
All Data
187m
Permian
Car5oniferous 45m

113°
113°
122°

114°
115°
114°

037°
029°
036°

038°
027°
036°

109° (III)
109° (III)
113° (III)

47/95-4
47/95-4
47/95-4
47/95-4

414

(II)
(II)
(II)
(I)

Interpreted
Orientation
(True North)

Data
Type

OS 48/6-28
OS 48/6-28
OS 48/6-28

297m
All Data
276m
Permian
Carboniferous 21m

051°
051°
051°

051°
051°
048°

052°
052°
051°

053°
053°
048°

047° (I)
047° (I)
045° (III)

OS 48/18b-3
OS 48/18b-3
OS 48/18b-3

540m
All Data
279m
Permian
Carboniferous 261m

063°
043°
071°

069°
041°
072°

_

_

-

-

-

-

061° (II)
037° (II)
067° (II)

OS 49/1 la-2
OS 49/1 la-2
OS 49/1 la-2

1485m
All Data
1455m
Permian
Carboniferous 30m

153°
152°
042°

156°
156°
040°

054°
055°
047°

063°
063°
050°

150° (II)
149° (II)
040° (III)

OS
OS
OS
OS

All Data
Triassic
Permian
Carboniferous

1068m
281m
762m
25 m

033°
142°
035°
125°

031°
143°
033°
028°

033°
048°
024°
122°

035°
053°
026°
128°

028°
138°
025°
120°

237m
OS 49/27G-9 All Data
220m
OS 49/27G-9 Permian
OS 49/27G-9 Carboniferous 17m

074°
075°
035°

051°
056°
034°

_

_

-

-

-

-

058° (III)
061° (III)
030° (III)

OS 9/11-2
OS 9/11-2
OS 9/11-2

142m
All Data
98m
Tertiary
Lower Palaeo 44m

177°
000°
141°

021°
021°
148°

179°
179°
047°

178°
081°
084°

179° (I)
002° (II)
140° (III)

OS
OS
OS
OS

9/11-3
9/11-3
9/11-3
9/11-3

All Data
Tertiary
Cretaceous
Lower Palaeo

729m
427m
282m
20m

161°
086°
168°
017°

161°
160°
169°
140°

171°
154°
001°
019°

171°
147°
002°
027°

161°
149°
170°
016°

(I)
(I)
(I)
(III)

OS
OS
OS
OS
OS

9/12a-5
9/12a-5
9/12a-5
9/12a-5
9/12a-5

All Data
Tertiary
Cretaceous
Jurassic
Triassic

1696m
924m
133m
451m
188m

025°
020°
109°
046°
026°

023°
006°
014°
057°
026°

019°
005°
015°
011°
022°

022°
005°
014°
153°
025°

017°
004°
009°
047°
020°

(I)
(I)
(I)
(III)
(I)

OS
OS
OS
OS
OS

9/13b-25a
9/13b-25a
9/13b-25a
9/13b-25a
9/13b-25a

All Data
Tertiary
Cretaceous
Jurassic
Triassic

1555m
1084m
262m
136m
73m

048°
047°
083°
095°
038°

046°
045°
074°
170°
037°

131°
132°
028°
177°
134°

035°
036°
036°
179°
029°

038°
038°
050°
170°
030°

(I)
(I)
(III)
(I)
(II)

OS 9/13b-28a All Data

603m

012°

015°

107°

107°

009° (II)

OS
OS
OS
OS

845m
9m
768m
68m

098°
170°
098°
009°

006°
168°
007°
007°

003°
078°
003°
176°

005°
078°
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All Data
Cretaceous
Jurassic
Triassic

Data
Interval
(Metres)

Calculated Orientations
(Magnetic North)
Ecc
Grad Eccr Grar

Borehole
Name

-415 -

(I)
(II)
(I)
(III)

(I)
(III)
(I)
(II)

Borehole
Name

Data
Type

Data
Interval
(Metres)

Calculated Orientations
Interpreted
(Magnetic North)
Orientation
Ecc
Grad Eccr Grar (True North)

OS 9/21-1

All Data

786m

088°

089°

143°

016°

079° (III)

OS 9/21-2

All Data

1070m

040°

048°

135°

137°

039° (II)

-416

Caliper Eccentricity (Figures 7.17 and SV57) - The summed rose illustrates a number of
breakout orientations ranging from E-W and WNW-ESE to NE-SW. These dominant
trends represent the influence of a small number of boreholes as breakouts displaying
all orientations are represented on the map. The calculated mean orientation from the
42 boreholes illustrated is 094° ± 2 5 ° .
Caliper Gradient (Figure SV58) - The summed rose is more diffuse than that derived from
the Caliper Eccentricity data although the features described above are again
apparent. Three dominant breakout orientations are observed, these are centred
around 035°, 095° and 125°). In common with the data presented in Figures 7,17
and SV57, the calculated mean orientation from the 42 boreholes illustrated is
094° ± 25°.
Resistivity Eccentricity (Figure SV59) - Two dominant breakout orientations are illustrated
in the summed rose calculated from resistivity eccentricity data. The primary
orientation is oriented NE-SW, centred around 045°; the secondary (NW-SE)
orientation is centred around 135°. The calculated mean orientation from the 32
boreholes illustrated is 044° ± 24°.
Resistivity Gradient (Figure SV60) - A wide range of breakout orientations are observed in
the summed rose calculated from resistivity gradient data. The primary an orientation
is centred around 045° and a large number of other orientations are observed with
no single orientation being dominant. The calculated mean orientation from the 32
boreholes illustrated is 043° + 24°.
Table 7.13: A summary of the summed rose data for the boreholes containing Tertiary strata.
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Figure SV28: Rose map of breakout orientations from Precambrian and Lower Palaeozoic strata derived
from resistivity gradient. The scale is 1 to 4 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the amount and quality of data
represented. The mean orientation for the 6 boreholes illustrated is 077° ± 2 4 °
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Figure SV29: Rose map of breakout orientations from Carboniferous strata derived from caliper eccentricity.
The scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitudelongitude co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean
orientation for the 18 boreholes illustrated is 056° ± 14°. The boreholes indicated are referred to in the text.

nin 59.7

Mid-North Sea High

55“ 0

0

'

55°

Dowsing Fault Zone

0“

0. 0

'

5 “

0.0

Figure SV30: Rose map of breakout orientations from Carboniferous strata derived from caliper gradient.
The scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitudelongitude co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean
orientation for the 18 boreholes illustrated is 060° ± 16°. The boreholes indicated are referred to in the text.
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Figure SV31: Rose map of breakout orientations from Carboniferous strata derived from resistivity
eccentricity. The scale is 1 to 4 million and is plotted on a universal transverse mercator projection using
latitude-longitude co-ordinates. Each rose is scaled relative to the amount and quality of data represented.
The mean orientation for the 12 boreholes illustrated is 064° ± 1 8 ° . The boreholes indicated are referred
to in the text.
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Figure SV32: Rose map of breakout orientations from Carboniferous strata derived from resistivity gradient.
The scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitudelongitude co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean
orientation for the 12 boreholes illustrated is 064° ± 17°. The boreholes indicated are referred to in the text.
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Figure SV33: Rose map of breakout orientations from Permian strata derived from caliper eccentricity. The
scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude
co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 37 boreholes illustrated is 052° ± 24°. The indicated boreholes are referred to in the text.
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F igure SV34: Rose map of breakout orientations from Permian strata derived from caliper gradient. The
scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude
co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 37 boreholes illustrated is 052° ± 24°. The indicated boreholes are referred to in the text.
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Figure SV35: Rose map of breakout orientations from Permian strata derived from resistivity eccentricity.
The scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitudelongitude co-ordinates. Each rose is scaled relative to the amount and quality o f data represented. The mean
orientation for the 24 boreholes illustrated is 048° ± 21°. The indicated boreholes are referred to in the text.
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F ig u re S V 3 6 : fto se map o f breakout orientations from Perm ian strata d erived from resistivity gradient. T h e
sca le is 1 to 4 m illion and is plotted on a universal transverse m ercator projection u sin g latitude-longitude
co-ord in ates. Each rose is scaled relative to the am ount and quality o f data rep resented. T h e m ean orientation
for the 2 4 b o reh o les illustrated is 0 4 7 ° + 2 1 ° . T h e indicated boreh oles are referred to in the text.
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F ig u re S V 3 7 : R o se map o f breakout orientations from T riassic strata d erived from caliper eccen tricity. T h e
scale is 1 to 4 m illio n and is plotted on a universal transverse m ercator p rojection u sin g latitude-longitude
co-ord in ates. Each ro se is scaled relative to the am ount and quality o f data rep resented. T h e m ean orientation
for the 2 9 b oreh oles illustrated is 0 7 9 ° ± 2 2 ° .
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F ig u r e S V 3 8 : R o se map o f breakout orientations from T riassic strata d erived from calip er gradient. T h e
sc a le is 1 to 4 m illio n and is plotted on a universal tran sverse m ercator projection u sin g latitude-longitude
co -ord in ates. Each ro se is scaled relative to th e am ount and quality o f data represented. T h e m ean orientation
for th e 2 9 b oreh oles illustrated is 0 7 8 ° ± 2 2 ° .
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F ig u re S V 3 9 : R o se map o f breakout orien tation s from T riassic strata d erived from resistivity eccentricity.
T h e sc a le is 1 to 4 m illio n and is plotted on a universal transverse m ercator p rojection u sin g latitudelon gitu d e co-ord in ates. Each ro se is scaled relative to the am ount and quality o f data represented. T h e m ean
orientation for the 2 2 b o reh o les illustrated is 0 3 8 ° + 2 7 ° .
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F ig u re SV4Û: R o se map o f breakout orientations from T riassic strata d erived from resistivity gradient. T h e
sca le is 1 to 4 m illion and is plotted on a universal transverse m ercator p rojection u sin g latitude-longitude
co-ord in ates. Each ro se is scaled relative to the am ount and quality o f data represented. T h e m ean orientation
for th e 2 2 b oreh oles illustrated is 0 3 9 ° ± 2 7 ° .
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Figure SV41: Rose map of breakout orientations from Jurassic strata derived from caliper eccentricity. The
scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude
co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 57 boreholes illustrated is 142° + 23°. The indicated boreholes are referred to in the text.
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Figure SV42: Rose map of breakout orientations from Jurassic strata derived from caliper gradient. The
scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude
co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 57 boreholes illustrated is 143° ± 2 3 ° . The indicated boreholes are referred to in the text.
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F igure SV43: Rose map of breakout orientations from Jurassic strata derived from resistivity eccentricity.
The scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitudelongitude co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean
orientation for the 40 boreholes illustrated is 164° ± 2 5 ° . The indicated boreholes are referred to in the text.
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Figure SV44: Rose map of breakout orientations from Jurassic strata derived from resistivity gradient. The
scale is I to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude
co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 40 boreholes illustrated is 077° ± 25°. The indicated boreholes are referred to in the text.
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F igure SV45: Rose map of breakout orientations from Cretaceous strata from caliper eccentricity. The scale
is 1 to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude co
ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 64 boreholes illustrated is 030° ± 25°.
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F igure SV46: Rose map of breakout orientations from Cretaceous strata from caliper gradient. The scale
is 1 to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude co
ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 64 boreholes illustrated is 014° ± 23°.
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Figure SV47: Rose map o f breakout orientations from Cretaceous strata from resistivity eccentricity. The
scale is 1 to 4 million and is plotted on a universal transverse mercator projection using latitude-longitude
co-ordinates. Each rose is scaled relative to the amount and quality of data represented. The mean orientation
for the 49 boreholes illustrated is 176° + 24°.
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F ig u re SV 48: R ose map o f breakout orientations from C retaceous strata from resistivity gradient. T he scale
is I to 4 m illion and is plotted on a universal transverse m ercator projection using latitude-longitude co
ordinates. Each rose is scaled relative to the amount and quality o f data represented. T he m ean orientation
for the 49 boreholes illustrated is 020° ± 25°.
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F ig u re SV 49: R ose map o f breakout orientations from Low er Cretaceous
from caliper eccentricity. T h e scale is 1 to 4 m illion and is plotted on
projection using latitude-longitude co-ordinates. Each rose is scaled relative
represented. T h e mean orientation for the 38 boreholes illustrated is 172°

strata in the northern N orth Sea
a universal transverse m ercator
to the am ount and quality o f data
± 25°.
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F ig u re S V 50: Rose map o f breakout orientations from Lower C retaceous strata in the northern N orth Sea
from caliper gradient. T he scale is 1 to 4 m illion and is plotted on a universal transverse m ercator projection
using latitude-longitude co-ordinates. Each rose is scaled relative to the am ount and quality o f data
represented. T he mean orientation for the 38 boreholes illustrated is 173° ± 25°.
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F ig u re SV 51: Rose map o f breakout orientations from L ow er C retaceous strata in the northern N orth Sea
from resistivity eccentricity. T he scale is 1 to 4 million and is plotted on a universal transverse mercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the am ount and quality o f data
represented. T he mean orientation for the 27 boreholes illustrated is 166° + 21 °.
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F ig u re SV 52: R ose map o f breakout orientations from Low er Cretaceous
from resistivity gradient. T he scale is 1 to 4 m illion and is plotted on
projection u sing latitude-longitude co-ordinates. Each rose is scaled relative
represented. T h e mean orientation for the 27 boreholes illustrated is 167°
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± 2 1 °.
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F ig u re SV 53: Rose map o f breakout orientations from Upper Cretaceous
from caliper eccentricity. The scale is 1 to 4 million and is plotted on
projection using latitude-longitude co-ordinates. Each rose is scaled relative
represented. T h e mean orientation for the 58 boreholes illustrated is 034°

strata in the northern N orth Sea
a universal transverse m ercator
to the am ount and quality o f data
± 22°.
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F ig u re SV 54: Rose map o f breakout orientations from U pper Cretaceous strata in the northern N orth Sea
from caliper gradient. T he scale is 1 to 4 m illion and is plotted on a universal transverse m ercator projection
using latitude-longitude co-ordinates. Each rose is scaled relative to the am ount and quality o f data
represented. T h e mean orientation for the 58 boreholes illustrated is 032° + 23°.
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F ig u re SV 55: R ose map o f breakout orientations from U pper Cretaceous strata in the northern N orth Sea
from resistivity eccentricity. T he scale is 1 to 4 m illion and is plotted on a universal transverse m ercator
projection u sing latitude-longitude co-ordinates. Each rose is scaled relative to the amount and quality o f data
represented. T he mean orientation for the 41 boreholes illustrated is 026° ± 2 5 °.
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F ig u re SV 56: Rose map o f breakout orientations from Upper Cretaceous strata in the northern N orth Sea
from resistivity gradient. T he scale is 1 to 4 million and is plotted on a universal transverse m ercator
projection using latitude-longitude co-ordinates. Each rose is scaled relative to the am ount and quality o f data
represented. T he mean orientation for the 41 boreholes illustrated is 025° ± 2 4 °.
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F ig u re S V 58: R ose map o f breakout orientations from T ertiary strata in the northern N orth Sea from caliper
gradient. T h e scale is 1 to 4 m illion and is plotted on a universal transverse m ercator projection using
latitude-longitude co-ordinates. Each rose is scaled relative to the am ount and quality o f data represented.
T he mean orientation fo r the 42 boreholes illustrated is 094° ± 2 6 °.
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F ig u re SV 59: R ose map o f breakout orientations from T ertiary strata in the northern N orth Sea from
resistivity eccentricity. T he scale is 1 to 4 m illion and is plotted on a universal transverse m ercator projection
using latitude-longitude co-ordinates. Each rose is scaled relative to the am ount and quality o f data
represented. T h e mean orientation for the 32 boreholes illustrated is 044° ± 24°.
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F ig u re SV 60: Rose map o f breakout orientations from Tertiary strata in the northern N orth Sea from
resistivity gradient. T he scale is 1 to 4 m illion and is plotted on a universal transverse m ercator projection
u sing latitude-longitude co-ordinates. Each rose is scaled relative to the am ount and quality o f data
represented. T he mean orientation for the 32 boreholes illustrated is 043° ± 24°.
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