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Figure 6.23 | Mean spacing values ‘v’ perpendicular distance to the AVFP

Figure 6.24 | Mean spacing ‘v’ exponential spacing exponent, for data sets collected adjacent to the AVFP
Figure 6.25 | Cumulative frequency ‘v’ distance along 1-D line transects carried out adjacent to the AVFP
Figure 6.26 | Fracture orientation data measured adjacent to the NFP at Wadbister Voe

Figure 6.27

Filled-fractures within calcareous metasediments, to the west of the NFP, at Wadbister Voe




Figure 6.28 | Cumulative frequency ‘v’ spacing plots for localities adjacent to the NFP

Figure 6.29 | Mean spacing ‘v’ standard deviation plot for data collected adjacent to the NFP

Figure 6.30 | Co-efficient of variation ‘v’ distance plot for data collected adjacent to the NFP

Figure 6.31 | Exponential exponent values ‘v’ distance plots for data collected adjacent to the NFP

Figure 6.32 | Mean spacing ‘v’ distance to the NFP for all lithologies and transect orientations

Figure 6.33 | Mean spacing ‘v’ exponential spacing exponent, for data sets collected adjacent to the NFP
Figure 6.34 | Cumulative fracture frequency ‘v’ distance along transect for data collected adjacent to the NFP
Figure 6.35 | Fracture orientation data measured adjacent to the MFP at Melby

Figure 6.36 | Percentage of filled fractures at different distances to the MFP

Figure 6.37 | Cumulative frequency ‘v’ spacing plots for localities adjacent to the MFP

Figure 6.38 | Mean spacing ‘v’ standard deviation plot for data collected adjacent to the MFP

Figure 6.39 | Co-efficient of variation ‘v’ distance plot for data collected adjacent to the MFP

Figure 6.40 | Exponential exponent values ‘v’ distance plots for data collected adjacent to the MFP

Figure 6.41 | Mean spacing ‘v’ distance to the MFP for all lithologies and transect orientations

Figure 6.42 | Mean spacing ‘v’ exponential spacing exponent, for data sets collected adjacent to the MFP
Figure 6.43 | Cumulative fracture frequency ‘v’ distance along transect for data collected adjacent to the MFP
Figure 6.44 | Mean ‘v’ standard deviation plot for spacing data collected adjacent to the WBF, AVF, NF and MF
Figure 6.45 | Exponential exponent ‘v’ distance plot for spacing data collected adjacent to WBF, AVF, NF, MF
Figure 6.46 | Mean ‘v’ exponential exponent plot for data collected adjacent to the WBF, AVF, NF and MF
Chapter 7

Figure 7.1 Outcrop data sets used to analyse fracture attributes in 2-D adjacent to faults in WBFS

Figure 7.2 Maps to show the location of 2-D data sets used for fracture attribute analysis within the WBFS
Figure 7.3 Spacing ‘v’ cumulative frequency plots for data collected adjacent to faults within the WBFS
Figure 7.4 Mean spacing ‘v’ standard deviation plot for data collected adjacent to faults within the WBFS
Figure 7.5 Co-efficient of variation values for fracture data collected adjacent to faults within the WBFS
Figure 7.6 Exponential spacing exponent values plotted against distance to faults within the WBFS

Figure 7.7 Mean spacing values plotted against the perpendicular distance to faults within the WBFS.
Figure 7.8 Exponential spacing exponent values ‘v’ mean spacing for data collected adjacent to the WBFS
Figure 7.9 Mean spacing ellipses created for horizontal data sets adjacent to faults within the WBFS,

Figure 7.10 | Fracture density (total number fractures per cm?) ‘v’ distance to faults within the WBFS

Figure 7.11 | Fracture density measured in two ways (number fractures per cm?) & area of mean spacing ellipse
Figure 7.12 | Length ‘v’ cumulative frequency plots for data collected adjacent to faults within the WBFS
Figure 7.13 | Exponent from best-fitting fracture length distributions ‘v’ distance to faults within the WBFS
Figure 7.14 | Mean fracture length plotted against the perpendicular distance to faults within the WFBS

Figure 7.15 | Exponential length exponent values ‘v’ mean length for data collected adjacent to faults in WBFS
Figure 7.16 | Fracture intensity (total fracture length (cm)/cm?) ‘v’ distance to faults within the WBFS

Figure 7.17 | Exponential length exponent ‘v’ fracture intensity (total fracture length (cm) per cm?)

Figure 7.18 | Fracture intensity (total fracture length (cm) per cm?) ‘v’ mean fracture length

Figure 7.19 | Fracture density (total number fractures/cm?) ‘v’ fracture intensity (total fracture length (cm)/cm 2)
Figure 7.20 | Total number of fractures per cluster ‘v’ perpendicular distance to faults within the WBFS

Figure 7.21 | Total number of nodes per cluster ‘v’ perpendicular distance to faults within the WBFS

Figure 7.22 | Total cluster length (cm) per cm® ‘v’ perpendicular distance to faults within the WBFS

Figure 7.23 | Total number of fractures/cluster ‘v’ total number of nodes/cluster for WBFS data sets

Figure 7.24 | Total cluster length (cm)/cm? ‘v’ total number fractures/cluster for WBFS data sets

Figure 7.25 | Total cluster length (cm)/em? ‘v’ total number of nodes/cluster for WBFS data sets

Figure 7.26 | Histograms of total number of fractures per node & nodes per fracture in a cluster, WBFS data
Figure 7.27 | Total number of nodes per cm? ‘v’ perpendicular distance to faults within the WBFS

Figure 7.28 | Fracture density (total number fractures/cm?) ‘v’ fracture connectivity (total number of nodes/cm?)
Figure 7.29 | Fracture intensity (total fracture length/cm?) ‘v’ fracture connectivity (total number of nodes/cm?)
Figure 7.30 | Histograms of total number of fractures per node & nodes per fracture in a cm?, WBFS data
Figure 7.31 | Mean fracture length ‘v’ total number of nodes per cm?, WBFS data

Figure 7.32 | Exponent from exponential length distributions ‘v’ total number of nodes per cm? , WBFS data
Figure 7.33 | Power-law length exponent ‘v’ total number nodes/cm? , WBFS data

Figure 7.34

Histogram of power-law exponents from fracture length data collected within the WBFS




Chapter 8

Figure 8.1 Graph to show good relationship between mean and exponential exponent values, MTFC & WBFS
Figure 8.2 Exponential spacing exponent values ‘v’ distance to fault plane for all MTFC & WBFS data sets
Figure 8.3 Fracture orientations within the MTFC

Figure 8.4 The main fracture network associated with the MTFC

Figure 8.5 Stereonets and eigen vector values for foliation and fracture data sets, MTFC

Figure 8.6 Eigen vector plots for foliation and fracture data, MTFC

Figure 8.7 Stereonet of all fracture orientations from the MTFC and foliation data

Figure 8.8 Stereonet of all fracture orientations from the MTFC, with foliation data and main fault orientations
Figure 8.9 Schematic diagram to illustrate explanation for increased fracture density along strike of RF
Figure 8.10 | Air photograph taken over Sullom locality, WBFS

Figure 8.11 | Fracture density ‘v’ fracture intensity values from the MTFC and WBFS

Figure 8.12 | Graph to show different relationships between fracture parameters, based on power-law exponent
Figure 8.13 | Fracture density ‘v’ fracture connectivity values from the MTFC and WBFS

Figure 8.14 | Fracture intensity ‘v’ fracture connectivity values from the MTFC and WBFS

Figure 8.15 | Fracture cluster connectivity for MTFC and WBFS data sets

Figure 8.16 | Fracture/fault length ‘v’ cumulative frequency graphs published in the literature

Figure 8.17 | Graph illustrating possible explanation for power-law length exponent of 2

Figure 8.18 | Map showing the major structural features of NE England

Figure 8.19 | Graphs of fault density and connectivity adjacent to the Ninety Fathoms Fault, NE England
Figure 8.20 | Fracture/fault density ‘v’ connectivity data from the MTFC, WBFS and Ninety Fathoms Fault
Figure 8.21 | Schematic diagrams illustrating effects of reactivation on damage zone width

Figure 8.22

Schematic diagrams illustrating the effects of reactivation on oil migration and accumulation




Fault Zone Factors controlling
Architectural permeability (k)
Components .

Lithology

Fault Core Fault scale

gouge, Deformation style and history
catacla_sxte Fluid chemistry
mylonite P-T history

Component percentage
Component k

Damage Zone
small faults

fractures Component anisotropy
veins & folds (magnitude & direction
of k max & k min)

Protolith

regional k max

structures @

k min
B

FRACTURE

7

HOST
"ROCK

igm

‘ . .
DAMAGE DAMAGE
ZONE - ZONE

FAULT
CORE

Figufe 1.1 Principal components of an upper crustal fault zone
(A - after Caine et al., 1996, B - after Gudmundson et al., 2001)



Permeability Structures
In Faiilt Zones
- e ' ne

Permeability Architectural Style Fault Core Damage Zone
Structure
Localised slip along single | Poorly developed Poorly developed or
Localised curviplanar surface, or or absent absent
conduit along discretely
segmented planes
Distributed slip Poorly developed as | Well developed,
Distributed accommodated along narrow discrete, discrete slip
conduit distributed surfaces and discontinuous bands, | surfaces and
fractures or absent fracture network
Localised Localised slip Well developed fault | Poorly developed or
barrier accommodated within core cataclasites absent
cataclastic zone
Deformation Well developed fault | Well developed,
Combined accommodated within core cataclasites discrete slip
conduit- localised cataclastic zone surfaces and
barrier and distributed zone of fracture network
subsidiary structures
Figure 1.2 A — Four end members of fault zone architecture and fluid-related flow,

depending on relative permeabilities of the fault core and damage zone
B — Fault zone architectural styles and permeability structure
(after Caine et al., 1996)
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Figure 1.13
A - Geometric reactivation, reactivated structures display different senses of relative

displacement for successive events
B - Kinematic reactivation, reactivated structures display similar senses of relative

displacement for successive events
(after Holdsworth et al., 1997)

(a) STRATIGRAPHIC
®
Repeated.changes in sedi R r d feotwall upiift Basin inversion geomatiies
package thickness across fault - uncoriformities
@ $
N @ .
Repea!ed‘syn-sedunsnmvy - Fault / unconfarmity
deformation episodes relationships
(b) STRUCTURAL

R phytlonite E7] undeformed

Changes in ‘I,glnar_nmic history - Changes in distributian and nature
indicated by overprinting of det ducts within faults
. and/ or shear zones
(¢c) GEOCHRONOLOGICAL
S =t - Whke mica fish In mylonits
= —= 0 e
" 4—(2) Homblends resatat
- paou s
-- =\ AAr caliZIMa
I = 324Ma  575Ma
‘ Direct dating of defonmation products Indirect evidence based on

dating cross-cutting units

(d) NEOTECTONIC

v~ Precambrian cratonlc area
Historica} éanrmuka epicentres @

Q_"KP"‘"' . . Offsats of gaomorphological /
: X anthropogenk features across
Modem/ historical seismicity along ancient faults - pre-existing fauit traces

Figure 1.14 The criteria considered reliable for recognising reactivation:
stratigraphic, structural, geochronological and neotectonic -

(after Holdsworth et al., 1997)
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1-D transect line

10mm \
\ !
' l’ | , \ h
! \ \ !
.' ! 1’ \| \/ ll \ \ J, \
1 \) ) 1
! |’l ! 2 / \ v ]
\ \
i Vg / 1 LA
' \ / \ \  fractures
! /] I
I
total number of fractures = 11 /

total number of spacings = 10
sum of fracture spacings = 100mm

mean fracture spacing = 100/10 = 10mm
fracture density = (tot. no. fractures) / (sum fracture spacings)
=11/100 = 0.11 fractures per cm

(NB. number of fractures along a 1D transect is always 1 more than the number of spacings)

C
B
‘. =] 070
- e
TR 2 = - 090
&=
110
z 21N 2
* axis = fracture frequency per transect
0 1 2m (area of ellipse can be used as a measure of
S S ;
] fracture density)
E

5004 030
)y

400

060

* axis = mean spacing (mm) per transect
(area of ellipse can be used as a measure of

fracture density)

Figure 1.16 Measurements of fracture density
A - along a 1-dimensional line transect (schematic)
B & C - fracture frequency measured along equal-length transects (every 20°) within
a circular sample area to produce a rose diagram (after Hudson & Priest, 1983)

D & E - mean spacing measured across a rectangular sample area along transects
(every 30°). Mean spacing (instead of fracture frequency as in C) is used to
to create rose diagram as not all transects are the same length.

(Method proposed in this study, actual data set from locality 132a, MTFC.)
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Figure 1.17a Linear relationship between fracture spacing and bed
thickness for a sandstone lithology
a - linear axes, b - logarithmic axes (after Ji & Saruwatari
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Figure 1.17b Graphs illustrating different FSI ratios for different lithologies
Chert has a steeper slope on the graph than diatomite,
and therefore a higher Fracture Spacing Index (FSI)
(numbers next to data points refer to total number of spacing
datapoints taken in that bed to calculate median value)
(after Gross et al., 1995)

1998)
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Figure 1.19

A - Schematic displacement diagram for a simple fault, viewed
normal to fault surface (after Barnett et al., 1987)

B - Schematic displacement diagram for a dip-slip fault,
displacement is parallel to the short axis of the elipse

C - Schematic diagram for a strike-slip fault, displacement
is parallel to the long axis of the elipse

Stratabound layering - Non-stratabound layering -

joints & fractures confined to layers Joints and' fractures l.aterally
and vertically continuous

Figure 1.20 Two end members of layering - (a) stratabound (b) non-stratabound
(after Odling et al., 1999)






no. fractures (x) = 12
no. nodes (y) = 11

y=(x-1)

Sfracture

node

Minimum cluster connectivity - as another fracture is added to the cluster,
only one more node is created.

no. fractures (x) = 6
no. nodes (y) =15

y=x(x-1)

/ 2

Maximum cluster connectivity - as another fracture is added to the cluster,
it intersects with every other fracture.

Figure 1.23 Fracture cluster connectivity
A - minimum connectivity
B - maximum connectivity









Total fracture length = 20cm
Total number of nodes = 16

Total fracture length = 25c¢m
Total number of nodes =5

Figure 1.26 Schematic diagram illustrating the relationship between cluster length and
connectivity, showing that a long fracture cluster is not necessarily better
connected than a short fracture cluster. Cluster A is longer but has less
intersections than cluster B which is Scm shorter

2.;’m \=\ length of set 1

A L,
' | =fracture length

set | S = fracture spacing
4L Xan = 55degrees X =angle in deg_rges _
- I= Interconnectivity index

set 2

Il,2 ZL X sin Xz,l =23x 082 = 126

Sz 1.5

Figure 1.27 Diagram to illustrate the interconnectivity index (ICI) proposed by
Rouleau & Gale (1985) which can be used to measure the degree of
connectivity between two fracture sets (set 1 & set 2). See text for
explanation of equation.




A Ammonite diameter (cm)
3.2 3.1 3.2 3.3
3.6 3.2 3.3 3.5
3.4 3.6 3.9 3.5
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Figure 1.28 Methods used to analyse the best-fit statistical distribution
A - Dataset used to create plotsin B, C & D
B - histogram
C - probability density function superimposed onto histogram
D - cumulative density function, both x & y axes are plotted as linear scales
This dataset of ammonite diameters is best described by a normal distribution
(A, B & C = after Swan & Sandilands 1995)
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Figure 1.29 A - probability density functions for Uniform, Normal, Log-normal,

Exponential, Power-law and Gamma distributions

B - main parameters for the probability density functions illustrated in A
(after Dershowitz et al., 1995)







Number of fiekds i eachisize class
—
3

8

LR

o
i

Numiber of figlds in each size class

T NS N Y T Y A N T T I OO O VO I T3

Over

[
[+ 100 200 300 400 500 600 700. 800 900 1000
Fiald size inthousands of bamrels

00" 1000
Fieldsizé A thousands ofbarcels

1000

10,000

Figure 1.31 Hisfogram of oil field sizes, discovered in the Denver Basin, USA in 1969

A - with x-axis plotted as a linear scale

B - with x-axis plotted as a logarithmic scale
This data set is best described by a log normal distribution.
(After Davis, 1986))
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Figure 1.32 Mean fracture spacing and standard deviation measured for
three lithologies, chalk, sandstone and mudstone.

There is a good correspondence between the mean and standard
deviation values, suggesting the datasets are best described by
an exponential distribution (After Priest & Hudson 1976)
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Figure 1.33 Graphs illustrating deviation of a power-law cumulative frequency distribution
caused by censoring and truncation
A - power-law cumulative frequency graph of fault length, D = power-law exponent
(after Pickering et al., 1997) '
B - power-law cumulative frequency graph of fault spacing, exponent = 0.63
(after Knott et al., 1996)
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Figure 1.35 Graph to show that the slopes/exponent for amalgamated and extrapolated

data scales may not accurately reflect the exponents of the individual data sets,
because the individual data sets may be offset from each other.
(after Yielding et al., 1996)
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Figure 1.36 Graphs illustrating combined data sets with slopes > 2, suggesting
that the data do not indicate strict self-similarity.
(A - after Castaing et al., 1996)
(B - after Odling 1997)
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Figure 1.37 Plots to test self-similarity between data sets of different sample ranges

See text for explan

ation

(A, B, C,D, G after Castaing et al., 1996,)
(E, F after Odling 1997, where observation height 1s equivalent to data scale)
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Figure 1.38 Histograms and probability density functions of spacing distributions at 3 stages

of an analogue model (3 different magnitudes of strain) illustrating the evolution

from best-fitting exponential to normal distributions

A - low fracture density, early stage in the fracture set development the spacings
are best described by an exponential distribution

B - intermediate fracture density, the spacings are best described by a log-normal
distribution

C - high fracture density, late stage in fracture set development, the fracture spacings
are best described by a normal distribution '

(after Rives et al., 1992)
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Figure 1.39 In geologically complex rocks it is likely that the evenly spaced (normal),
clustered, and random (exponential) distributions will combine (A) resulting
in a distribution shown in B, which is similar to an exponential distribution
(after Priest & Hudson 1976)
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Figure 1.40 Relationship between the mean spacing of the population and the mean spacing
from a finite 1-dimensional transect (sample) illustrating the errors for different
transect lengths (L, measured in metres)

A - exponential distribution with negative slope
B & C - log-normal distributions with different standard deviations
(after Sen & Kazi, 1984)
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Figure 1.41 Graph illustrating the various distributions used to describe discontinuity
spacing in the literature from Table 1.4 (includes fractures, joints and faults)
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Figure 1.42 Diagram illustrating how an exponential distribution (the probability density
function, pdf for the population) can be affected by linear bias, and transformed
into a log-normal distribution (illustrated by the sample pdf)

(after Baecher 1983)
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Figure 1.43 Diagram illustrating a decrease of the power-law exponent (C) over time
as strain increases. Also shown are the processes which govern the development
of the power-law distribution
(after Cladouhos & Marrett 1996)
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Figure 1.46 Graph illustrating the range of fractal dimensions reported by
Bonnet et al., (2001), after their comprehensive literature review.
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Figure 3.13 Co-efficient of variation ‘v’ distance plot for VF data




exponent from exponential spacing graphs

) IiVF vertical transects]

distance to VF (m)

A
A
0.024
A
A A A
-1000 -500 0 500 1000 1500 2000 2500
distance to VFP (m)
% ' W VF perpendicular transects
g O Cataclasite lithology
o A Amphibolitic lithology
£ 006
Q
[
o
(7]
s
3 0-04
c
& -
o A
£
9 0:02 -
E, m N
g u [
3 u : 8 : I : .
-1000 -500 0 500 1000 1500 2000 2500
distance to VFP (m)
. 01
< - @ VF parallel transects
S 0 Amphibolitic lithology
o 0.08
[=
]
[
o
7]
— 0-06
5 0:06
; X
2 °
8_ 004 °
3 ' ®
E ‘
o ®o
po .02 »
€
2
o o [ ]
R L B— o . —* hdl
-1000 -500 0 500 1000 1500 2000 2500

Figure 3.14

Exponential exponent data (from graphs plotted in Figures 3.9, 3.10,

& 3.11) ‘v’ perpendicular distance to VEP.




A
£ 8o 4 A
E
o
£
5] 60
g
(7]
2
2 st
e
s 4
£ 20 fA
A VF vertical transects
. o T T T T
-1000 -500 0 500 1000 1500 2000 2500
distance to VF (m)
400
@ VF parallel transects
© Amphibolite lithology
T ®
£ 306
@
c
‘S
]
o
3 200
5 °
kil
£ L4 °
] 100
o
E [
o]
L
T B— T T T T
-1000 -500 0 500 1000 1500 2000 2500
distance to VF (m)
400
m VF perpendicular transects
] [OCataclasite lithology
E 300 A Amphibolite lithology
o
=1
o
[1:]
o
o 200
5
°
£ » n
s 100
-]
E B
s W
. . . , .
-1000 -500 0 500 1000 1500 2000 2500

distance to VF (m)

Figure 3.15 Mean fracture spacing ‘v’ perpendicular distance to VFP for
all three transect orientations.




0.06

exponent from exponential
spacing graphs

0.02

0.08 -

b =

@ VF parallel transects

AVF vertical transects

O VF perpendicular transects

0.04 -

y = 1.3449x

-1.0749

o R = 0.9531

250 300 350

mean spacing (mm)

400

0.1

0.01

expanent from exponential
spacing graphs

0.001

0O VF perpendicular transects
@ VF parallel transects
AVF ertical transects

-1.0749

y = 1.3449x
R = 0.9531

10

100

mean spacing (mm)

1000

Figure 3.16 Mean fracture spacing ‘v’ exponential exponent value for data

collected adjacent to the VFP.
A - data plotted on linear axes
B - data plotted on logarithmic axes






















0.08

distance to VFP (m)

m VF perpendicular transects
o Cataclasite lithology
A Amphibolitic lithology
5 0.06 @ Data from EFP, loc. 132b |
k]
@
e v
6 £
aa
-
£ o 0.04
o c
3 -
ca
go .
g ]
3 002
m R s
a [ [ ]
o= : : . : . x
-1000 -500 0 500 1000 1500 2000 2500
distance to VFP {m)
-4
@ VF parallel transects
o Amphibolitic lithology
3 0-08—10— @ Data from EFP, loc. 1320
gL o
X 06
@ ‘67 »
S 2 13
bl 0:04 °
€S a
2w P ®
2 ® o o
3 0.02 —e
[ ]
0 . . o
-1000 -500 0 500 1000 1500 2000 2500
distance to VF (m)
6-08-
R A VF ertical transects
A Data from EF, loc. 132b
s 0.06
e 0-06
2
as A
i
£ o 0:04—| Aa
2 £ Y
*= 0
£8 A
ga 4
g 002 “
x o
¢ A
A A A
: 8 7 1 T T
-1000 -500 0 500 1000 1500 2000 2500

Figure 3.23  Exponential exponent data ‘v’ distance to VFP for data
collected adjacent to the EFP and the ' VFP.




400
m VF perpendicuiar transects
] 0 Cataclasite lithology
B A Amphibolite lithology
g 300 @ Data from EFP, loc. 132b [
=1
c
)
©
a
@ 200
e
2
8
= [ ] | ]
5 100
g [ ]
E .
s &
T 8 T T T :

-1000 -500 0 500 1000 1500 2000 2500
distance to VF (m)

[ @ VF parallel transects

406
© Amphibolite lithology
£ ° @ Data from EFP, loc. 132b
£ 300
o
c
©
©
o
@ 200
2
2 )
[1)
E ¢ i
s 100
£
) d °
>, [ J
T 08— T ; T T
-1000 -500 0 500 1000 1500 2000 2500
distance to VF (m)
106
A
£ 80 4 A
£
o
c
S 66
[+
o
[’}
L
:5.. 40 A e
5 40 &
£
c
A
2 20 ‘A‘
E N A VF vertical transects
A Data from EFP, loc. 132b
T r\) T T T T
-1000 -500 0 500 1000 1500 2000 2500
distance to VF (m)

Figure 3.24 Mean spacing ‘v’ distance to VFP for data collected adjacent to
the EFP and the VFP.



O VF perpendicular transects
0.1
@ VF parallel transects
A VF vertical transects
O EF parallel transect
s 008 —@ 0 EF perpendicular transect
= _ -1.0701 !
< @ y = 1.3414x A EF vertical transect
§ £ 4 RE = 0.9448
e 2 0.06 .
¢ 5
E o
(=
< 8 0.04
°
8 o
> 0.02 e
A \D\j\ﬁu\*_*
0 T T T T T : s a8
0 50 100 150 200 250 300 350 400
mean spacing (mm)
0.1 0O VF perpendicular transects
’ @ VF parallel transects
A VF vertical transects
O EF parallel transect
g OEF perpendicular transect
S AEF \ertical transect
c 0
s <
2a
x O
0 o
£ o 001
o C
- 'g
§ @ -1.0701 Ld L
§- y= ‘12 .3414x
® R =0.9448
0.001 T

10

100 1000

mean spacing (mm)

Figure 3.25 Mean fracture spacing ‘v’ exponent from exponential spacing graphs

A — data plotted on linear axes
B — data plotted on logarithmic axes













[Hloc. 33

(=]
N

w o w

— -

{96=u ‘|e303 jo o) Aouanbay

641-0L1

691-091

6G1-0G1

| evi-ovlL

6€l-0€l

621-02t

611-0LL

fracture strike (degrees)

o)
=
1]
8
]
5]
8
7]
o
[
2
)
b4
Q
8

20

wn o [Te]

- -

(zZoL=u ‘12303 Jo %) Aduanbay

641-0L1

691-09)

651-0SL

6vi-0vt

6ei-0El

6¢1-02)

6L1-011

601-001

66-06

68-08

64-0L

fracture strike (degrees)

Aloc. 32

(=3
~N

o)

el

(9gZ = u ‘|e303 Jo 9,) Aouanboy

6LL-0LL

fracture strike (degrees)

o
=
©
-
o3

@
3
]
-

g
2

6.1-0L1

691-091

] 69106

6¥1-0vl
6eL-0EL
6¢1-0¢t
6L1-0Lb
601-004
66-06
68-08
62-04
6909
65-05
6¥-0%

6€-0¢

| 6C0¢

=] 640l

6-0

20

o3 o Ie}

- —

(881 = u ‘je3o3 jo %) Aousnbey

fracture strike (degrees)

Figure 3.29 Von Mises diagrams for the same data plotted as stereonets in Figure 3.28.
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Figure 3.34 Spacing 'v' cumulative frequency plots for localities adjacent to the RFP.
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igure 3.44 Von Mises diagrams created for fracture data sets collected SE of the HSFP
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Figure 3.57 Mean spacing ‘v’ standard deviation plot for HSF data.
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Figure 3.58 Co-efficient of variation ‘v’ distance plot for HSF data.
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Figure 3.60 Mean fracture spacing ‘v’ distance to HSFP.
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Figure 4.12 Thin-section data sets used to analyse fracture attributes.
A - F = data sets adjacent to the HSFP
(unfortunately section HS3b which was also used is
broken and unable to be photographed or scanned)
G - K = data sets adjacent to the VFP
(see Table 4.2 for details)
(continued on next page)
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Figure 4.26 Mean fracture spacing ‘v’ standard deviation for data collected adjacent
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outcrop data collected from the HSF
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Figure 4.36 Mean spacing ‘v’ perpendicular distance to VFP from outcrop data sets
a) transects orientated parallel to the VF (and MTFC),
b) transects orientated perpendicular to the VF (and MTEFC),
c¢) vertical transects.
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Figure 4.38 Fracture density ‘v’ perpendicular distance to the VFP for outcrop data sets
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Figure 4.43 Fracture density plot for all data sets collected at outcrop scale
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Figure 4.52 Mean fracture spacing ‘v’ standard deviation for thin section data sets
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outcrop, air photograph and Landsat data sets
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Figure 4.98 Total number of fractures per cluster ‘v’ perpendicular distance to the HSFP,
outcrop data set. Black squares represent values from the largest cluster in each
data set. In some data sets small clusters also occur, represented by open

diamonds.
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Figure 4.99 Total number of nodes per cluster ‘v’ perpendicular distance to the HSFP,
outcrop data set. Black squares represent values from the largest cluster in each
data set. In some data sets small clusters also occur, represented by open
diamonds.
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Figure 4.101 Total number of nodes per cm? ‘v’ perpendicular distance to the HSFP,
outcrop data set.
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Figure 4.105 Total number of nodes per cluster ‘v’ perpendicular distance to the VFP,
outcrop data set. Black circles represent values from the largest cluster in each
VF data set. In some data sets small clusters also occur, represented by open
circles. ' :
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Figure 4.109 Total number of fractures per cluster ‘v’ total fracture cluster length
(normalised for sample area) for all outcrop data sets collected adjacent to the

HSFP, VFP and EFP.
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data sets collected adjacent to the HSFP, VFP and EFP.
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Figure 4.123 Total number of nodes per cluster ‘v’ perpendicular distance to the HSFP, thin
section data set. Black squares represent values from the largest cluster in each
data set. In some data sets small clusters also occur, represented by open
squares.
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Figure 4.128
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Figure 4.145 Histogram of the total number of nodes per fracture in a cluster for data sets
measured adjacent to the VFP, HSFP and EFP from thin section, outcrop, air
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Figure 4.146 Histogram of the total number of fractures per node in a cluster for data sets
measured adjacent to the VFP, HSFP and EFP from thin section, outcrop, air

photograph and Landsat™ data sets
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Figure 6.20 Mean spacing values ‘v’ standard deviatidn from data sets collected adjacent to
the AVFP.
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Figure 6.21 Co-efficient of variation values (Cv) v’ perpendicular distance to the AVFP
for data sets collected adjacent to the AVFP. ’
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Figure 6.22 Exponential exponent values from spacing graphs ‘v’ perpendicular distance to
the AVFP, for data sets collected adjacent to the AVFP.
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Figure 6.23 Mean spacing values ‘v’ perpendicular distance to the AVFP.
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¢) power-law exponents ‘v’ mean length plotted on linear axes




dN (P

JAV
AN (q
. dam (e
‘SIEM 2U) UM s)[nej o3 aouesstp re[noipuadiad A, (zuo 19d (wd) Yi3ua| 2amoel) [£10) Aysuoyur axmoen] 9L N3y
(w) yney 01 s2uEISIP seq (w) yne; o} sdues|p M
0002 00S1 0001 00S 0 005- 0001- osy ooy 0se 00e 0se 002 oSt 00t 0s 0
; . _ o . X _ . . . _ X _ 0
v g
- 6 g
M ° g o B
2o 3 5
At = =&
38 2%
- @ a =]
o0on m 3 mas
£ zq zQ
v ° b5 [m] 0z
o m :W €0 IM\ \m,
3 K
isv3| _1sam g vo o
ewaseq JN @ i N o 2
so)SeO-luBdjon JN Y v ] E
90 " S0 dav
(w) 31nej 0} aduesIp (w) ynej o} adueERsip
00z oS4 004 05 0 0s- 0Ol-  OSk- 002~  0Se-  OOE- ooy 002 o 00z 00y~ 009 008  000i- 002k  0Ovl-  009L-
o 8 X g
+ 5 o =
z0 5 ¢ ° 2
+ \ - g -
. zZ® (A o 2
o m 5 E3
jud 96 -
G -2 of © 3
50 ...M o] 8uojsSpues 4gMV .m
- o ——80 v eupd JaMX 7§
a0 ojueit >
oywwesd N i - » 1sv3 | isam oywwesd um>§>o »
Is-0(ea AN+ 1sv3 | 1S3IM :
4N 4aMm




a) 0.1
@ WBF (all lithologies)
ONF (all lithologies)
X MF (all lithologies)
s A AVF
.‘d:-; c o
52 °
[« B}
x O
eE
EZ 0.01 5
ballt -4
i y = 0.0185x%7%*
2
g R® = 0.8255
@
0.001 ,
0.01 0.1 1
total fracture length (cm) per cm2 (INTENSITY)
b) 5 0.025
5 @ WBF (all lithologies)
£ ONF (all lithologies) y = 0.0185x°74% ¢
% 0.02 +— x MF (all lithologies) 5
= AAVF R® =0.8255 L
o
c
2 o015 —_
2
Q
8
a 0.01
] ° =
= 0.005 / rSa!
Q
c
o
o
b
o 0 T T - . T T T :
] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
total fracture length (cm) per cm2 (INTENSITY)
C) ® WBF (all lithologies)
3 DINF (all lithologies)
X MF (all lithologies)
A AVF
2 A
is5e e e
35 ° X
o] [
£ & x $ *
- L
ES X80 A
c & 1 —
oL ® ° L
Q [ ]
»
o
0 T T T T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
total fracture length (cm) per cm2 (INTENSITY)

Figure 7.17 Exponent from best-fitting fracture length distributions ‘v’ fracture intensity (total
fracture length (cm) per cm?)
a) exponentially distributed fracture length data sets plotted on logarithmic axes
b) exponentially distributed fracture length data sets plotted on linear axes
c) power-law length data sets ‘



b)

N
£
Q
S -1.1484
g y = 8.1178x
€ 2
55 R" = 0.7961
£0
oZ 0.1
sg
o 2 X
3 S
8 ® WBF (all lithologies)
% ONF (all lithologies)
e x MF (all lithologies)
AAVF
0.01
mean fracture length (cm)
@ WBF (all lithologies)
1.25 ONF (all lithologies)
o~ X MF (all lithologies)
E 1 \ AAVF
@
a
= -1.1484
Es '\ y=8.1178x"
EF 075 ® 3
£H —
£0 R = 0.7961
=
22 05
S S
°
E .
= 025
g
8 .
- —X
0 T v T T T
0 10 20 30 40 50 60

mean fracture length (cm)

Figure 7.18 Fracture intensity (total fracture length (cm) per cm?) ‘v’ mean
fracture length plotted on (a) logarithmic and (b) linear axes




y = 3.0116x>%%

total fracture length (cm) per cm2
(INTENSITY)
o

@ WBF (all lithologies)
ONF (all lithologies)

R? = 0.9588 X MF (all lithologies)
AAVF
0.01 T ;
0.001 0.01 0.1 1
total number of fractures per cm2
(DENSITY)
b)
N
[
E os
2
=g R? = 0.9588
52
Sk
o £04 4
=]
g ® ® WBF (alllithologies)
s 02 ONF (all lithologies) H
2 X MF (all lithologies)
AAVF
0 T T T T T ¥ T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
total number of fractures per cm2

(DENSITY)

Figure 7.19 Fracture density (total number of fractures per cm?) ‘v’ fracture intensity

(total fracture length (cm) per cm 2)
a) data plotted on logarithmic axes
b) data plotted on linear axes




I - (P

‘S Y3 UM s)[ney 0 dduelstp re[nolpuadiad A, 13)sn[d 1od sa1myoeIy Jo JoquInd [BI0,

EY (w) 4 01 22URISIP MN
0002 00St 000} 00S 0 00$- 0004~
vV * * v © .
-
B
3
€
<. Fatall m
06+ g
Q
v v m
<
o
]
v 0802 M
[}
° &
Jusweseq SNV )
2)§Se0-ILBJI0A JN @ 40
608
15ed (w) JAV 0} 3duEIS|p M
oSy ooy 0GE 00€ 0se 002 0St 001 0S 0
5 . . ‘e . . . 5 0
. g
B
3
[o]0]
3
o
]
=
= 002 .w.
[ =
o H
(7]
k:
00E o
o H
g
syuelb Javad dAv

oov

P

Q

J9m - (©
JAV -Q
AN - (B
07°L dan31g
1seq (w) Jam o1 2dues|p 1S9M
00s 00S- 0004- 0051~
A K—O% =4 " o
X 5
8 g
° >
3
.
WN M
-3
v =+
o
a
c
sywwesd JgM O w
6oy —+ ayied Jgm X -
oyues J4gm e ]
suojspues 4gMmV o
o c
73
o
48M =
sed {w) 4N 03 9oUEISIP ISOM
002 051 00l 0s 0 oS- 0oLk~ oS- 00e- 0se- 0oe-
* + v ]
g
spwwesd JN+ s
ys-oeo ANM|| 2
3
ac El
95 g
=
* 3
-3
n 2
g
00+ 3
- g
n
g
4N
+ 41

(o

(e



Jgm (P

SHEM Y1 uryiim siynej 03 souelsip reynorpuadiad (A, 19)sn[o 19d sapou Jo Joquinu [BI0],

158 (w) 48M 0} aouesip ISIM
00s 0 00§- 000} 00S1-
- +E—O% 7 o
3]
o -
. X g
M H
605 ¥ 3
o
e
=
v 2
apwwesd JgMm O -y
oyjed JgM X -
500+ ayuesd Jgm @ — .m
o auoisSpuEs JAM V o
g
e
49M
b
ER (w) 4 01 duSIp MN
0002 00S} 0001 00S 0 00§~ 000}
vV * : v © +
oot g
v 00+ ® o
a
c
3
o
002 g
v v oy
o
Q
Fa¥a¥al 1]
o L2}
k:
v o
c
6ot e
Wswaseq 4NV 8
JNSB|I-IUE|OA JN @ El]]

P

@

AV (0
AN (e
17°L 231y
seq (w) 47V o} PoUBISIP ISOM
005 oo ooe 002 oot 0
= . =) - 8 0
' g
ooz E
H
‘3
o S
9,
oov 3
o )
3
113
009 §
o 8
4AY
eyuesb JavO
008
iseq (w) 4N 03 souersp ISOM
00z 001 0 oot 00e- 00€-
¥ ) o l_ _
“115-0/e0 ANE R
aywuwiesd 4N+ m...
2
c
00+ w
e
» 3
o
o
]
602 E:
o
- [
+ g
3N
90¢:

@)



dAV P

Jgm @
AN (Q
AN (e
SHAM 9Y) urylim syfney 0) aduelsip enorpuadiad A, ,wd 1od (wo) ySusf 1910 [e10],  TT°L N3]
seq (w) 4AV 01 soues|P ISOM seq (w) Jgm 01 dduESIP 1S9M
00S ooy 00€ 002 00} 0 )4 002 0 002- 00 009~ 008- 0001~ 00¢L- 00v- 00914~
- . g . . B 0 -— *-R—ow . = , . . o—:
X X
1o 2 0 2
.3 e, g
o A .m. Y A .m.
o g v 3
g0 = 90 5 spwuwesd 48MO ] o
8 ¢ aued 4am X F
b4 0 ayuesb 3gm e w.
0 W 90 v auoyspues Jgmv o
50 ¢
e (w) 4N 0} d2UEBISIP . S9M d8 (w) 4\ 01 ouES|P MN
002 00L 0 001~ 00¢- 00ge- 0002 00S1 0001 00S 00§- 0001
+ . & - : —¥ : L y——o .
v .
\"aLv u 9
+ 8 g
g A g
3 3
Q Q
¥ ¥
t:6 ) g
E . 2
3 :
u g & e
aywuwesd 4N+ i - m. W
) Juswoseq JN Y =
‘Is-ojed AN
4N . 1SB(0-0|0n N @ v ElY]
8¢ 30







600 @ WBF all lithologies
CNF all lithologies
= X MF all lithologies
% 500 AAVF all lithologies
2 )
[3]
@
2 400 *——
g
3
% A
8 300
° A X *. °
2 A M4
g 200 ° ya) o
2 X | X
g 100 m] °
] X [} ) a
¢
o Ee ; . ‘ . . . ; ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

cluster length (cm)/area (cm2)

Figure 7.24  Total fracture cluster length (cm) per cm? ‘v’ total number of fractures
per cluster for data sets collected adjacent to faults within the WBEFS
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Figure 7.25 Total fracture cluster length (cm) per cm? ‘v’ total number of nodes per
cluster for data sets collected adjacent to faults within the WBFS
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Figure 7.26 Histograms of a) total number of fractures per node in a cluster and

b) total number of nodes per fracture in a cluster for data collected adjacent
to faults within the WBEFS.
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Figure 7.29  Fracture intensity (total fracture length per cm?) ‘v’ fracture
connectivity (total number of nodes per cm?) plotted on a) logarithmic
axes and b) linear axes
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number of nodes per fracture in a cm? for data collected adjacent to faults

within the WBFS.
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data collected adjacent to faults within the WBEFS.




' : X MF all lithologies
2.5 @ WBF all lithologies
A O NF all lithologies
£ o ° A AVF all lithologies
> 2
8 ° X
-
§ § 15 X ‘o
823 ®
. A
s3 ! =
~ [ Y
€ L J
@
S
g 05
x
Q
0 T T T T T
0 0.05 0.1 0.15 0.2 0.25 0.3
total number of nodes per cm2

Figure 7.33  Exponent from power-law length distribution v’ total number of nodes per
cm? for data collected adjacent to faults within the WBFS, plotted on linear
axes.

100.0
Values of fracture length power-law exponent from WBFS
80.0
66.7
&
n 600
£
s
e
5 40.0
3
20.0 -
0.0
0.0 - .
PL <1 PL 1-2 ' PL 2-3 PL >3
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Figure 8.9 Schematic diagram (not to scale) to illustrate the possible explanation for increasing
fracture density to the north, along strike of the Rautingdalen Fault (RF), away from the
intersection zone between the RF and the Verran Fault (VF). Red arrow indicates increasing
displacement towards the centre of the RFP, and away from the intersection of the VFP, and
it's suggested that here, fracture density may increase due to increasing displacement along

REP

Figure 8.10 Air Photograph taken over the Sullom/Ness of Haggrister localities of the WBF.
The WBEF trace (based on field evidence) is indicated by the black lines, and
cannot easily be traced inland due to the extensive peat cover.
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Figure 8.18 Map showing the major structural features of North East England
AF = Alwinton fault, BF = Butterknowle fault, CLF = Closehouse-Lunedale fault,
CPT = Causey Pike thrust, FF = Featherwood fault, HF = Hauxley fault,
LF = Lammermuir fault, MF = Maryport fault, NFF = Ninety Fathom fault (in red)
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Figure 8.19 Graphs of fault density (A) and connectivity (B) adjacent to the Ninety Fathom Fault
(after Knipe 1998)












