RESERVOIR
CHARACTERISATION
OF A LAMINATED SEDIMENT

THE RANNOCH FORMATION,
MIDDLE JURASSIC, NORTH SEA

Patrick W. M. Corbett, BSc., MSc., Dip.Stat.

This copy of the thesis has been supplied on the
condition that anyone who consults it is
uqderstood to recognise that the copyright rests
~ with its author and that no quotation from the
thesis and no information derived from it may be
published without the prior written consent of the
author or the University (as may be appropriate)

Submitted for the :
Degree of Doctor of Philosophy
Heriot-Watt University
Department of Petroleum Engineering

July 1993



LIST OF CONTENTS

DEDICATION
ACKNOWLEDGEMENTS
ABSTRACT
INTRODUCTION

CHAPTER 1. LAMINATION IN RESERVOIRS

1.1.
1.2.

The origin of lamination in sedimentary rocks

Previous studies of laminated sediments in petroleum engineering

CHAPTER 2.  THE RANNOCH FORMATION

2.1
2.2.

CHAPTER3.  PETROPHYSICAL DESCRIPTION OF THE RANNOCH

3.1,
3.2.
3.3.
3.4.
3.5.

3.6.

The geological description of the Rannoch Formation

Petroleum engineering challenges in the Rannoch Formation
reservoirs

FORMATION
The physics of core plug permeability measurements
Traditional core plug sample scheme

The development of the probe permeameter

 The physics of probe permeameter measurements

Probe permeameter sampling scheme

3.5.1. Probe measurements on Rannoch core plugs
3.5.2. Probe measurements on resinated core slabs
3.5.3. Probe measurements on unresinated blocks

Discussion of sample volume and spacing

- CHAPTER4. COMPARISONS OF PROBE AND CORE PLUG

4.1.
4.2.
4.3.
4.4,
4.5.
4.6.
4.7.

MEASUREMENTS OF PERMEABILITY
Measurements at the sub-core plug scale
Bounding surface permeability measurement
Plug-scale permeability measurements
Treatment effects affecting core plug and core slab measurements

Lamina and laminaset scale measurement of permeability

-Laminaset and bed scale variability

Formation scale measurement of permeability

o

11
11

19

24
24
26
29
31
33

37
38

45

47
47
52
54

63
73



4.8. Anisotropy (kv/kh ratio) measured at different scales 77
4.9  Discussion of the Rannoch permeability distribution 78

CHAPTERS.  TWO-PHASE FLOW PROPERTIES OF LAMINASET

ELEMENTS 80

5.1. Introduction to two-phase flow 81
5.2. Single phase laminaset properties 83
5.3  Determination of two-phase properties 85
5.3.1. Capillary pressure 85

5.3.2. Relative permeability 87

5.3.3. Recovery and water cut performance 87

5.3.4. Pseudo relative permeabilities and capillary pressures 90

5.4  Rannoch laminaset two-phase properties 98

CHAPTER 6. SCALE-UP OF LAMINASET PROPERTIES FOR CROSS

SECTIONAL WELL MODELS
6.1. Stratal elements and the geopseudo concept 99
6.2.  Geopseudos for laminaset elements 100
6.3. Geological model for the arrangement of laminasets within
the Rannoch Formation 101
6.4. Geopseudos for bedset elements 103
6.5. Discussion of bed scale simulations 108

CHAPTER7.  CROSS-SECTIONAL SIMULATION STUDY OF THE

RANNOCH 109

7.1.  Variability of the Rannoch Formation in North Sea fields 111
7.2.  Cross-sectional well modelling in Thistle Field 113
7.3. Transportability of geopseudos 120
7.3.1. Statfjord Field 121

7.3.2. Cormorant Field 131

7.4. Discussion of cross-sectional model results 138
CHAPTERS.  CONCLUSIONS AND FURTHER WORK 140
8.1. The use of the probe permeameter in laminated reservoirs 140

8.2. The geopseudo methodology and implications for petrophysics 142

8.3. Rannoch Formation average reservoir properties and remaining oil 143

NOMENCLATURE 145

REFERENCES



APPENDICES

I. STATISTICAL METHODS i
I.1. Measures of Central Tendency il
I.1.1. The Arithmetic Average iii
I.1.2. The Geometric Average iii
I.1.3. The Harmonic Average iv
I1.1.4. Differences Between Measures of Central Tendency iv
I.2.  Measures of Variability vi
I.2.1. The Standard Deviation vi
1.2.2. The Coefficient of Variation vii
1.2.3. Dykstra-Parsons Coefficient ix
I.3.  Distributions X
I.4.  Sample Sufficiency xiv
I.5. Linear Regression Xvii
1.6.  Spatial Correlation XX
I.7.  Statistical Testing xxvi
I.7.1. The t-Test Xxvi
1.7.2. The F-Test XXvii
IL PROBE PERMEAMETER CALIBRATION
II.1. Empirical Calibration i
I1.2. Analytical Calibration vi
III. ' THE PROBE VOLUME OF INVESTIGATION
III.1. ECLIPSE Model Study i
III.1.1. Model Construction and Operation it
I11.1.2. Model Results ii
IV. CAPILLARY PRESSURE
IV.1. Definition of Drainage and Imbibition Capillary Pressure
Curves i
IV.2. Capillary Pressure Distribution in Reservoirs A
IV.3. Rannoch Formation Drainage Capillary Pressure Curves
IV.4. Rannoch Formation Imbibition Pc Curves
V. RELATIVE PERMEABILITY
V.1. Relative Permeability and Wettability i

V.2. Relative Permeability and Lamination

V.3. Numerically Generated Relative Permeability Curves



V1. PSEUDOISATION
VI.1. Pseudo Relative Permeability and Capillary Pressure iii

VII. AN OUTCROP STUDY FOR STRATAL ELEMENT GEOMETRIES

VII.1. Stratal Element Terminology i
VIL.2. Background to the Studied Outcrop Sections ii
VIL.3. Quantification of Laminaset Geometry iv
VIL.4. Data Acquisition vi
VIL.4.1. Rannoch Formation vi
VIL.4.2. Bencliff Grit ix
VI1.4.3. Kennilworth Member xiv
VILS. Statistical Laminaset Data Comparison xvi
VII.6. Lenticular Shoreface Laminaset Geometries for Engineering
Studies xxi

VIII. ECLIPSE INPUT FILES
VIIL1 2-d Radial Probe Permeameter Model (MINIKMOD3C.DATA)
VIIL.2 Subfacies scale; Fine Grid A (EXFGA003.DATA)
VIIL.3 Facies scale; HCS bedform (HCS2D010.DATA)
VIIL4 Formation scale; Thistle Field (A33GEOP2.DATA)
VIILS Formation scale; Statfjord Field (STATO01.DATA)
VIIL.6 Formation scale; Cormorant Field (CORMO01.DATA)

IX. ROCK CURVES AND GEOPSEUDOS

IX.1 Rock relative permeability and capillary pressure curves
(3, 15, 50, 150, 500, 1500mD) P

IX.2 Geopseudo relative permeability and capillary pressure curves

IX.2.1 Ripple, high contrast, low contrast, wavy bedded -
8 x 8cm
1X.2.2 HCS, SCS - 1.5 x 12m (5x40ft)

X.  PROBE PERMEAMETER DATA SETS

X.1. Statfjord
X.l.a. Calibration data i
X.1.b. 33/12-B9 - Detailed Grids A-H il
X.1.c. 33/12-B9 - Coarse Grids - Cores 4, 5 viii
X.2. Thistle :
X.2.a. Calibration data xii
X.2.b. Thistle A31 - Blocks xiii
X.2.c. Thistle A31 - 0.5cm spacing data xvi



Fig.

1.1

1.2
1.3

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

3.1
3.2

33
34

3.5

3.6

LIST OF FIGURES (in text)

CHAPTER 1.

Shield’s diagram showing how fluctuations in current strength
lead to alternating suspension and deposition of sediment of
sediment.

The hierarchy of stratal elements.
Relationships between permeability and grain size.

CHAPTER 2.

Location map for some Rannoch Formation producing fields in
the northern North Sea.

Typical lower Brent Group sequence, Middle Jurassic, North
Sea.

Photograph of typical Rannoch lamination types from the
various facies.

Photomicrograph showing typical pore-characteristics of a mica-
poor and mica-rich laminae in the Rannoch Formation.

Interpreted sketch of the HCS laminasets of the Rannoch
Formation.

Plot of mean flow velocity against median sediment size
showing stability field of bed phases.

A depositional model for the Rannoch Formation showing the
distribution of lamination types and associated bedforms in a
storm-dominated shoreface.

Pressure data for the Rannoch-Etive flow unit from the Statfjord
Field, North Sea.’ '

Core plug data for a typical lower Brent, Rannoch-Etive
sequence,

Schematic of Rannoch-Etive production performance as
suggested by previous simulation studies.

CHAPTER 3.

Core plug permeability measurement.

Limitations of core plug and whole core sample volumes and
spacings.

Statoil’s laboratory probe permeameter.

Probe permeability measurements on a core plug.

Statfjord well 33/12-B9 showing location of intervals of cores 4

and 5 on which the initial probe permeability study of the
Rannoch Formation was carried out.

Thistle well A31 showing interval of cores which the more
comprehensive probe permeability study of the Rannoch was
carried out.

Page

11
12
14
15

16

16

18
19
21

22

25
27

30
31

35

36



Fig.
3.7

3.8

3.9

3.10
3.11
3.12
3.13

3.14

4.1
4.2
4.3

4.4
4.5

4.6

4.7
4.8

4.9

4.10
411 a

4.11b

Quantification of visual assessments of heterogeneity with the
probe permeameter for a set of Rannoch Formation core plugs.

Heterogeneous plugs can be excluded from measurement
comparisons by quantification of variability with probe
measurements.

Coarse and fine grid sampling scheme for the Statfjord core
study.

Procedure for the generation of subsamples from the original
sample population.

Number of samples from each subsample generated by the
procedure illustrated in Fig. 3.10.

Arithmetic average for each subsample generated by the
procedure illustrated in Fig. 3.10.

Comparison of large and small probe measurements over
selected core intervals.

Typical probe permeameter sample programme for an
unresinated block (B1-3) of the Rannoch in the Thistle Field.

CHAPTER 4. _

Detailed permeability profiles for samples B1-3 and B1-2.
Detailed permeability profiles for sample Al-2.

Probe scale ky:ky, relationship for the Rannoch Formation.

g?tgiled permeability mapping of a bounding surface, sample

Comparison of probe and Hassler cell permeabilities on cleaned
homogenous plugs. '

Comparison of averaged probe permeabilities on uncleaned
slabbed core with cleaned plug permeabilities.
Comparison of probe measurements after various treatments.

Probe permeability maps of the three main Rannoch laminaset
types.

Comparison of a semivariogram in a high mica, anisotropic,
Rannoch laminaset with one from a relatively homogeous
(Etive) sediment.

Pattern of probe permeabilities showing distribution with a
single bed.

Permeability variation within the SCS facies, Rannoch
Formation, Thistle Field.

Permeability variation within the HCS facies, Rannoch
Formation, Thistle Field.

Page

37

38

40

41

41

42

43

46

49
50
51

53

57

58

60
61

62

66

67



Fig.
4.11 ¢

4.12

4.13

4.14

4.15

4.16
4.17

4.18

5.1

5.2

5.3

5.4

5.5
5.6

5.7
5.8

5.9
5.10a

5.10b

Permeability variation within the WB facies, Rannoch
Formation, Thistle Field.

Permeability semivariogram for the probe data from the
Statfjord Field Rannoch interval shown in part by Fig. 4.10.

Permeability semivariogram from 1ft spacing core plugs from
the same interval as shown in Fig. 4.12.

Probe permeability pattern and corresponding semivariogram
showing well defined, repeated, bed structure at a scale-length
of £1.2m.

Permeability distributions for Rannoch facies from probe
permeameter measurements.

Permeability/porosity trends for the Rannoch Formation.

Plug and probe permeability summary for the Rannoch
Formation, Thistle Field.

Rannoch Formation permeability anisotropy plot.

CHAPTER 5.

Rate dependency of recovery for cross layer and along layer
waterflooding.

Probe permeability (arithmetic average of 4 measurements at
each end of the plug) versus plug porosity for the homogeneous
Rannoch Formation plugs.

Capillary pressure curves for the Rannoch Formation from
Thistle A33 and the family of curves selected for this study.

Power-law relative permeability curves and the family of relative
permeability relationships used in this study, generated by
shifting connate water saturations in accordance with the
capillary pressure curves.

Arrangements of cells in subfacies model simulations.

Recovery and water cut performance for waterflood simulation
in HCS subfacies, Rannoch Formation.

Recovery and water cut performance for wavy bedded facies.

Comparison of detailed layered model performance, uniform
model with “pseudos”, and uniform model with arithmetic
average permeability and corresponding capillary relative
permeability curves.

Comparison of detailed layered model with uniform model.

Bed-normal and bed-parallel pseudo relative permeability and
capillary pressure curves for Rannoch Formation HCS/SCS

laminasets.

Bed-normal and bed-parallel pseudo relative permeability and
capillary pressure curves for Rannoch Formation wavy bedded
laminaset.

Page

68

71

71

72

73

74
76

77

82

83

86

87

88
89

90

91
92

93

94



Fig. Page

5.11  Horizontal flow performance of three Rannoch Formation 95
laminasets.

5.12  Schematic representation of capillary trapping at the laminascale. 96

CHAPTER 6.

6.1a Two-dimensional HCS bedform model showing internal 102
arrangement of laminaset styles.

6.1 b Two-dimensional gridblock representation of HCS bedform 103
model shown in Fig. 6.1 a.

6.2 Anisotropic flow performance in Rannoch Formation HCS 104
bedform model.

6.3 Bed-normal and bed-parallel pseudo relative permeability and
capillary pressure curves for the Rannoch Formation HCS 104
bedsets.

6.4 Comparison of recovery performance for the geopseudo HCS
bedform model with uniform models using arithmetic average or 105
harmonic average and single rock capillary pressure curve.

6.5  Flow through SCS stacked bedforms. 106

6.6  Flow performance for modiﬁed HCS and eroded bedform 106
models of amalgamated SCS.

6.7 Geopseudos for modified HCS, and eroded bedform models 107
for amalgamated SCS bedforms.
CHAPTER 7.

7.1 Location map of North Sea Rannoch-producing fields discussed 111
in this chapter.

7.2 Cross-section through lower Brent Group in the northern North
Sea showing the west to east thickening and poroperm 112
improvement in the Rannoch reservoir.

7.3 Sketch map of the Thistle Field showing locations of wells and 113

modelled cross section.
7.4 Thistle Field cross-sectional well model. 115
7.5 Comparisons of model water cuts and production rates. 117

7.6 Numerically scaled kro rock curves suitable for a 8cm square
grid cell and for horizontally and vertically directions ina 118

rectangular grid block.
7.8 Thistle Field cross sectional model saturation distributions. 119
7.9 Simplified sketch map of the Statfjord Field. 121
7.10  Simplified Statfjord cross-section showing geometry of wells 122
on the w. flank.
7.11  Statfjord cross-sectional well model. 124

7.12  Bedset geopseudos for large grid blocks of Rannoch bedsets. 124



Fig. Page
7.13  Statfjord Field model water cut performance. 126

7.14  Time-lapse saturation logs in the Rannoch Formation, compared 127
with modelled saturation.

7.15 a Water saturation in the Statfjord model at 882 days: geopseudo 129

. model.
7.15 b Water saturation in the Statfjord model at 882 days: rock curve

model. 130

7.16  Sketch map of the northern Cormorant Field showing location 131
of modelled section in Fault Block III.

7.17  Cormorant Field cross-sectional model showing arrangement of 132
blocks, layers and wells.

7.18  Total fluid injected; field data and model control input. 134

7.19  Water cut performance of rock curve model and geopseudo 135
mode after breakthrough.

7.20 a Cross-section through Cormorant simulation model at 639 days: 136
geopseudo model.

7.20 b Cross section through Cormorant simulation model at 639 days; 137
rock curve model. .

APPENDIX I
I.1 Distributions of measures of central tendency. v
1.2 Coefficient of variation for a range of geological materials. viii
L3 Graphical solution of the Dykstr-Parsons coefficient. X
1.4 Simple histograms. xi
L5 Probability distribution functions underlaying the sample xii
histograms. '
1.6 Cu;nulative distribution functions associated with the above xii
pdf’s.
1.7 Skewness as it appears in normal probability plots. xiv
1.8 Two variables that show a positive relationship. xviii
1.9 Method of least squares for y on x regression. Xviii
10  Residuals demonstrate the quality of the regression model. XX

L.11  Characteristic shapes of autocorrelation functions in the  xxi
presence of correlation.

L12  Variogram terminology. xxii

L13  Characteristic shapes of autocorrelation functions for random  xxii
samples.

L.14  Periodicity in sedimentary rocks and their variograms. XXiv

I.15 Multiple correlation scales in sedimentary rocks, as shown by  xxv
the variograms.



Fig. Page
APPENDIX II

1.1 a Empirically-derived calibration curves for the large probe. ii
IL1 b Empirically-derived calibration curves for small probe (SP1). ii
1.2 Empirically-derived calibration curves for small probe (SP1). vi

APPENDIX III

1.1 Schematic illustration of the ECLIPSE probe permeameter iii

model grid.

III.2 ECLIPSE probe permeameter model pressure match. iv

III.3a Modelled probe permeameter response to an impermeable v
boundary at an absolute distance from the probe tip.

III.3 b Modelled probe permeameter response to an impermeable vi
boundary at a dimensionless distance from the probe tip.

II1.4  Pressure disturbance around the probe permeameter tip. vi

APPENDIX 1V

IV.1 A capillary pressure curve. ii
IV.2  Capillary pressure curves for typical reservoir rock types. iii
IV.3  Capillary pressure hysteresis. .\
IV.4  Static water saturation distribution in a homogeneous reservoir. v
IV.S  Static water saturation distribution in a layered reservoir, where vi

the capillary pressures of the interbedded reservoir rock varies.

IV.6  Laboratory drainage Pc measurements for a series of Rannoch
Formation core plugs, transformed to field units using the vii
Leverett J-curve. '

IV.7  J-curves generated from the Rannoch laboratory data shown in vii

Figure IV-6.

IV.8  Families of drainage capillary curves. . viii

IV.9  Systematic Pc curves for 1-750mD generated using a J- ix
function.

IV.10 Connate water - permeability relationship for the Rannoch X
Formation, Thistle Field.

IV.11 Connate water - permeability relationships for various X
formations.

IV.12 Capillary pressure curves generated for the Rannoch Formation
using the Leverett J-function, connate water, permeability and
porosity permeability relationships determined from analysis of xi
a petrophysical data.

IV.13 Rannoch drainage/imbibition capillary pressure curves from xii
Cormorant Field. :

IV.14 Comparison of Cormorant Field drainage capillary pressures xiii
with those from Thistle Field in the Rannoch Formation.



Fig.
IV.15

Iv.16

IvV.17

V.1
V.2

Comparison of drainage and imbibition capillary curves for
Cormorant Field Rannoch Formation.

Family of J-curved derived imbibition capillary pressure curves
range of Rannoch permeabilities.

Performance and pseudos for high-mica lamination using
truncated drainage and scaled imbibition Pc curves.

APPENDIX V
Relative permeability curves.

Water displacing oil from a pore during a waterflood and the

* appropriate relative permeability curves.

VL1

VIIL1
VII-2

VIL3

VIL4

VILS5

VIL6

VIL7
VIL8

VIL9

VIL.10

VIL.11

VIL.12

VII.13

VIL.14

APPENDIX VI

Sketch illustrating the determination of effective properties for a
large block from the simulation of many smaller blocks.

APPENDIX VII
Sedimentary log from the Bencliff Grit section at Osmington.
A model facies succession in a storm-influenced parasequence.

Definition sketch for laminaset bounding surface features
measured in this study.

Examples of Rannoch Formation laminaset bounding surfaces
as seen in slabbed core,

Bounding surface type and lamina relationships for low-angle
cross lamination in Rannoch wells.

Beclil thickness and truncation angle vs. depth for the Rannoch
wells.

Laminaset elements in the Bencliff Grit at Osmington.

Example of H‘CS laminaset elements in the Bencliff outcrop.

Variation of bed length, thickness and aspect ratio with depth
through the Bencliff Grit outcrop.

Example of larger scale bed elements in the Bencliff outcrop
showing downlapping lamination overlying the basal scour.

Antiformal lamination over undulating bank or erosional scour
in a larger scale element.

Example of HCS laminaset elements in the Kennilworth
outcrop.

Laminaset bounding surface types and lamina relationships for
HCS in Kennilworth Member outcrop at Woodside.

Length-thickness relationships for HCS laminasets in the
Kennilworth Member.

Page

Xiv

Xv

xvi

iv

xiv

Xv

XX



Table
No. .

4.1

5.1
5.2

7.1
7.2
7.3

II.1

I1.2

VIL.1

VIL.2
VIL3
VIL4

VILS
VIL.6

LIST OF TABLES (in text)

CHAPTER 4.
Comparison of core and probe estimated of horizontal and

vertical permeability.

CHAPTER §.

Rannoch laminaset probe poroperm properties.

Rannoch laminaset plug poroperm properties for equivalent
intervals to Table 5.1.

CHAPTER 7.

Thistle model layer permeabilities.

Statfjord model layer petrophysical properties.
Cormorant model layer petrophysical properties.

APPENDIX II ,

Empirically-derived conversion factors for probe flow rates to
permeabilities.

Comparison of empirical and calculated conversion factors.

APPENDIX VII
Comparison of Truncation and Dip Angles for Rannoch,

" Kennilworth and Bencliff Grit.

Significance values for the natural log of dip angle.

Significance values for the natural log of truncation angle.
Comparison of laminaset geometries for Rannoch, Kennilworth
and Bencliff Grit.

Significance values for the natural log of length.

Significance values for the natural log of thickness.

Page

55

84
85

114
123
133

iv

xvi
xvii
xviii
Xviii

xiv
xix



DEDICATION

This thesis is dedicated to all those who
have played a part in the development of
the probe permeameter.

Their faith has been rewarded,

the little things are important.



ACKNOWLEDGEMENTS

The author would like to take this opportunity to acknowledge the many contributions
that have helped at all stages of this study. The most important figure has been my
supervisor Jerry Jensen whose foresight initiated the project and whose guidance
sustained me in those confusing early days. His persistence and dedication to the cause,
which started with long-distance telephone calls to Kalimantan, has been rewarded. In
addition, the practical assistance and moral support of colleagues in the Edinburgh
Reservoir Description Group; Philip Ringrose, Gillian Pickup, Farag Feghi, Ken Sorbie
and John Underhill was invaluable. Other members of the department have also
provided many useful insights and shared their extensive knowledge of probe
permeametry, particularly Jon Lewis and Kjell Rosvoll. The geopseudo ideas grew out
of Philip Ringrose’s theoretical studies and their application in this real-life case study.

Thanks also go to Adrian Pearce, Greg Geehan and Andy Hurst for promoting and
setting up the project. Christian Halvorsen and Statoil are thanked for the painstaking
probe measurements that were taken during this project. Statoil’s probe permeameter,
the care taken in the data acquisition and the resulting high quality of the data
contributed much to the weight of my conclusions. Greg Geehan and BP are also
thanked for their support of the Bencliff outcrop study. Philip Ringrose, Gerald Corbett
and Jon Lewis are thanked for their help during the associated field work. Greg Gechan
and Caroline Bajsarowicz assisted in the collection of the Rannoch truncation angle
data. Simon Stromberg, Pat Brenchley and BP are also thankéd for making the
Kennilworth data available for the comparative analysis.

BP, Shell, Statoil and their partners are thanked for providing field data on the Thistle,
Statfjord and Cormorant Fields. BP, Chevron, EIf, Exxon, Statoil, Shell, Mobil,
Deminex, Enterprise, and the UK Department of Industry are also thanked for funding
the various stages of this work. Intera Information Technologies are thanked for the
provision of ECLIPSE on which all the numerical simulations were carried out. CIliff
Ogle is thanked for his help in the preparation of the photographs for this thesis and the
many slides he has been asked to prepare for me during the course of the project.

Finally, and most deeply, I thank Kate for her encouragement, understanding and
support that has enabled to achieve an ambition. A doctoral study is, by nature, a
lonely journey. Now the destination has been reached, we can resume normal family
life again. William, Jessica and Hugo will doubtless appreciate a more relaxed father.

ii



ABSTRACT

The probe permeameter is a recently developed device providing a small scale
measurement of permeability. About 15,000 probe permeameter measurements were
acquired for analysis during this study. These data were acquired by Statoil from cores
in two North Sea wells. These cores are from the Middle Jurassic Rannoch Formation
of the Brent Group. This reservoir unit was selected for this study because of its

laminated nature and challenge to conventional description and simulation practice.

All aspects of probe permeametry are investigated in this study; the volume of
investigation, the compatibility with measurements at larger scales, the measurement
statistics, the optimum sample spacing, the relationship of the measurements to the
geological description and the scale-up of data for two-phase numerical reservoir

simulation.

Careful analysis of probe and traditional plug data shows that the measurements are
compatible. Systematic differences could be accounted for by different treatment
effects of the material. The probe measurements show that the permeability distribution
in the Rannoch Formation is closely related to the primary depositional structure of the
sediment, at a hierarchy of scales. This observation is used in combination with
conventional simulation techniques to build a more geologically-realistic numerical
model of the Rannoch Formation. The scale-up of the small scale measurements is
achieved by generation of effective properties foxj geologically representative elements
at various scales and is called the “‘geopseudo” method. The scale of the natural
building blocks within the sediment were determined with the aid of an appropriate

outcrop analogue. The model results compare favourably with field production data.

This work demonstrates, for the first time, a systematic method for the scale-up of small
scale petrophysical properties associated with lamination in sedimentary rocks, as
measured by the probe permeameter. Laminated reservoirs are widely encountered and

this work, therefore, makes a significant contribution to reservoir engineering practice.

iii



INTRODUCTION

Reservoir simulation is widely used in the oil industry for planhin g and monitoring
the development of oil and gas ficlds. Engineers routinely use computer models to
plan wells or workovers and to determine the injection and production targets which
define the operational priorities and recovery factors for a field under development.
With the ever-increasing power of computing, accessability to workstations and
sophistication of modelling techniques, reservoir simulation is likely to gain more
practitioners and an even higher level of predictive reliance. The development of
reservoir simulation is further encouraged by an increasingiy detailed level of
petrophysical characterisation to match the geological description of reservoir rocks.
This study looks at one aspect of characterisation for reservoir simulation, that of a

common geological phenomena - a laminated sediment.

A major problem in reservoir simulation has been the scale-up of petrophysical
measurements required by the numerical models. Traditionally, reservoir model grid
blocks have been relatively large and have been assigned properties from
incompatibly small sample volumes by means of various averaging techniques. For
this study, measurements at even smaller scales, smaller than were typically available
previously, have been made available. Smaller scale measurements should potentially
increase the demands of averaging techniques. The smaller scale measurements,
however, provide an improved description of the geology (i.e., the lamination) and
present a new opportunity for scale-up procedures. Despite the availability of
increasingly powerful computers, the averaging or determination of effective

properties at larger scales is expected to be needed for some time to come.

Computer models work by solving a well-defined flow equation (i.e., Darcy’s Law),
under the constraint of mass conservation. The finite difference flow equations are

solved between adjacent grid blocks in response to applied pressure gradients



representing production or injection wells. The petrophysical properties which
govern the location and flow of hydrocarbons (e.g., porosity, permeability, capillary
pressure and relative permeability) are assigned to the centre of each grid block.
These parameters apply to the volume of the grid block. The size of individual grid
blocks is determined by the scale of the modelled reservoir. With 10,000-40,000
grid blocks available from today’s computers, these blocks are by necessity large
(10’s of metres by 100’s of metres) relative to the scale of the typical measurement

(usually a cylindrical core plug of a few centimetres diameter and length).

As several, or indeed many, core plugs may be available within each grid block at the
cored wells, some data reduction or averaging is always required. Away from the
wells, statistical and geological techniques are used to extrapolate the limited data set
over the remaining reservoir volume. The effectiveness of the averaging and
extrapolation techniques will determine the degree to which the models are able to
predict real-life. The sampling programme (both volume and spacing) will determine
how well real-life is described at the control locations. Appropriate sampling is, -

therefore, critical to the success of any reservoir simulation excercise.

The oil .industry has relied largely on core plugs to provide the petrophysical
measurements which form the feedstock of the reservoir models. The core plugs are
a non-zero volume of the reservoir rock and therefore give average petrophysical
properties for the respective volume. In many reservoir rocks, these core plug
volumes are not homogeneous. Layering within the core plug volume (i.e.,
lamination) can strongly influence the measurement of certain properties, particularly
permeability and relative permeability, which become affected by the orientation of
the laminae. The measurement of permeability, for example, along laminae and
across laminae may show anisotropy. Since permeability is an intensive variable, the
desired value is dependent on the imposed boundary conditions. Such variables

require careful assessment before scale-up procedures are applied.



Many techniques have been developed for averaging permeability measurements.
These vary in complexity from simple algebraic methods for single phase
permeability to more complicated procedures, involving numerical simulation or
tensor mathematics, for two-phase (oil and water) properties. Each of these methods
assumes some arrangement of the sample values (random or ordered) relative to the
imposed boundary conditions. The correlation length, or the distance over which
knowledge of permeability at one location can help predict the value at a second
location, is a statistical measurement of order (or randomness). Averaging or
homogenisation should ideally occur over volumes at least as large as the correlation

lengths within the data in order to be representative.

Recently, a new device for the measurement of permeability, the probe permeameter,
has been developed which, along with some other advantages, allows measurement
of permeability at a smaller scale. These measurements, which may be more
abundant and potentially more demanding to average, help by clarifying the
correlation between permeability and geological features. This improved linkage is
illustrated in this work and the geology exploited to determine the spatial structure of
the petroph‘ysical properties. Knowing the relationship between permeability and
depositional structure, the data collection, averaging and extrapolation can be

optimised for a given formation.

Geologists have appreciated for many years that sedimentary rocks consist of a
hierarchy of stratal elements. The hierarchy implies a nested structure of correlation
lengths. In this work, we show how homogenisation, at scales above the correlation
lengths associated with laminae and beds, provides a scale-up procedure that

incorporates the geology and mimics the natural architecture of reservoirs.

The Rannoch Formation (Middle Jurassic, North Sea) is a well described and
strongly laminated reservoir unit. Flow performance at the larger scale implies an
anisotropy (vertical permeability less than horizontal permeability) that is significantly

different from that indicated by measurements at the core plug scale. The core plugs



are an inappropriate sample volume for the characterisation of laminated reservoirs.
Indeed the measured anisotropy is a function of the scale measured. This is
illustrated with the help of fine scale probe permeameter measurements and, from
these, appropriate anisotropy estimates are derived to provide a different

understanding of the production mechanism for this formation.

Laminated sediments are almost universal, resulting from thé inherent periodicity in
“many depositional processes. Measurement of permeability contrasts between
laminae is, therefore, the first step in the building of a reservoir model. It is at these
small length scales that capillary forces are most apparent. If pervasive high contrast
lamination is present within a reservoir unit it is likely to affect the flow performance

of the unit.

In this study, an efficient method for the characterisation and scale-up of flow in
laminated sediments has been develéped. The geopseudo philosophy (i.e., that there
exists at some, perhaps several, scales representative elements for which the effective
two-phase flow parameters can be detehined) provides a focus for the description of
reservoir rocks. Application of the geopseudo method in reservoir simulation can
improve the prediction of initial oil-in-place, flow performance and remaining oil

saturation in petroleum reservoirs.



CHAPTER 1

LAMINATION IN RESERVOIRS

In this chapter, the origin of lamination in sediments is reviewed. A sedimentological
perspective suggests that laminated sediments are the norm. The effects of
lamination, however, despite being recognised in laboratory experiments in the

1970’s has largely been ignored in everyday reservoir simulation practice.

1.1 The Origin of Lamination in Sedimentary Rocks

Lamination or small scale systematic variations in rock texture within clastic
reservoirs is ubiquitous as a result of natural depositional processes. Truely massive
sands (i.e., those without any internal structure) are very rare, whilst laminated

sediments occur in virtually every major environment (Pettijohn et al., 1972, p.100).

The accumulation of detrital sediments dependant on sediment transport (Allen, 1970,
p.56). In uniform, steady-state conditions deposition cannot take place. Only when
the transport rate changes can either net erosion or deposition occur. In nature, the
transport rates in air and water are continuously changing in some periodic or
episodic form during storm or flood conditions. Periods of quiescent conditions tend
to leave no mark (erosional or depositional) in the geological record. Most
sedimentary sequences record the alternation of deposition and erosion and, for all

preserved sequences, deposition prevailed in the long term.

Sediment particles travelling in a transporting medium (air or water) are subject to
several forces of nature: inertial, viscous and gravity. Sediment particles are either
transported as bedload in a thin, densely packed layer above the base of the liquid

column, by sliding, rolling or saltating or by suspension (carried by turbulence within



liquid column). As gravitational forces exceed inertial forces (i.e., as the fluid
velocity drops), the grains will either settle out from suspension or their bedload
transport cease (Fig. 1.1). As transport velocities vary continuously, the depositional

process can be a very effective sorting mechanism.

Bedload transport results in bedforms or spatially periodic mounds and hollows at the
sediment liquid interface (Allen 1970, p. 67). Sediment transport by migrating
bedforms results in internal lamination or stratification as a result of the periodic
movement of that bedform (Allen, 1985, p. 70). Preserved bedforms within
sediments deposited subaqueously are the fossilised form of the river or sea bed. In
sediments, plane horizontal lamination, undulating lamination and cross-lamination all

result from the preservation of the passage of migrating bedforms.
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Figure 1.1: Shield's diagram showing how fluctuations in current strength
lead to alternating suspension and deposition of sediment. Range of Rannoch

Formation grain size shown (after Allen, 1985).



All detrital sediments will exhibit lamination. A lamina is a mm- to cm-scale stratal
element with near uniform properties that is deposited over a relativély short period of
time (Campbell, 1967; Van Wagonér et al., 1990). Laminae are the smallest
megascopic elements in a hierarchy of stratal elements (Fig. 1.2). Laminae are
bounded by laminar surfaces with no internal layering. There is no genetic distinction
between a lamina and a uniform bed. Laminae, however, are often arbitrarily defined
by a maximum thickness of lcm (Pettijohn et al., 1972). Other authors are less
concerned by such a strict definition (Campbell, 1967; Van Wagoner et al., 1990) and
allow a dégree of overlap in the scale of elements. Laminae generally have a smaller

areal extent and form in a shorter period of time than beds.

In this work, we are primarily interested in the effects due to capillary forces of
contrasting laminae or thin beds at length scales up to 5cm (Ringrose et al., 1992).
Therefore, it is convenient to consider lamination (i.e., capillary-sensitive lamination)

to refer to elements Scm thick or less.

Lamina are defined by a uniform internal texture, which implies relatively good
sorting and a resulting narrow range in grain size. Whether laminae within any
reservoir are defineable and/or have flow significance will depend on the range of .
grain characteristics (i.e., minerology, shape, size and colour) involved. Grain size
and sorting have a fundamental control on pore throat geometries and, hence,

permeability (Fig. 1.3).

The degree of permeability contrast between laminae is a function of the extreme
range of current strength and the diversity of sediment available. A sediment that is
contains a narrow range of grain sizes is not likely to produce strong permeability

contrast laminae. On the other hand, a wider range of grain sizes in a sedimentin a

strongly fluctuating current can result in high heterogeneity.

Post-depositional process (e.g., dewatering, bioturbation or diagenesis) can modify,

either destroying or enhancing, the depositionally-derived permeability fabric.
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However, in this study, we confine our investigations to sediments that (excluding
compaction) have suffered little apparent post-depositional alteration. In such
sediments, the permeability distribution is largely controlled by the depositional

sedimentary fabric.

1.2 The Study of Laminated Sediments in Petroleum Engineering

In the large volume of papers published to date, concerning experimental floods of
rocks and numerical reservoir simulation, very few specifically consider the effects of
lamination. Indeed, many of the petrophysical measurements are made on
homogeneous samples (i.e., specifically avoiding laminated rocks) and numerical
simulations utilise grid blocks too coarse to require quantification of such small-scale
heterogeneity. As a result, the effects of lamination have gone largely unquantified, if
not totally unnoticed, to date. Many studies, using inappropriately large grid blocks
or flow rates, have mistakenly concluded that such small scale features are

insignificant (Kossack et al., 1990).

There are a few notable exceptions to the above. Over twenty years ago,
experimental flooding of laminated sediments showed the effects of laminae to be
significant at the laboratory scale (Robertson and Caudle, 1971). These effects,
however, were not systematically incorporated in numerical reservoir models because
of the lack of a scale-up procedure. Similarly, the effects of lamination on relative
permeability measurements has also been well docummented (Hornapour et al.,

1986, p. 52). Nevertheless, industry has largely ignored these effects to date.

More recently, a few numerical studies have investigated the ﬂow performance of the
small-scale geology, using appropriately sized grid blocks, and have shown the
effects of systematic lamination (Kortekaas, 1985; Hartkamp-Bakker, 1991) or less
ordered permeability ficlds (Lasseter et al., 1986) to be significant. That the small-

scale structure in reservoirs (particularly lamination) can determine the distribution of



remaining oil is, however, more widely appreciated (Weber, 1986; van de Graff and
Ealey, 1989) if not routinely quantified. For carbonates, the control of small scale
structure on residual oil saturation has been well described (Wardlaw and Cassan,

1978).

The effects of small scale geology have largely been ignored in large scale reservoir
simulations. A recent study, with more appropriately sized grid blocks (0.25 x 1m),
has shown significance of capillary pressure on recovery efficiency (Hoimyr et al.,
1993). In this latter study, the grid blocks are still relatively large compared with the

primary depositional structure.
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CHAPTER 2

THE RANNOCH FORMATION

2.1 The Geological Description of the Rannoch Formation

This study concentrates on a well documented reservoir from a shallow marine
setting. The Middle Jurassic Rannoch Formation is a significant oil-bearing and oil-

producing reservoir in the northern North Sea offshore area (Fig. 2.1).
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Figure 2.1: Location map for some Rannoch Formation producing fields in
the northern North Sea. Light shading shows location of Rannoch-producing

fields, dark shading shows fields considered in this study.
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The laminated sediments of the Rannoch Formation were deposited along a
dissipative shoreline in advance of a northward prograding deltaic system (Budding
and Inglin, 1981; Richards and Brown, 1986; Brown et al., 1987; Richards et al.,
1988; Brown and Richards, 1987; Graue et al., 1989; Mitchener et al., 1992; Scott,
1992). The Rannoch Formation is characterised by low angle cross-laminated,
micaceous, fine to very fine grained sandstone (Fig. 2.2). The Rannoch is directly
overlain by the medium to coarse grained, upper shoref;zce/beach barrier sandstones

of the Etive Formation.
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Figure 2.2: Typical lower Brent Group sequence, Middle Jurassic, North Sea.
The Rannoch Formation comprises intervals of hummocky cross-stratification

(HCS), swaley cross-stratification (SCS) and a wavy bedded interval (WB).

The Broom Formation that underlies the Rannoch Formation is a variably developed,
generally coarse grained, transgressive shoreline sandstone of an earlier depositional

sequence (Mitchener et al., 1992). The Broom Formation is usually separated from
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the Rannoch Formation by a thin shale. Together, the Broom, Rannoch and Etive

Formations form the lower Brent Group.

More specifically, within the Rannoch Formation, hummocky cross stratification
(HCS, Harms et al., 1975; Dott and Bourgeois, 1982; Walker et al., 1983; Duke,
1985; Walker, 1985) of the lower shoreface is overlain by swaley cross-stratification
(SCS, Allen and Underhill, 1989) of the middle shoreface and nearshore bar (Fig.
2.2). The low angle cross-laminated sequence (30-60m) is commonly overlain by a
thin (3-5m) nearshore trough facies. This nearshore trough facies has been described
in core from the Thistle Field and is seen to be wavy bedded to ripple laminated and
strongly micaceous. This facies is described as wavy bedded (WB) for the purposes
of this study as the interval is dominated by wavy bedded thin sandstones. Similar
material is identified in published photographs by other workers (Scott, 1992, her

Fig.15a) and is thought to be reasonably widespread.

The prograding shoreface is capped by the barrier beach, longshore bar or rip channel
deposits of the overlying Etive Formation. Together, the Rannoch and Etive
Formations form a single hydrodynamically-continuous flow unit, bounded by
correlatable shales. These shales are considered to be the deposits of high relative sea
levels and can be considered maximum flooding surfaces. In sequence stratigraphic
terms, the Rannoch/Etive Formations describe a parasequence (Van Wagoner et al.,

1990).

The microscopic fabric of the Rannoch Formation is of interest here, as the
permeability will be controlled by the grain size and sorting of the sediment at the
finest scale. Rannoch Formation sediments are characteristically feldspathic and
micaceous. For example, Scotchman et al. (1989) deséribe the Rannoch mineralogy
in Northwest Hutton: quartz (67%), felspar (4.8%), calcite (7.4%), mica (2.8%) and
clay (16%). The distribution of the mica gives rise to the distinctive banded
appearance of the Rannoch (Fig. 2.3) although at the pore-scale the mica is generally

dispersed (Fig. 2.4). The quartz is uniform, very fine to fine sand.
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Figure 2.3: Photographs of typical Rannoch lamination types from the
various facies: a) low mica lamination (HCS/SCS); b) high mica lamination
(HCS) with the distinctive banded appearance due to the contrast between dark
mica-rich and light mica-poor laminae; ¢) ripple lamination (HCS) d) wavy

bedded lamination (WB)

The hydrodynamic equivalence of medium mica platelets are sand grains
approximately 1/12th the grain diameter (Berthois, 1962). The hydrodynamic
properties of the mica in the Rannoch is, therefore, very similar to the accompanying
sand. Subtle contrasts in the settling velocity of sand grains and mica platelets are
therefore enough to generate the sorting into mica-poor and mica-rich couplets (Fig.

2.4).
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Figure 2.4: Photomicrograph showing typical pore-characteristics of a mica-
poor (lower) and mica-rich laminae (upper) in the Rannoch Formation. Note that
the mica platelets are disseminated in both elements and in neither do mica

platelets form closely packed impermeable layers. (N.B.: m - mica platelets)
There has been much discussion on the depositional processes responsible for
HCS/SCS beds (Kreisa, 1981; Duke, 1987; Klein and Marsaglia, 1987; Swift and
Nummendal, 1987; Allen, 1989; Brenchley, 1989; Duke er al., 1991) and whether
they are produced from pure oscillatory (Southard er al., 1990) or combined
oscillatory/translatory flow (Nottvedt and Kriesa, 1987; Allen and Underhill, 1989).
HCS bedforms are generally found in fine grained sediments, are characteristically
circular in plan view with a lack of any slip face (Fig. 2.5). SCS bedforms are

similar in geometry but lack the rippled hummock crests.
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Figure 2.5: Interpreted sketch of the HCS laminasets of the Rannoch
Formation. Note the circular plan view of the bedform and the similarity of the
orthogonal sections. HCS laminasets are bounded by low angle, erosional

bounding surfaces.

In fine grained sediments, however, migrating slipface dune bedforms will not be

expected (Fig. 2.6).
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Figure 2.6: Plot of mean flow velocity against median sediment size showing
stability field of bed phases. (After Ashley, 1990). Grain size of typical

Rannoch sediments indicated.
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The fabric of typical HCS sandstones lack consistent particle alignment and
imbrication (Cheel, 1991; Yokokawa and Masuda, 1991) suggesting deposition from
a predominantly oscillatory flow. Unidirectional sole marks (such as those
recognised in Wapiabi Formation HCS, Upper Cretaceous, Canada by Cheel, 1991),
on the other hand, would support an initial unidirectional component. Sole marks
have not been described to date from the Rannoch Formation HCS. Nevertheless, an
early unidirectional component is considered to be the scouring mechanism within the
Rannoch (Scott, 1992). In reading the literature, it is clear that the origin of beds
described as HCS or SCS cannot be ascribed to a single environment of deposition

and that tﬁé bedforms probably have a polygenetic origin (Southard et al., 1990).

Thin section analysis of Rannoch Formation sediments shows recurring coarsening-
up, mica-poor and fining-up, mica-rich laminae (Scott, 1992). For each lamina,
Scott suggests a depasitional mechanism. In her model, an initial high-density shear
layer near the bed concentrates the coarsest grains at the surface. As the flow velocity
falls below the threshold, the bedload freezes as a coarsening-up layer (the mica-poor
lamina) and finer sediment falls from suspension forming a fining-up unit (the mica-
rich lamina). The platey fabric of the mica also resists subsequent erosion as the flow
velocity subsequently increases. The exact process which combines these processes
remains speculative but is thought to be wave-oscillatory (i.e., driven by storm
waves). Mica-poor and mica-rich laminae are, therefore, considered to form a wave-

deposited couplet.

s

A storm origin in a shoreface setting for the Rannoch Formation (Fig. 2.7) is
supported by evidence at all scales - the dominant grain fabric of wave-deposited
couplets, the wave rippled and low angle lamination, the HCS/SCS bed associations,
and the overlying coarse beach of the Etive. Shoreface sandstones are often extensive
along the palaco-shoreline but can be quite narrow in a seaward direction (Walker,

1985). The Rannoch shoreface unit, however, has been mapped over a large area
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within a relatively narrow age range (Mitchener et al.,, 1992), implying that a

reasonable degree of reservoir continuity can be expected.

2.2 Petroleum Engineering Challenges in the Rannoch Formation

The Rannoch-Etive unit of the Middle Jurassic, Brent Group in the U.K. northern
North Sea is a major oil-bearing and oil-producing horizon in a number of fields (Fig.
2.1). The Rannoch-Etive section generally forms a single flow unit with good
pressure communication throughout. This is illustrated by the Repeat Formation
Tester (RFT) data from a water injector on the western flank of Statfjord Field (Fig.
2.8). Although the up-dip production has been from the Rannoch interval only, the
uniform water gradient over the Rannoch-Etive intervals records uniform pressure
depletion. Similar data have been published from the Thistle Field (Bayat and
Tehrani, 1985), although in this field some pressure discontinuities were observed in

the lower part of the Rannoch 