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ABSTRACT

Fracture mapping of the Late Permian Illawarra Ceoal Measures, between Coalcliff and
Wollongong, shows that joints developed originally in extension (mode I} and were
faulted in subsequent events. Conjugate joint sets are a consequence of two separate
fracturing events. Extension joints developed in joint units of different size and shape,
with boundaries at changes in mechanical properties. The fracture pattern of extension
joints in a joint unit is related to the mechanical properties of the rock mass and loading
history. Joints with regional distribution fall into two, early and late formed, groups.
Group I regional joints strike N-NNE, NE and SE. These joints propagated horizontally
and never interfered with each other. All the existing interactions are the result of
succeeding events.

Group 1 regional joints were recracked subsequently.  Recracking
commenced with jointing and continued with lateral slip. All the faulted joints are
classified as hybrid fractures. Faulted joints grew horizontally by the connection of
recracked segments.‘ En echelon arrays are the result of vertical propagation of faulted
joints into intact rock. Recracking of rock also formed a set of secondary joints parallel
to ¢,. The sense of movement along conjugate faulted joints and orientation of sets of
secondary joints, are related to 3 compressional stress fields namely: NNE-SSW, E-W
and SSE-NNW. The intensity of recracking and the amount of lateral slip is mostly
related to the strength of infilling materials, the angle between the fracture and the
maximum compression direction, and the number of compressional events imposed on
the fracture.

In the southeastern Sydney Basin, some of the northwesterly trending normal
faults were active during Late Permian deposition. Slip along these listric faults formed
northwesterly trending gentle folds. A quasi-extensional regime, related to the forebulge
of the Sydney Basin, reactivated appropriately oriented basement faults, which in turn,
generated grabens in the cover. Group I regional joints formed after lithification and
are classified as burial joints. Normal fanlts and dykes also developed during the
Mesozoic. It is considered that the later part this episode was related to rifting that
predated the opening of the Tasman Sea and its subsequent extensional history. The
youngest deformational events were compressional. Group II regional joints and
reactivation of pre-existing fractures occurred during these post-Early Tertiary events.

Anticlockwise motion of the Australian crust, relative to the rest of the enclosing plate,



caused by the collision between the Indo-Australian and Pacific Plates, may have been
responsible for the NNE-SSW compression in the eastern part of the Southern Coalfield.
The E-W compression most probably postdated the NNE-SSW event.

Rock fracturing controlled the present configuration of the coastal platforms.
Fractures in bedrock also governed the location of many landslips in talus along the
lllawarra Escarpment. A method is presented for predicting the presence of dykes in

underground coal mines, using adjacent joints.

vi



CHAPTER 1 INTRODUCTION

1.1

1.2

1.3

1.4

CHAPTER 2 DEVELOPMENT OF SYSTEMATIC JOINTS

2.1

2.2 ORIENTATION AND DISTRIBUTION OF JOINTS

OBJECTIVES

DATABASE
Presentation of field data

STRUCTURAL SETTING
Sydney Basin

Southern Coalfield

Folds

Faults

Joints

Igneous activity

Deformational events

STRATIGRAPHY
Shoalhaven Group
IMawarra Coal Measures
Cumberland Subgroup
Sydney Subgroup
Narrabeen Group

INTRODUCTION
Definitions

Objectives

CONTENTS

vii

SO S0 1 1 N O Ln Wa

fVe

10
10
11
14

17

17

17

18

19



2.3

2.4

2.5

2.6

Previous work
General characteristics
Major orientations
N-NNE joints
NE joints
SE joints
Other systematic joints
Nonsystematic joints

Discussion

ORIGIN OF JOINTS
Mode of formation
Infilling
Lateral displacement
Surface marking
Conjugate pattern

Discussion

ROCK TYPE AND JOINTING
Coarse-grained rock
Fine-grained rock
Horizontal variation of jointing
Vertical variation of jointing
Coal
Plant fragments and clasts

Discussion

EFFECTS OF BED THICKNESS
Curving strike

Joint spacing

Discussion

AGE OF JOINTING
Relative age of joints

viii

19
20
21
21
21
22
22
22
23

25
25
25
26
26
27
28

29
29
30
30
31
32
32
33

34
34
34
37

38
39



Discussion

2.7 DEVELOPMENT OF JOINT PATTERN
Jointing units

Relation between jointing units

2.8 CONCLUSIONS

CHAPTER 3 DYKE INJECTION AND DYKE RELATED JOINTS

3.1 INTRODUCTION

3.2 GENERAL CHARACTERISTICS OF DYKES
Dyke orientation
Structures associated with dykes

3.3 DISCUSSION
Dyke induced fractures
Relative age of dykes

Dykes and stress field

3.4 CONCLUSIONS

CHAPTER 4 FAULTS AND RELATED STRUCTURES

4.1 INTRODUCTION

4.2 ESE-SE NORMAL FAULTS
Relative age

4.3 N-NNE NORMAL FAULTS
Relative age

ix

40

41

42

45

49
49
30
50
52
54
54
57

58

59

61

61

62

64

65
66



4.4

4.5

4.6

4.7

CHAPTER 5

5.1

5.2

5.3

5.4

5.5

5.6

STRIKE-SLIP DISPLACEMENTS

FAULT-RELATED MONOCLINES

Discussion

FAULT-BOUND ANTICLINES

Discussion

CONCLUSIONS

INTRODUCTION

CONJUGATE FRACTURE PATTERN AT COALCLIFF

Conjugate faulted joints

RECRACKING AND JOINTING
Horizontal recracking
Vertical recracking

FORMATION OF SECONDARY JOINTS
Horizontally grown secondary cracks
Vertically grown secondary cracks
Interactive secondary cracks

Summary
FAULTED JOINTS WITH MULTIPLE DISPLACEMENTS
EPISODES OF RECRACKING

NNE-SSW compressional event
E-W compressional event

RECRACKING OF JOINTED ROCK MASSES

67

67
68

71
73

74

77

77

78
80

81
81
82

83
84
86
87
38

88

90

91
91



SSE-NNW compressional event 92

Relative age of compressional events 93
Regional joints 93

Normal faults 93

Dykes ' 94
Monoclines 94
Compressional events 95

5.7 MECHANISM OF RECRACKING 96
Mode of fracturing 96
Sequence of recracking 98
Recracking and deviatoric stress 160

5.8 CONCLUSIONS 101

CHAPTER 6 TECTONIC DEVELOPMENT OF THE SOUTHEASTERN
SYDNEY BASIN 105

6.1 INTRODUCTION 105

6.2 PERMIAN-TRIASSIC TECTONIC HISTORY OF THE SYDNEY BASIN 105

6.3 POST-TRIASSIC TECTONIC HISTORY OF THE SYDNEY BASIN 107
Uplift 109

6.4 SYNDEPOSITIONAL STRUCTURAL MODEL FOR THE SOUTHERN

COALFIELD 111
QQuasi-extensional model 112
Origin of extensional stress 113
The effect of basement structures 114

6.5 POST-DEPOSITIONAL STRUCTURAL MODELS FOR THE
SOUTHERN COALFIELD 116

Xi



Mesozoic-Early Tertiary extensional episodes 116

Latc-stage compressional cvents 119
Origin of compressional stress 120

6.6 DEFORMATION HISTORY 121
6.7 CONCLUSIONS 121

CHAPTER 7. SOME GEOMORPHOLOGICAL AND ENGINEERING

IMPLICATIONS OF ROCK FRACTURING 123
7.1 INTRODUCTION 123
7.2 THE FORMATION AND RECESSION OF ROCK PLATFORMS 123
Development of rock platforms 124
Flatform recession 125
Surfacial erosion 126
Recession of low tide cliff 127

Erosion of headlands 128

Age of rock platform 128

7.3 BEDROCK FRACTURES AND UNSTABLE TALUS SLOPES 129
Illawarra Escarpment 129
Factors affecting slope instability 130
Contemporary stress 131

Major recent landslips 133
Bedrock fractures and talus failure 136

7.4 DYKE PREDICTION IN UNDERGROQUND MINING 137
Adjacent joints and dyke prediction 138

7.5 CONCLUSIONS 140

Xii



CHAPTER 8. SUMMARY OF CONCLUSIONS
8.1 JOINTS
8.2 FAULTS AND DYKES
8.3 FAULT-FORCED FOLDS
8.4 FAULTED JOINTS
8.5 RELATIVE AGE OF STRUCTURES
8.6 TECTONIC HISTORY
Early quasi-extensional regime
Intermediate regime

Late compressional regime

8.7 IMPLICATIONS OF ROCK FRACTURING

REFERENCES
ACKNOWLEDGEMENTS
FIGURES OF CHAPTER 1
FIGURES OF CHAPTER 2
FIGURES OF CHAPTER 3
FIGURES OF CHAPTER 4
FIGURES OF CHAPTER 5

Xiii

143

143

144

145

145

147

149

149

149

150

150

153

171

173

182

214

224

237



FIGURES OF CHAPTER 6
FIGURES OF CHAPTER 7
TABLES
APPENDICES
1. Symbols vsed in maps and scanline charts
2. Location map for studied outcrops and scanlines

3. Examples of fracture maps

4. Scanlines

Xiv

2635

273

285

Al

Ad

A7
A22



1.1
1.2
1.3
14
1.5
1.6
1.7
1.8

Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5
Figure 2.6
Figure 2.7
Figure 2.8
Figure 2.9
Figure 2.10
Figure 2.11
Figure 2.12
Figure 2.13
Figure 2.14
Figure 2.15
Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19
Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23
Figure 2.24

LIST OF FIGURES
Simplified structural elements of the Sydney Basin.
Simplified geological map of the southeastern Sydney Basin.
Lease boundaries of coal mines of the Southern Coalfield.
Location map of the studied outcrops.
Distribution of the orientation of 57 surveyed scanlines.
Scanline chart of rock fractures, for scanline 14-1T".
Major structural elements of the southeastern Sydncy Basin.
Simplified stratigraphic column of the Sydney Subgroup.

Vertical propagation of joints in one or more beds.
Vertical extent of NNE striking joints.

Joint pattemn at Coalcliff (Outcrop 2)

Fracture pattern of a 1 ¢m thick sideritic mudstone.
Horizontal and vertical traces of the SE joints.
Orientation of systematic joints.

Orientation of joints in the northern zone (Outcrops 1-9).
Orientation of joints in the central zone (Quicrops 10-19).
Orientation of joints in the southern zone (Outcrops 20-30).
Histograms of joint crientation in the study area.
Nonsystematic ¢ross joints.

Joint cuts pebbles of a conglomerate at Coalcliff.

Surface marking on a 032° striking joint.

Surface marking on a 005° striking joint.

Fracture pattern resulting from a dynamite explosion.
Relation between rock type and fracture pattern.
Influence of rock type on frequency of joints.

Fracture pattern of the Bulli Coal.

Fractures in the Tongarra Coal.

Fracture pattern of a silicified plant fragment.

The effect of bed thickness and rock type on jointing,

Gradual change in strike, due to an increase in bed thickness.

Scanline charts showing frequency and strike of joint sets.
The effect of bed thickness on frequency of joints.

Xy



Figure 2.25
Figure 2.26
Figure 2.27
Figure 2.28
Figure 2.29

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5.
Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12

Figure 5.1
Figure 5.2
Figure 5.3
Figure 54

Hobbs (1967) model for spacing of joinis in sedimentary rocks.
Orientation of fractures in ironstone intraclasts.

Cross cutting relationships between 4 sets of joints.
Cross-cutting relationships between 6 sets of joints.

Joint orientation in two adjoining mechanical units.

Adjacent joints parallel to a 110° striking dyke.
Dyke parallel adjacent joints.

Distribution of dykes in the Southern Coalfield.
Orientation of dykes at the level of coal mining.
Adjacent joints along a scanline at Austinmer.
Scanline charts showing adjacent joints.

A NNE striking vertical dyke at Coledale.

A SE dyke at Red Point (Port Kembla).
Development of adjacent joints.

Process of magma injection into a sequence.

Rose diagrams of fault orientations.

Map of the ESE faults in the northern part of the study area.
Post-depositional normal slip on the Harbour Fault.
Syndepositional faulting in the Coal Cliff Sandstone.

Normal faults at Bell Point Austinmer (Outcrop 18).

NNE striking normal faults at Coalcliff Adit.

A 020° striking normal fault at Coalcliff Adit,

Distribution of N-S fractures along a scanline at Wombarra.

A fault related monocline at Coledale (Outcrop 16).
Relationship between a monocline and underlying normal fault.
Cross section along the coast between Coalcliff and Woonona.

Variation in dip of ESE growth faults due to compaction,

Fracture pattern of Coalcliff Sandstone at Coalcliff.

A 2 mm dextral movement along a 010° faulted joint.
Structure of a long recracked 120° striking joint at Bulli.
Abutting of a 045° fracture against a 013° fracture.

xvi



Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17
Figure 5.18

Figure 5.19
Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25
Figure 5.26
Figure 5.27
Figure 5.28
Figure 5.29
Figure 5.30

Figure 6.1
Figure 6.2
Figure 6.3
Figure 6.4
Figure 6.5
Figure 6.6
Figure 6.7

Termination by branching of a vertical NE joint.

An open vertical fracture, developed parallel to a closed joint.
Secondary crack formed at the end of a faulted joint.

NNE striking horse-tail fractures at Clifton (Outcrop 4).

100° striking secondary cracks along open fractures.

A secondary crack, connecting two segments of a faulted joint.
Recracking and horizontal enlargement of a segmented NE joint
En echelon arrays above 175° fractures.

Development of an array of echelon fractures.

A complex zone of secondary fractures.

Interaction between two conjugate faulted joints.

Secondary crack formed due to the rotation of stress field.
Classification of secondary cracks.

Vertical growth of recracked fractures.

Multiple slip along faulted joints.

Development of multiple sets of secondary cracks.

Model for development of opposite senses of lateral slip.
Dextral displacement of a vertical dyke at Bulli.

Orientation of secondary cracks in the study area.

The relation between s¢condary cracks and lateral displacement.
A set of regional joints and normal faults with dextral slip.

3 mm sinistral movement along a 140° striking joint.

Sequence of deformation events at Wombarra.

Stress conditions during the formation of fractures.

Alternative recracking of three sets of vertical joints,
Sequential development of secondary cracks.

Sydney-Bowen Basin System and neighbouring fold belts.
Schematic cross section of the Sydney Basin.

Fault-forced anticlines at Coal Cliff and Bulli Collieries.
Syn-depositional structural model of the Southemn Coalfield.

A model for the formation of fault forced anticlines.

Formation of extensional forced folds and narrow grabens.
Development of tensional forces due to formation of a forebulge.

Xvii



Figure 6.8
Figure 6.9
Figure 6.10

Figure 7.1
Figure 7.2
Figure 7.3
Figure 7.4
Figure 7.5
Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11

Major ESE lineaments in the southern Sydney Basin.
Pattern of sea floor spreading in eastern Australia.

Origin of the NNE compression in the southeastern Sydney Basin.

Two rock platforms at Coalcliff.

Influence of fracturing on surface weathering and erosion.
Undermining of sandstone blocks along low tide cliff.
Fractures controlling the geometry of platforms.

Platforms and adjacent headlands.

Cross section of the Ilawarra Escarpment near Scarborough.
Location map for landslips cited in the text.

Two landslips along the Lawrence Hargrave Drive.

The relation between landslips and bedrock fractures.
Tension cracks in talus and their relation to fractures in bedrock.
Dyke prediction using scanline charts.

Xviii



LIST OF TABLES
Table 1.1 Studied outcrops.
Table 1.2 Scanline data.
Table 1.3 Stratigraphy of the Southern Coalfield.

Table 2.1 Mean orientation of systematic joints.

Table 2.2 Major joint sets with regional distribution.

Table 2.3 Orientation of regional joints in northern and central zones.
Table 2.4 Mean orientation of NE and SE joints in different outcrops.

Table 3.1 Dykes exposed along the coast (Stanwell Park to Port Kembla).

Table 4.1 Anticlines and normal faults in the southeastern Sydney Basin.

Xix



|
CHAPTER 1

INTRODUCTION

1.1 OBJECTIVES
This thesis addresses structural aspects of rock fracturing, as well as some of their
engineering implications, for a flat-lying sequence in the southeastern Sydney Basin
(Figure 1.1). The study area extends for 20 km from Coalcliff to Wollongong
(Figure 1.2), and contains the Late Permian Illawarra Coal Measures along the coast
and slopes of the Illawarra Escarpment. The main aim of this research is to conduct
a structural analysis and address current broad research problems concerning the
jointing and fracturing of rock. Many questions about joints and their origin are still
unanswered today or present answers are ambiguous (Ramsay & Huber 1987).
Questions dealt with in this thesis are listed below.
1. What is the fracture pattern of the southeastern part of Sydney Basin?
2. What factors control joint orientation, size, shape, spacing, and clustering?
3. In what circumstances do joints of one set, or joints of different sets,
interact with each other?
4. What is the effect of rock type, sedimentary structures, rock unit, and
weathering, on rock fracturing?
5. In which part of the tectonic cycle (burial, diagenesis, tectonic compression,
extension, uplift, and erosion) does each joint set form?
6. Is there any relationship between joints and adjacent structures such as
folds, faults and dykes?
7. What is the significance of rock fracturing for civil and mining engineering
practice?

Describing the formation of discontinuities in rock masses, which is still
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) t0
poorly understood, is a major task and a very difficult topic (Aydan & Kawamd

. re
1990). Fortunately, as Hancock (1985) stated, the study of brittle mesostructures @

ing not beel
most rewarding in platforms where macrostructures are rare and there has

. . . . . . . S dne Basin’
significant intraterrain rotations. This is the case for the southeastern Sydney

where the rocks are almost horizontal.

The Late Permian Ilawarra Coal Measures host economic coal seams, which

are utilised in coke manufacture and power generation (Figure 1.3). The area

contains more than 1700 boreholes, as well as exploratory trenches, tunnels and

geophysical profiles (Hutton ez al. 1990).  Although an extensive literature is

published which deals with different aspects of geology and geological engineering of
the succession, no comprehensive studics of jointing and fracturing of rock have been
carried out. The few previous works on jointing were mostly based on remote

sensing techniques (e.g. Bowman 1974; Mauger et al. 1984; Lohe ez al. 1992).

1.2 DATA BASE

The outcrops which have been studied are mostly horizontal rock platforms and
adjacent vertical cliffs. The main outcrops, are numbered from 1-30 and named after
each suburb or locality (Table 1.1, Figure 1.4). Field data on fractures where
gathered in three different ways: (1) mapping all the outcrop, (2) mapping along
scanlines, and (3) random sampling.

Sampling the orientation and distribution of vertical planes is easiest along a

horizontal surface. In the study area, joints are normally vertical ard horizontal

surfaces of platforms are suitable places for their study. The vertical face of coastal
cliffs and the seaward edge of platforms are used for examination of vertical changes

in joint characteristics as well as their relation to bedding and other geological

features.
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In the northern platforms (Outcrops 1-9), the entire outcrop was mapped.
1:8000 and 1:4000 scale aerial photographs were enlarged to 1:1000, 1:500 and 1:250
scales and used as base maps. Data for the central platforms (Outcrops 11-25) were
gathered along scanlines. All of the fractures and other structures were mapped and
their characteristics were recorded along 5 to 10 m wide scanlines. Where the type
of termination, bifurcation and lateral movement of a joint or its interaction with the
other fractures were important, a joint was followed as far as 100 m away from the
axis-of the scanline. In this study, 53 scanlines with the total length of 5273 m
were surveyed. A total number of 4549 joints were recorded along scanlines (Table
1.2). Directions of scanlines were selected so that the most meaningful data was
gathered from the joint population, as well as other structures. Terzaghi (1965)
recommended that sampling should be random, otherwise the some joint sets might
be overlooked. Scanlines are fairly evenly distributed in all directions (Figure 1.3).
For a few southern platforms (Outcrops 26-30), which are stratigraphically below the
coal measures sequence, data were gathered from randomly spaced circles of 1-2 m
in diameter, or along randomly oriented intersecting lines.

Another factor, which can influence the sampling, is the distance between
outcrops. In northern parts of the study area, where the Illawarra Coal Measures are
exposed, rock platforms are closely spaced and the gap between them is mostly filled
by exposures along vertical cliffs.

The linear pattern of the study area, stretching along the coast from northeast
to southwest, could be the most severe drawback for valid sampling. Unfortunately,
outcrop of lllawarra Coal Measures is restricted to the east of the escarpment (Figure
1.2). West of the escarpment the arca is mostly covered by the Triassic Hawkesbury
Sandstone. In the southeastern Sydney Basin, underground workings normally follow

one seam (Bulli or Wongawilli), and the cores of widely spaced drill holes could not
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fulfil the requirements of the present study. Data from the few previous fractu

{984; Lohe ef db

lineament surveys of this region (Bowman 1974; Mauger éf al.

: - Figure 1.3), were
1992), as well as information reported from different coal mines (F18

used as supporting evidence.

The lincar pattern of the study area has one advantage. In the southeastern
part of the Sydney Basin, most of the major structural features, ie. folds, faults,
dykes, and many joints, have a southeasterly trend. The northeast layout of the
study area intersects these features at a high angle, which best reveals their

characteristics.

Presentation of field data

“It is not encugh to make accurate data collection; it is of equal importance to
choose a simple, clear way of representation that makes a complete record of data”
(Ramsay & Huber 1987). In flat-lying sequences, where joints are mostly vertical,
rose diagrams are frequently used for presenting orientation data. Rose diagrams
have the disadvantage that they misrepresent data by exaggerating large
concentrations and suppressing small ones (Brown 1981). In many instances, where
we are interested in parameters such as the spatial changes in the orientation and
frequency of the joints, rose diagrams are of no help. As an alternative, the plot of
fracture orientations, verses the distance along a scaniine, is used. Scanline charts
clearly present the orientation and frequency of each fracture set, show any changes

in fracture orientation or frequency which can be related to rock type, bed thickness

or other factors. Using the orientation of the scanline, the spacing of each set can

be readily calculated (Fig 1.6).

Thin sections were used to study microfractures, joint infillings and host rock

petrology. Coloured photographs were also taken and used to examine relationships



5
between fracture sets.  X-ray diffraction was used for the identification of fine-
grained materials, especially joint infillings.
Platform maps and the results of scanline surveys, are presented in the

Appendices 3 and 4.

1.3 STRUCTURAL SETTING

Sydn_ey Basin

The Sydney Basin, is located along the central coast of New South Wales (Figure
1.1) with an onshore area of around 36000 km’ and a length of 380 km in a NNE
direction (Mayne ef al. 1974). It forms the southern section of the Sydney-Bowen
Basin System (Lohe & McLennan 1991).

The structural history of the Sydney Basin is difficult to decipher, because
there are few reliable ways for the absolute or relative dating of deformation events
(Shepherd & Huntington 1981). The Sydney Basin developed in the Late Permian-
Triassic as a retro-arc foreland basin (Scheibner 1976; Herbert 1980; Jones & Hutton
1984). Retro-arc basins develop behind continental magmatic arcs and exhibit a
marked asymmetry. The New England Fold Belt represents the magmatic arc which
bounded the Sydney Basin to the east and north (Figure 1.1). Strong crustal
movements began in the Late Permian and resulted in upiift of the New England
Fold Belt. These crustal movements have been termed the Hunter-Bowen Orogeny
and caused significant subsidence and deposition in the Sydney Basin. The basement
of the Sydney Basin consists of the Lachlan Fold Belt (Figure 1.1). The structure of
the fold belt may have influenced deposition and structural patterns in the basin (e.g.
Cook 1969; Clark 1992; Lohe et al. 1992).

Within the Sydney Basin, a thick succession of shallow marine and terrestrial

strata were deposited during the Permian and Triassic periods (Mayne ef al 1974).
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There has been some debate about the thickness of the sedimentary succession
eroded from the Sydney Basin. Most recently, Faiz and Hutton (1993) proposed 2
maximum of 2.5 km of cover thickness over the Illawarra Coal Measures in the
southeastern Sydney Basin, of which up to 2000 m has been removed by erosion.The
apparently flat lying sequence of the Sydney Basin has been affected by a variety of
post-depositional deformations, principally expressed by episodes of faulting (Lohe &

McLennan 1991). In the Sydney Basin, deformation is more intense towards the

north, adjacent to the Hunter Thrust (Figure 1.1)

Southern Coalfield
The southern Sydney Basin represents a more stable and undisturbed area. This area
covers what is known as the Southern Coalfield of NSW (Figure 1.3). The terms
"shelf* and "trough" have been used for areas of low and more rapid subsidence rate,
respectively.  Most of the southern Sydney Basin can be considered a shelf area
(Bamberry 1992).

The study area is located in the eastern and coastal section of the Southern
Coalfield. Structural elements of the studied area are folds, faults, joints, and dykes.
In the Southern Coalfield, structural information has been obtained mostly from

colliery workings, and coal, oil and gas exploration boreholes.

Folds

The dominant structure in the Southern Sydney Basin is the Camden Syncline, which
trends N 5° E and plunges gently to the north at 1° or less (Figure 1.7). A series of
very broad, northwesterly plunging minor folds occur on the e¢astern limb of the
Camden Syncline (Figure 1.7). Regional dips are normally around 2° and local dips

rarely exceed 5° (Wilson 1975). Some monoclines also occur in the Southern
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Coalfield. Folds and their relations with brittle fractures are presented in Chapters 4

and 6.

Faults
In the southeastern Sydney Basin, faults are mostly normal and concentrated in the
eastern half. Normal faults have displaced both Triassic and Permian strata. It has
been suggested that reactivation of the pre-Permian basement faults has had an
important influence on the fault pattern of the Southern Coalfield (Clark 1992). At
the level of the coal seams, normal faults trend either N-NNE or ESE-SE. Apart
from major faults with large displacements, these faults have no surface expression
(Wilson er al. 1958). The ESE-SE faults dominate the structural map of the
coalfield (Shepherd 1989). Shepherd (1990) mapped two zones of N-NNE faults
close to the coast, each comprises a large number of normal faults with throws of up
to 9 m (Figure 1.7).

Although lateral movements are frequent, no strike-slip faults developed
inttially in the study area. All strike-slip movements took place along pre-existing
fractures. Faults and their relation with joints are presented in Chapter 4. The

relation between faults and other structures is discussed in Chapter 6.

Joints

Very little has been published on the jointing in the southeastern part of the Sydney
Basin. Bowman (1974) reported four sets of joints, striking N, NE, ESE and SE, for
the Wollongong 1:50,000 Geological Map. Analysis of linecaments defined from
satellite imaginary, indicates that they have similar orientations to the joints in the
study area (Mauger et al. 1984). Among the known lineaments, the Coastal

Lineament is a major structure in the area, corresponding in part to the South Coast
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Warp (Figure 1.7; Mauger ez al. 1984; Sherwin & Holmes 1986).

The study of joints is the main concern of this thesis. Most joints fall into
three major orientations, namely N-NNE, NE and SE. Two groups of systematic
joint sets, with regional distribution, are mapped in this part of the basin. Local
joints are mostly related to monoclines or dykes. The main characteristics of joints
are discussed in Chapter 2. Other aspects of fracturing of rock are covered in the

rest of this thesis.

Igneous activity

The Sydney Basin succession is intruded by igneous bodies, which range in age from
Late Permian to Tertiary. The igneous masses occur as dykes, sills, and volcanic
plags or necks (Branagan 1985). Dykes may occur separately or as members of
swarml. Dykes were mostly injected through fractures which were propagated by
magma pressure. The rocks are muostly basalt and dolerite (Bowman 1974). In the
Southern Coalfield, most dykes strike ESE with other sets having strikes of NE and

NNE. Dykes, and their relation to joints, are discussed in Chapter 3.

Deformational evenis

Fracture mapping has enabled identification of four phases of deformation active
from the time of Late Permian deposition until the present. Syn-depositional mild
warping and normal faulting has been recognised for the southern Sydney Basin
(Wilson et al. 1958; Bunny 1972; Jakeman 1980} and has been confirmed by the
present study. The regional joint system formed after deposition and developed in
three major directions. All fracture sets were reactivated with common strike-slip
movements.  Chapter 5 is devoted to recracking of pre-existing fractures. The

tectonic setting of this part of the basin is discussed in Chapter 6.
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Mine roof conditions, gas outbursts, water inrush into working areas, gas
migration, as well as slope instability along the escarpment all are mainly controlled
by rock fractures and late stage compressional forces. Implications of jointing and

fracturing of rock for engineering practice are presented in Chapter 7.

1.4 STRATIGRAPHY

On the castern side of the Sydney Basin, the Late Permian Illawarra Coal Measures,
overlie marine sedimentary rocks of the Shoalhaven Group. The coal measures are,
in turn, overlain by alluvial sedimentary rocks of the Narrabeen Group and
Hawkesbury Sandstone (Hanlon 1956a, b; Wilson 1969; Bowman 1972, 1974). The
currently-accepted stratigraphic nomenclature was formalised by the Standing
Committee on Coalfield Geology of New South Wales (SCCG 1971). The

stratigraphy of the Southern Coalfield is summarised in Table 1.3.

Shoalhaven Group

The Shoalhaven Group consists of about 1000 m of alternating sandstone and
siltstone of shallow marine origin (Lohe er al. 1992). The highest unit of the
Shoalhaven Group is the Broughton Formation (Carr 1983), and this has been chosen
as a reference for correlation of the fracturing of these deposits with the overlying
Illawarra Coal Measures.

In the southern part of the study area, the upper part of the Broughton
Formation consists of massive to poorly bedded grey-green volcanoclastic fine-
grained sandstone (Outcrops 28-30)). lgneous pebbles and boulders, up to 250 mmn
across, are common Iin fine-grained rocks (Jones & Hutton 1984). Farther to the
south, and outside of the study area, this formation contains a number of tabular

latite flows. A northeasterly trending volcanic chain, which was developed to the
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east of the present coastline in the early Late Permian, was the source of these

igneous bodies and related units in the lower Illawarra Coal Measures (Carr & Facer

1980; Jones er al. 1986).

Illawarra Coal Measures

The Late Permian Illawarra Coal Measures is a sequence of sandstone, siltstone,
mudstone and coal with minor conglomerate and tuffaceous beds (Huttog et ql.
1990). It has an average thickness of approximately 210 m. The thickness exceeds
500 m in the north of the coalfield and is less than 50 m thick in the south and
west (Bamberry 1992). The Illawarra Coal Measures is subdivided into two
subgroups, namely the lower Cumberland Subgroup and the upper Sydney Subgroup
(Table 1.3; Wass et al. 1969).

Sedimentation within the Illawarra Coal Measures occurred in an alluvial
environment with abundant peat deposition. The preservation of coal is dependent
upon active subsidence of the basin of deposition to maintain such areas below
ground water level. This normally happens when the tectonic activity is relatively
high. This was the case for the Sydney Basin which was located on the continental

side of the active New England Fold Belt (Figure 1.1).

Cumberland Subgroup

The Cumberland Subgroup, forming the lower part of the Illawarra Coal Measures,
contains two formations: the Pheasants Nest Formation at the base, and the Erins
Vale Formation at the top. The subgroup consists dominantly of quartzose and lithic
sandstone. The Cumberland Subgroup is disconformably overlain by the Sydney
Subgroup which represents the first incursion of sediment from the New England

Fold Belt into the southern Sydney Basin (Jones & Hutton 1984).
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The stratigraphically lower Pheasants Nest Formation consists of pebbly flat
and cross-bedded volcanoclastic sandstone containing plant debris in thin silty
partings. The lowermost part of the unit consists of thinly interbedded sandstone,
siltstone, and claystone which contrasts with thick beds of sandstone in the top part
of the underlying Broughton Sandstone (Sherwin & Holmes 1986). Stratigraphically
higher in the Phcasants Nest Formation occur at least two thin, silty coal seams
(Jones & Hutton 1984). The unit has a thickness of about 75 m throughout most of
the area, but thickens to the northeast. In the study area, the Pheasants Nest
Formation crops out south of Bellambi at Outcrops 26 and 27 (Table 1.1).

The Erins Vale Formation is essentially coal free. This unit is typically a
fine-grained, quartz-lithic to lithic sandstone. The clastic particles are quartz,
feldspar, volcanic rock fragments, quartzite, and chert. The matrix contains abundant
carbonaceous material and secondary calcite (Bunny 1972). In the study area, this
formation crops out along the coast, between Thirroul Beach and Woonona (Outcrops

22, 24 & 25).

Sydney Subgroup
The Sydney Subgroup, extends from the top of the Cumberland Subgroup to the base
of the Narrabeen Group (Figure 1.8, Table 1.3). It contains the economic coal seams
of the Southern Coalfield and is more extensively developed than the underlying
subgroup. Details of the stratigraphy of the Hlawarra Coal Mecasures were given by
Bowman (1970, 1974), SCCG (1971), Bunny (1972), Hutton er af. (1990) and
Bamberry (1992).

Almost all of the sandstones in the Sydney Subgroup are litharenite as defined
by Folk (1968). The most abundant detritus are fine-grained and altered volcanic

clasts (Bowman 1974). The sandstones generally have a clay matrix and either a
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limonite or carbonate cement. The clay is mainly illite, with smaller amounts of
kaolinite. Sandstones become finer grained upwards with generally better sorting at
the base of each unit. Siltstone and claystone normally have organic material, which
is scattered as fine material or larger fossils. The argillaceous sediments consist of
illite, partially to completely degraded illite, quartz, and minor amounts of plagioclase
and kaolinite (Sherwin & Holmes 1986). The economically important coal seams in
the Southern Coalfield are, in descending stratigraphic order, the Bulli, Balgownie,
Wongawilli, and Tongarra Coals (Table 1.3, Figure 1.8}).

The basal unit of the Sydney Subgroup is the Wilton Formation which
disconformably overlies the Cumberland Subgroup. The basal Wilton Formation
consists of fining upward cross-bedded sandstone overlain by horizontally interbedded
fine-grained sandstone and siltstone, mudstone and coal. In coastal exposures at
Thirroul (Outcrop 21), the Woonona Coal conformably overlies coarse sandstone of
the lower Wilton Formation (Figure 1.8). The sequence from the Woonona Coal
Member to the Tongarra Coal is laminated mudstone, siltstone and sandstone, that
grades into claystone and then into the Tongarra Coal. The carbonaceous siltstone
contains scattered dropstones up to 200 mm across, as well as common plant debris.

The Tongarra Coal, which occurs throughout most of the Southern Coalfield,
is composed of interbedded coal, carbonaceous shale and tuffaceous claystone. In
the study area, along the coastal outcrops between Woonona and Wombarra, the
Tongarra Coal is composed of four coal plies separated by laterally persistent bands
of light-coloured tuffaceous claystone (Hutton e @l 1990). The Wilton Formation is
exposed in the central part of the study area (Outcrops 10-20).

Conformably overlying the Tongarra Coal is the Appin Formation, which is
subdivided into the lower Bargo Claystone and the upper Darkes Forest Sandstone

Members (Table 1.3). The Appin Formation forms a thick coarsening upward



13

sequence recognised throughout the Southern Coalfield. The Bargo Claystone
Member, which overlies the Tongarra Coal, consists of mid-grey to black claystone,
siltstone and sandstone (Sherwin & Holmes 1986). A sandstone interbedded with
siltstone, named the Austinmer Sandstone Member, is present near the base of this
unit (Bowman 1974). The outcrop of this sandstone is generally poor and highly
weathered. The boundary between Bargo Claystone and the overlying Darkes Forest
Sandstone Member is often transitional. It consists of light-grey, fine-grained, quariz
lithic sandstone with interbedded siltstone, which becomes coarser upward. This unit
is generally highly weathered, resulting in poor outcrop.

The Allans Creek Formation consists of two (or more) carbonaceous and coaly
intervals separated by an interbedded sequence of claystone, siltstone and fine to
medium-grained lithic sandstone (Hutton et al. 1990). Rapid lateral variation is
typical, but the unit commonly commences and ends with coaly sequences separated
by an interval of essentially non-coaly, clastic strata (Sherwin & Holmes 1986). The
upper seam or coaly unit, immediately below the Kembla Sandstone, is referred to as
the American Creek Coal Member (Fig. 1.8). A sharp and slightly disconformable
boundary (Jakeman 1980) separates the Allans Creek Formation from the overlying
Kembla Sandstone. This formation, along with Allans Creek Formation, is exposed
at the base of the escarpment north of the Scarborough Fault (Outcrops S to 7).

Overlying the Allans Creek Formation is the Kembla Sandstone, which is one
of the most persistent clastic units in the Southern Coalfield. It is generally a fine
to medium-grained, light grey, lithic sandstone which becomes very fine-grained near
the top (Sherwin & Holmes 1986). This unit combined with the upper Wongawilli
Coal, represents a useful marker interval over most of the coalfield (Hutton er al.
1990). |

The Wongawilli Coal, which conformably overlies the Kembla Sandstone,
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consists of 9 to 11 m of coal, carbonaceous shale and claystone bands (Figure 1.8)
The light-coloured claystone bands are thought to have a tuffaceous componetl
Approximately 6 m above the base of the Wongawilli Coal occurs a 1 m ped of
tuffaceous claystone to sandstone, which persists over most of the Southern Sydney
Basin (Clark 1992).

Within the Eckersley Formation, which conformably overlies the Wongawilli
Coal, Jones and Hutton (1984) defined three main fining-upward sequences each
ending with a coal member. The Eck,érsley Formation changes greatly in thickness,
and to a lesser extent in rock type, but is persistent over the entire Southern
Coalfield (Clark 1992). In coastal outcrops, between Coalcliff and Clifton, the unit
is generally between 20 and 40 m thick and consists predominantly of sandstone
(Figure 1.8). In cliffs near Scarborough and Clifton, Hanlon (1956b) formally named
the Balgownie, Cape Horn and Hargrave Coal Members and the Lawrence Sandstone
Member. Along the coast the Hargrave and Cape Horn Coal Members consist of
coal and carbonaceous mudstone, with their thickness 0.3 and 1 m respectively. The
Balgownie Coal Member, which is approximately | m thick, 1s separated from the
overlying Bulli Coal by 5-15 m of coarse to fine-grained sandstone and minor
claystone and sandstone (Outcrops 3, 4).

The Eckersley Formation is overlain gradationally by the Bulli Coal which is
the uppermost formation of the lllawarra Coal Measures {Sherwin & Holmes 1986).
The Bulli Coal consists of well banded coal and carbonaceous shale. The thickness

of the Bulli Coal is greatest in the northern part of the coalfield, and decreases to

the south.

Narrabeen Group

The Triassic sedimentary sequence consists of the Narrabeen Group, Hawkesbury
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Sandstone and Wianamatta Group (Table 1.3), and forms a significant thickness of
overburden for the lllawarra Coal Measures. The Early Trassic Narrabeen Group
consists of thick interbedded sandstone and claystone layers. The Narrabeen Group
was derived from the north, due to uplift of the New England Fold Belt (Herbert
1980). In contrast, the Hawkesbury Sandstone was derived from a western and
southern source (Jones & Hutton 1984),

The lowermost rock unit of the Narrabeen group is the Coal Cliff Sandstone.
This unit is chosen as a reference for comparison of fracturing of the Illawarra Coal
Measures with younger units. At Coalcliff (Outcrops 1, 2) the Coal Cliff Sandstone
forms a low coastal cliff, slightly above sea level. South of the Clifton Fault this
unjt is about 60 m above sea level. This unit, which is around 10 m thick in the
study area, consists of a homogeneous, medium to coarse-grained lithic sandstone
with a number of pebbly bands and a few beds of grey shale and brown clay
ironstone. Intraclasts are common and overbank deposits are thin and ferruginized

(Jones & Hutton 1984).
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CHAPTER 2

DEVELOPMENT OF SYSTEMATIC JOINTS

2.1. INTRODUCTION

The fracture pattern of the Sydney Basin is remarkably complex for relatively flat-
lying sedimentary rocks and a better understanding of this pattern is of importance, to
coal mining and civil engineering works (Shepherd & Huntington 1981). Most data on
lineaments, fractures, and joints in the southern Sydney Basin, have come mainly from
satellite imagery and air photo interpretation with some collection of fracture data from
coal mines (see Connelly 1970; Bowman 1974, Mauger et al. 1984). Very little has
been published on the jointing in the southeastern part of Sydney Basin.

Shepherd and Huntington (1981) studied a large geological and geophysical data
base, in order to obtain an overview of fracture systems and stress fields of the Sydney
Basin. They emphasised that overall structure and origin of the Sydney Basin is still
poorly known, and that the interpretation of the fracture pattern is so far at an early
stage. Their synthesis demonstrated that the basin has undergone numerous tectonic and
magmatic events, the spatial and temporal relationships of which are still partly
unknown. The most recent work on the fracture pattern of the Sydney Basin was

conducted by Lohe er al. (1992).

Definitions: Brittle fractures that occur in rock have been defined differently within the
geological literature. The following section briefly defines nomenclature which is used
throughout the present work. A ‘fracture’ is a planar or curviplanar discontinuity in a
rock body caused by strain (Gabrielsen 1990). It includes cracks, joints, veins, dykes
and faults. ‘Joints’ and ‘cracks’ are fractures of geological origin along which no

appreciable movement has occurred {Hodgson 1961a; Price 1966, Ramsay & Huber
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1987).

A joint can be closed, open or filled with minerals or fluids. A group of parallel
or subparallel joints form a ‘joint set’ (Hodgson 196la; Ramsay & Huber 1987). A
‘joint system’ is a pattern of joints consisting of two or more sets symmetrically
arranged with respect to cach other (Dunne & Hancock 1994). A ‘conjugate system’
comprise two sets enclosing an acute angle.

A planar joint belonging to a regularly oriented set is called a ‘systematic join;’,
while nonparallel joints that are generally nonplanar are ‘nonsystematic joints’. ‘Cross
joints’ are a group of roughly planar nonsystematic joints that extend across the interval
between systematic joints (Hodgson 1961a, b). Cross joints should not be confused with
cross strike joints (Badgley 1965; Hancock & Engelder 1989) which are vertical joints
that cut fold hinges at a high angle.

Joints are categorised as cither regional or local. Engelder (1982) used regional
joints for those that persist from outcrop to outcrop over a broad region. For the
present study ‘regional joints’ are defined as those that are well developed over the
study arca and can be traced beyond it, both horizontally and vertically. ‘Local joints’
have a limited distribution and are normally related to a particular structure, such as a

dyke or a monocline.

Objectives: This chapter presents a data base gathered during extensive field work, on
30 selected outcrops, along the coast between Coalcliff and Wollongong. Six regional
joint sets have been recognised in this area. The present joint pattern has formed
cumulatively through time and all of the fracture sets were propagated as extension
joints {mode I). Regional and local joints, even those with similar orientations, were
differentated. The role of rock type or pre-existing sedimentary structures, on the

development of the fracture pattern are discussed and the concept of ‘jointing units’ is
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introduced. Based on cross cutting and overprinting relations the joints with regional

distribution have been placed into carly and late formed groups.

2.2. ORIENTATION AND DISTRIBUTION OF JOINTS

One approach to joint analysis is to combine a Jarge amount of data gathered from
different outcrops and then identify preferred orientations. In this method, much
valuable information could be lost (Nelson 1985). Another method is to interpret the
data at each station, or outcrop, prior to regional statistical treatment (Stearns 1969).
The later method was used for the present study. All the local joints were separated
from the data set before any regional interpretation was attempted.

Different characters of fractures were noted and measured in the field, among
them: orientation, spacing, persistence, planarity, termination, surface features, openings,
infillings, lateral movement and interactions with other fractures. Displacements along
joints as little as 0.5 mm were recorded. More than 10,000 fractures were surveyed
during the course of this study. Methods used for gathering field data inciude mapping
of entire outcrops, scanline surveys and random sampling. A total of 5160 m of
scanline, 5-10 m wide, was mapped during the course of this study. The orientation of
scanlines were chosen in a way to reduce biased sampling (see Priest & Hodgson 1981)

(Figure 1.5).

Previous work

Study of joints and other fractures at the surface in the southeastern part of Sydney
Basin has been mostly based on Landsat imaginary and air-photo interpretation (Bowman
1974, Mauger et al. 1984). The results of these studies usually reflect fracturing of the
Hawkesbury Sandstone, which covers most of the Southem Coalfield. Similar studies

in underground coal mines are limited to working coal seams and their adjacent roof
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and floor strata. For the southeastern Sydney Basin, Bowman (1974) reported four sets
of joints with mean directions of 005°, G55°, 105°, and 155°. He arranged these four
sets in two systems, each with two sets at near right angles with each other, Analysis
of lineaments, defined from satellite imaginary, demonstrated their similarity to trends

of the previously reported joints in the area (Mauger ef al. 1984).

General characteristics

The studied joints are either systematic or nonsystematic (in the sense of Hodgson
1961a). A well developed systematic joint is normally planar and rectangular in shape,
with its upper and lower terminations bounded the by upper and lower limits of a single
mechanical layer (in the sense of Narr & Suppe 1991) (Figure 2.1). The length of an
original joint is generally a few times its height. Joints are principally vertical and
developed normal to bedding interfaces (Figure 2.2). Locally joints are non-vertical,
but are still steeply dipping. They normally break through irregularities such as clasts,
pebbles and fossils.

Systematic joints are segmented, both horizontally and vertically (joint zones in
the sense of Hodgson 1961)Figures 2.3, 2.5). The length of segments ranges between
1 cm up to more than 10 m. In places, segments are connected and a single joint can
be traced for more than 100 m (e.g. Scanline 22-CC’ or Figure 2.3). Joints are cither
closed and sealed with calciie and/or siderite or opened. Open members are much
longer than closed joints. Some of the joints, show more than one phase of infilling,
which indicates subsequen.t reworking. The open members frequently show dexiral
andfor sinistral movements of 1-50 mm along their strike. Two adjacent joints might
show opposite displacements (see Chapter 5). Systematic joints occur in sets of parallel
or sub-parallel fractures (Figures 2.3, 2.4). The distribution of these joints is either

regional or local.
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Major orientations

Figure 2.6a is a rose diagram of 6967 systematic jolnts measured all over the study
area. These joints are developed in three major orientations, namely N-NNE, NE and
SE. Still some other directions occur with a smaller number of joints of regional or
local distribution. The study area is divided into the northern, central and southemn
zones, by the Scarborough and Thirroul Faults. The orientation data for the northern
zone, located to the north of the Scarborough Fault, is presented in Figure 2.6b. The
lower most part of the Narrabeen Group and the upper parts of the Illawarra Coal
Measures are exposed in these outcrops. Figure 2.6¢ shows the joint pattern of the
central part of the study area, which consists of flat laminated siltstones and fine-
grained sandstones of the upper Wilton Formation. The southern zone comprises
outcrops of the Cumberland Subgroup and the uppermost part of the Shoalhaven Group
(Figure 2.6d). Orientation data for different outcrops in these zones are presented in

Figures 2.7, 2.8, 2.9 and Table 2.1.

N-NNE joints: N-NNE joints strike between 355° and 020°. Locailly, they are
subdivided into two N and NNE subsets (Figure 2.6). These joints are most frequent
in the northern parts of the study area (Figure 2.6b). Some N-NNE fractures have a
vertical component of displacement, ranging between | mm and up to 100 cm (see
Chapter 4). Joints in this direction have formed during different deformation events (sec

Chapters 3, 4, 9).

NE joints: The average strike of the NE joints is 043°. A set of 060° striking joints
are locally developed in the central zone (Figure 2.6c). Similarly, another set, striking

070°, occur in the southern zone (Figure 2.6d). At Coalcliff, the general characters of
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the NE joints are similar to those of the N-NNE joints, except the NE joints are slightly

concave towards the SE, both at the platform scale (Figure 2.3b) and at a small scale

(Figure 2.4b).

SE joints: The SE joints are best developed in the upper Wilton Formation of the
central zone, where they strike 120-130°. In this zone the SE joints are normally very
straight and fine. Another subset of these joints, which strik@ 140°, are locally
developed in the central zone (Figure 2.6c). To the north of the Scarborough Fault, SE
joints are absent in thick sandstone beds, but strike 135-140° in thin beds of fine to

medium-grained sandstone.

Other systematic joints: In addition to N-NNE, NE and SE joints, which comprises
both regional and local joints, other directions of joint formation exist. Among them
are E and SSE joints which are short and less frequent (Figure 2.10). These joints
also have a regional distribution (see Chapter 5). One or more of the regional joint sets

may be absent in a single outcrop (Figures 2.7, 2.8, 2.9).

Nonsystematic joints: In the southeastern Sydney Basin, nonsystematic joints are
generally open and curved, both in plan and section. The length of these fractures
changes considerably. Larger scale nonsystematic joints are developed in thick
sandstone beds (Figure 2.3¢). These fractures have a tendency to break around
inhomogeneities such as pebbles. The frequency of these fractures is not uniform, even
in one outcrop (Figures 2.3, 2.4). Nonsystematic joints are not present in all outcrops.

Non-systematic joints terminate at, but do not cross, pre-cxisting fractures as has
been recognised elsewhere (e.g. Babcock 1973; Kulander er al. 1979; Gross 1993).

These fractures normally connect members of systematic sets (cross joints in the sense
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of Hodgson 1961a). They mostly initiate in the mid-region between neighbouring joints
and propagate towards them. With pre-existing nonsystematic and systematic joints, as
well as bedding surfaces, they form at 90° angles creating T-intersections and H-shaped
patterns (Figures 2.lc, 2.3, 2.4, 2.11; Hancock 1985; Gross 1993). Segments of
nonsystematic joints which grow toward each other interact (Figure 2.11). Spacing

between nonsystematic joints is controlled by distances between pre-existing open joints.

Discussion

In the southeastern Sydney Basin, regional and local joints are often parallel or
subparallel to each other, even in a single outcrop. The number of joints in a particular
direction is not necessarily an indicator of a regional joint set. Abundances of local
joint sets frequently surpasses the regional joints. For example, in Outcrop 19 the most
dominant joint set strikes 140° and is locally developed in conjunction with a dyke of
similar orientation (Figure 2.8/19). Regional joints are barely recognisable in the joint
rosette of this locality. One frequently used techmique is to weight the joints of
different sets by their length (Bowman 1974). This technique gives misleading results
in the southeastern Sydney Basin, where some regional joints were selectively enlarged
due to subsequent events (see Chapters 4, 5). One solution to this problem, which was
successfully used during the course of the present study, was to filter the local joints
from the data set (Figure 2.10).

Six regional joint sets have been recognised in the study area (Figure 2.10).
These sets can be categorised into two groups, based on their nature, {requency and age.
Group [ include the N-NNE, NE and SE regional joint sets, and are older, more
dominant and widespread, while Group T1, include the NNE, E and SSE regional joints
and arc less frequent, very short and normally abut against the members of the first

group (Table 2.2). Group II joints are dealt with in more detail in Chapter 5.
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No significant change in joint pattern is recorded throughout the succession, from
the upper Shoalhaven Group, through the Illawarra Coal Measures and into the lower
part of the Narrabeen Group (Figure 2.10). Almost all of the regional sets which occur
in the basal parts of the succession (southern zone), are present in the upper parts
(central and northern zones, Figures 2.6., 2.10). This suggests that the regional joints
were mainly formed after deposition of the succession. Changes do occur in the joint
pattern between different locations unrelated to stratigraphic position. Figures 2.6b and
2.10 show that in the north of the study area, the N-NNE joints are more frequent and
more variable in strike. Another notable example is a 6-10° decrease in mean
orientation of N-NNE, NE and SE regional sets in the central zone compared to the
northern zone (Table 2.3, Figure 2.10).

In some outcrops, the NE and SE regional joints are almost normal to each other
(Table 2.4). It has been argued that an orthogonal joint system may form alternatively
(Hancock 1985; Pollard & Aydin 1988; Rives er al. 1994). Apart from the 90° dihedral
angle, no other firm evidence was found to support this relationship.

On the other hand, a genetic relation exists between systematic and nonsystematic
joints. Nonsystematic joints frequently developed subnormal to one of the systematic
sets, which for most parts of the study area is the NE set (Figures 2.3, 2.4). Based on
the physical characters of nonsystematic joints in the Colorado Plateau, Hodgson (1961a)
concluded that these joints were formed under inhomogeneous stresses of possibly local
nature. These fractures, despite their nonsystematic nature, have a relatively fixed
orientation, which is subparallel to the SE and normal to the NE regional joints (Figure
2.11). Curving perpendicular abutting relations of nonsystematic joints against each
other and other pre-existing fractures suggests that they formed sequentially (Gross
1993). Cross-cutting relations indicate that the nonsystematic joints are the youngest

natural fractures developed in the southeastern part of the Sydney Basin. Bedding-
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parallel horizontal joints are uncommon in the study area and where they exist, they

have formed from unloading and meore recent weathering.

2.3. ORIGIN OF JOINTS

Mode of formation

Joints are kinematically puzzling structures and their interpretation has generated
controversy. In many instances, the origin of an identical set of joints is suggested as
either extension or-shear fracturing. Joint sets in the Appalachian Plateau (New York
area) were interpreted by Engelder and Geiser (1980) and Engelder (1982) as tension
fractures, and by Muehlberger {1961) and Scheidegger (1982) as shear joints (see also
Bergerat ef al. 1992 for a similar example in the Colorado Plateau). Conjugate patterns
of systematic sets in some outcrops, and the sense of shearing along their strikes, are
the main factors used to indicate a shear origin for jointing. Hancock (1985) classified
joint sets as extension, hybrid or shear fractures. He suggested 10 different criteria for
differentiating between these three types of joints in the field. In this study, joint
infillings, lateral displacement, surface marking and conjugate patterns have been found

to be the most useful of these criteria for establishing the mode of joint initiation.

Infillings: Subhedral crystals of calcite cover some fracture walls and indicate that the
fracture was open at depth (Lorenz & Finley 1991). The infilling also demonstrates that
joints were filled with fluids at the time of fracturing, although the infillings themselves
may have crystallised from other fluids that subsequently flowed through the fracture
system (Wheeler & Holland 1978). The presently sealed calcite filled joints are
normally undeformed and show no shear offset (Figure 2.12a).

Some fractures are filled or their walls are stained with brown minerals which

have been determined by XRD, on samples from the Coalcliff-Scarborough area, to be
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mostly siderite and ankerite. In some fractures more than one phase of calcite infilling
is visible (Figure 2.12b). Where both calcite and siderite are present, siderite forms a
fine film adjacent to joint walls suggesting that it was the first phase precipitated

followed by calcite.

Lateral displacement: Offsets of grain boundaries or fossil fragments along a joint are
regarded as evidence for a shear origin of a fracture (Engelder 1982). Figure 2.12a
shows a 045° joint which cuts pebbles of a conglomeratic bed, exposed at Qutcrop 2.
The joint is sealed with a 2 mm thick undeformed calcite vein. No significant shear
offset is visible in the plane of this joint (Figure 2.12a). Both in hand specimen and
under the microscope, no original lateral movements are visible in closed and/or sealed

joints with only one phase of infilling.

Surface marking: Mode of formation and the propagation history of joints can be
inferred from their surface markings (see Kulander er al. 1979; Bahat & Engelder 1984;
Bahat 1986, 1987a, b). In the southeastern Sydney Basin, surface markings are not
abundant, probably due to subsequent lateral movements along the joints and also from
the more recent destructive effects of wave action and weathering. Surface ornaments
are more common in fine-grained, competent and homogeneous rocks, such as medium
to fine-grained sandstone.

Some well developed surface markings are exposed along the cliff face at
Scarborough. Figure 2.13 shows a long, vertical, rectangular joint, striking 033°. The
main joint face, which is located in the upper one third of a sandstone bed, is
terminated above by a 3 mm thick mudstone band located 10 cm below the upper
boundary of the sands.tone bed. A fringe zone is developed in the lower two thirds of

the bed, separated from the main face by a well defined shoulder. Here, the {ringe zone
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consists of a set of closely spaced en echelon cracks (twist hackle faces) connected by
abutting steps (twist hackle steps). The en echelon segments strike 026-028°. These
segments show a second-order plume structure indicating that their propagation was
normal to the direction of propagation of the main joint face, i.e. downward. Figure
2.14 shows an elliptical joint face developed in the lower two thirds of the sandstone
bed. This joint is also vertical and sirikes 003°. A narrow fringe zone is developed
in the lower part of the elliptical joint (Figure 2.14).

The direction of joint propagation of the main joint face was usually horizontal
and parallel to the bedding. Propagation of the joint in Figure 2.13 was from left to
right, while in Figure 2.14 the joint propagated both to the left and right of its
nucleation point. Nucleation points of joints were normally small clasts or some other
type of inhomogeneity.

Surface markings, such as plumes, are atiributed 1o an extensional joint origin
(Bahat & Engelder [984; Kulander & Dean [985; DeGraff & Aydin [987). Plumose
patterns indicate that the joint formed while the main motion was normal to the joint
face (opening mode). The bilateral plumose morphology in Figures 2.13 and 2.14
indicate that these joints were opened by propagation away from the central horizontal

axis (Engelder 1982).

Conjugate pattern: The size of the dihedral (26) angle between conjugate joint sets is
another criteria for differentiating between extension and shear joints. Classical
interpretations state that conjugate joints intersect at the axis of intermediate stress (a,),
with the axis of the greatest principal stress (o) bisecting the acute angle (20) between
the conjugate fractures (Davis 1984). Hancock (1985) suggested the following
classification, assuming an angle of internal friction (¢) of 30° for the rock. A 20 angle

of less than 10° indicates that the joints formed by extension, while a 20 angle of 11-
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50° suggests that the joints are hybrid. The continuum of orientations enclosing the
range of 20 angles of 10-50° is a joint spectrum comprising extension and hybrid joints.
Dihedral angles in excess of 50° indicate a shear origin for the conjugate sets (for more
detail see Chapter 5).

Accepting Hancock’s classification, the shear origin for the conjugate NNE and
NE joint sets at Coalcliff (Figure 2.3), with a dihedral angle around 35°, is rejected.
This leaves the extension and hybrid options. Two sets of conjugate joints, with almost
identical orientations and a similar 28 angle with the conjugate set at Coalcliff, are
developed in the Scarborough area (Figure 2.14c). Here, members of both sets show
surface markings which indicate an extensional origin, as described above. Conjugate
joint sets in the Coal Cliff-Scarborough area, with a 26 angle of less than 40°, are

considered the result of two separate extensional events with different orientations.

Discussion

Differential stresses (o,-G;) in the upper 2 km the of the crust rarely exceed the shear
strength of rock (Engelder 1982). Study of joints, unaffected by subsequent recracking
(see Chapter 5), showed that the relative displacement across these joints was normal
to the joint surfaces indicating that they were formed as dilatant fractures (Segall &
Pollard 1983; Engelder 1985; Lorenz et al. 1991). Undeformed infillings, lack of
original shearing and/or lateral displacement as well as distinctive surface markings also
support an extensional origin for the regional joint sets of the study area. These
fractures formed from one of: a remote tension normal to the joint face, an internal fluid
pressure or a combination of these factors (Secor 1965; Segall 1984; Pollard & Aydin
1988; Dunne & Hancock 1994). Elevated fluid pressures would enable tensile stresses
at the depth of burial to overcome the weak tensile strength of rock and produce joints

(Lorenz & Finley 1991).
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Regardless of the origin of the causative stress fields, extension joints developed
paralle] to the maximum compression direction (Pollard & Aydin 1988). Nonsystematic
joints which frequently developed sub-normal to extension joints are the result of
unloading and subsequent stress release {Gross 1993). This relationship is well
preserved in a fracture pattern formed due to an artificial explosion. In Figure 2.15
(Brickyard Point, Outcrop 17), a group of radiating fractures and abutting curved, sub-
normal, short fractures have developed around a hole during blasting associated with
rock excavation. The radial fractures formed parallel to the maximum compression
direction (5,), while the shorter abutting fractures are the result of subsequent stress
relief. The pattern in Figure 2.15 developed relatively rapidly, while in geological
environments extension joints, and associated tensional nonsystematic joints (Figure

2.11), usually form over a longer time span.

2.4. ROCK TYPE AND JOINTING

Changes in rock type may exert control on both joint occurrence and variations in joint
orientation and spacing, although these relations are not fully understood (Pollard &
Aydin 1988). Babcock (1973) studied joints of different ages in parts of southern
Alberta and found that no regional variation in joint orientation was attributable to rock
type or stratigraphic position. Holst (1982) also reported no correlation between local
mean orientation of joint sets with rock type, rock age or location. On the other hand,
some reports have documented control of joint patterns by rock type (e.g. Kulander et
al. 1979; Lorenz et al. 1991), The present section discusses the influence of rock type

on jointing.

Coarse-grained rocks

Joints are well developed in homogeneous regularly bedded sandstone (Figure 2.3). In
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a single outcrop, the orientation of joints are similar in jointed conglomerate and
sandstone, although joint surfaces are normally rougher in conglomerate. Two elongated
conglomeratic units developed in a N-S direction at QOutcrop 2, show almost the same
pattern of jointing as thick neighbouring sandstone beds (Figure 2.3). The only
difference is the spacing, which is less in the conglomerate owing to its thinner bedded
nature. At Thirroul, jointing of a thick medium-grained sandstone bed at the uppermost

part of Erins Vale Formation is not as regular as at Coalcliff (Scanline 21-AA’).

Fine-grained rocks
The following examples have been selected to demonstrate that joint spacing and
orientation are controlled by the nature of fine-grained rock types, both in horizontal and

vertical sections.

Horizontal variation of jointing: Differences in joint orientation, frequency and pattern
are related to lateral changes in rock type across a platform at Coalcliff (upper Coal
Cliff Sandstone, Outcrop 1, Figure 2.16). Based on the fracture pattern, the platform
is divided into 3 zones (Figure 2.16). In zone 1 occurs a main set of NINE joints (000-
010°), and a second set of NE joints, in medium to coarse-grained sandstones up to 2
m thick. Zone 2 has mainly the NNE joints, which in the northern part are regularly
spaced, long and straight, and in the southern part are shorter and less frequent. The
rock type in zone 2 is composed of thin beds of grey siltstone and mudstone. In zone
3, the joint pattern is far more changeable with individual joints being irregular, rough
and open. Zone 3 consists of coarse-grained sandstone beds up to 1 m thick (Figure
2.16).

The influence of lateral facies changes is also illustrated by fine-grained rocks

of the upper Eckersley Formation at Scarborough (Qutcrop 4). One major fracture set
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of very long, 017° striking joints occur with a spacing of about 1-3 m. In the centre
of the platform, these fractures terminate at the margins of an elliptical joint-free area
(40x70 m). The joint-free area consists of mudstone in contrast to siltstone and fine-
grained sandstone in the remainder of the platform (Figure 5.8).

These examples illustrate that changes in grain size were responsible for
differences in mechanical properties between rocks. Scanline charts were found useful
in documenting relationships between changing joint patterns and rock types. Figure
2.17 demonstrates additional examples of different joints patterns related to changes in

rock type.

Vertical variation of jointing: Joints are best developed in laminated siltstone and fine-
grained sandstone. In laminated units, each joint crosses many laminations, but is
arrested at thin claystone bands or at interfaces with neighbouring sandstone layers
(Figure 2.13). Pure claystone is rare in the succession, and where it occurs is joint
free and normally forms a mechanical boundary between jointed units. Even a 2 mm
thick claystone band terminates a set of systematic fractures in a neighbouring sandstone
bed (Figure 2.13).

In the example presented in Figure 2.13, an 032° striking joint consists of an
upper main joint face, developed in a mechanically distinctive upper sub-layer of
medium grained sandstone. It has a lower fringe zone with an en echelon array of twist
hackles, developed in the lower two thirds of the same sandstone layer, except that this
part of the layer contains laminations of carbonaceous material and is mechanically
separate from the upper part. This is also demonstrated by the two neighbouring 005°
striking joints which nucleated and propagated independently in the two mechanically
distinctive sub-layers of the same layer (Figure 2.14). Formation of the twist hackles

is probably related to either a local rotation of the stress field induced by a difference
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in rock type or reflects subsequent recracking (see Chapter 5).

Coal

Fractures in coal are classically divided into an orthogonal system comprising a set of
systematic joints, called face cleat, and a second set of nonsystematic joints, called cross
or butt cleat (Nickelsen & Hough 1967). In general, the study of fractures in coal in
the study areca was more difficuit due to limited exposures and the subsequent effects
of weathering. At Clifton, bright bands in Bulli Coal show more joints than dull bands
(Figure 2.18a). Spacing of joints in coal changes from less than a millimetre to several
centimetres. Due to the development of more than two sets of fractures in the coal, it
breaks into long prisms perpendicular to bedding (see also Nickelsen & Hough 1967).
Cleats terminate at shale or clay partings. The spacing of joints changes sharply at the
interface between coal and neighbouring strata (Figure 2.18a). Some coals are almost
joint free, as scen in a 10 cm thick coal bed exposed to the north of platform No. 7
(Figure 2.18b).

The origin of cleat in coal has been related to compaction, coalification, and more
frequently to tectonic forces (Ver Steeg 1944; Nickelsen & Hough 1967, McCulloch &
Deul 1974). In the study area, coal cleats were formed from the same processes as
caused fractures in other rock types. For example, the Tongarra Coal, at Bell Point
(Austinmer) contains a dominant joint set with strike of 013° and a less dominant set,
striking 111° which correspond to the 003° and 120° fractures in neighbouring laminated
mudstone and fine-grained sandstone (Figure 2.19b). The 10° difference in strike, is

related to changes in rock type and mechanical properties.

Plant fragments and clasts

Clasts, pebbles, nodules and fossils, with a different rock type to their host have their
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own joint patterns. Fractures in 37 silicified leaves and plant fragments, up to 50 ¢cm
long, were measured at Coledale (Outcrops 13-15). At all locations, the dominant joint
set strikes 130-135°, compared to the 125-130° strike of SE joints in siltstone and fine-
grained sandstone (Figure 2.20). At Wombarra (Outcrop 11}, the main joint set which
occurs in plant fragments strike 135°, while the strikes of the same set in surrounding
rocks is 127°. The difference in composition of petrified plant fragments and
neighbouring rocks is responsible for an up to 10° range in strike of SE joints.

Well jointed ironstone bands, 1-10 c¢m thick, as well as ironstone intraclasts, |-
40 cm in diameter, occur in the Coal Cliff Sandstone in the Coalcliff-Clifton area and
contain two NNE and NE joint sets (cf. Eidelman & Reches 1992). These joint sets
are almost identical with those of adjoining thick sandstone beds (Figures 2.1c, 2.3, 2.4,

2.11a).

Discussion
The frequency, orientation and pattern of fractures changes according to rock types both
at a regional and local scale (see also Kulander et al. 1979). A more than 10° range
in strike of a joint set occurs mainly due to changes in rock type. Petrophysical
properties of rock, in part, control the susceptibility of fracturing. With respect to
joints, strata are classed as either brittle or relatively ductile (Narr & Suppe 1991).
Brittle beds, which are hard and more cohesive, include: conglomerate, sandstone,
siltstone, and some mudstone and shale. These rocks normally contain a well developed
joint pattern. TIn ductile rocks, such as claystone and some mudstone and shale, joints
are less well developed or are even absent. Patterns of joints in coal are normally
masked by subsequent weathering and fracturing.

Joint frequency differs in adjacent rock types within the same outcrop. In layers

of similar thicknesses, joint frequency is greater in coal than in shale or mudstone. The
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lowest joint frequency occurs in sandstone beds. The strike of fractures in coarse-
grained lenticular and/or poorly bedded units is commonly more variable than the strike
of fractures in fine-grained, regularly bedded, and homogeneous rocks (see also Hodgson
1961a; Babcock 1973). However, fracture orientation is more susceptible to change
where subtle differences occur in rock type, such as a decrease in grain size. A slight
change in either chemical composition or induration of the rock, can have a pronounced
effect on fracturing. For example, Quicrop 2 at Coalcliff has a uniform conjugate joint
pattern (Figure 2.3), while in the next platform to the north, the fracture pattern is
somewhat irregular (Figure 2.16). This difference is mainly due to rock type with
thick sandstone beds uniformly exposed in the southern platform, while the northern
platform has laterally changing thick sandstone and thin fine-grained rocks (Figure 2.16).

Joints are normally developed in one bed or in several beds consisting of the
same rock type. Where joints extend across contacts between different rock types they
most probably have been subsequently enlarged by recracking processes (see Chapter
3}

It has not been possible to quantify the relation between rock type and jointing.
Although fracture orientation and frequency change in differing rock types, these

characteristics are also influenced by other factors, such as changes in bed thickness.

2.5. EFFECTS OF BED THICKNESS
In the southeastern Sydney Basin, joint frequency increases within progressively thinner
beds of the same rock type. Joint sets with curving strikes and changing frequency or

regularity, are also found to have been influenced by changes in bed thickness.

Curving strikes

In beds, where the rock type or thickness changes continuously, strikes of the joints may
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change gradually. For example, some elongated lensoidal medium-grained sandstone
bodies occur sporadically between fine-grained rocks in the central part of Qutcrop 1,
at Coalcliff (Figure 2.21). A set of very long 010° joints, with a spacing of 1-2 m, is
developed in this part of the platform. Within the lensoidal bodies, the strike of these
joints changes to less than 005° and their spacing decreases to 10-50 cm. Two other
joint sets, striking 035-040° and 145-150°, also occur in the sandstone bodies (Figure
2.21). Strikes of joints in the sandstone bodies are slightly curved. These changes in
strikes are related to a gradual thickening of the sandstone body (Figure 2.21b).

In some small ironstone intraclasts of the Coal Cliff Sandstone, joints are curving
probably in response to increasing thickness of the jointed body (Figure 2.22a-c). In
another example, a petrified log in rock platform No. 4 (Figure 2.22d) has one set of
curved joints with a strike of 010-030°, while the dominant joints in the surrounding,
regularly bedded, sandstone are straight and strike 020°. Curving of joint sets in these

examples, reflects gradual reductions in the thicknesses of the jointed bodies.

Joint spacing

In the southeastern Sydney Basin, spacing between the members of a specific set, ranges
between 1 mm (Figure 2.20) and several metres (Figure 2.3). Regularity of spacing also
changes from place to place. The frequency and distribution of fractures in
heterogeneous beds are irregular, which is related to spatial changes in the mechanical
behaviour of the rock.

Increasing bed thicknesses are associated with an increase in joint spacing in
different rock types. At Coalcliff the spacing of both NNE and NE joint sets is 2-4 m
in 1-2 m thick sandstone beds and 2-5 cm in 1-2 cm thick ironstone bands (Figures 2.3,
2.4). A similar relationship exists in ironstone intraclasts, except here, because of a

rapid change in thickness, the spacing is not as regular as in thin ironstone bands
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(Figure 2.22a). It has been frequently reported that joint spacing is less than bed
thickness, which corresponds to a fracture spacing index of more than 1 (Narr & Suppe
1991: Lorenz et al. 1991; Gross 1993). On a plot of thickness of a jointed layer
against joint spacing, the slope of the best-fit line is referred to as the fracture spacing
index (FSI, Narr 1991). Ladeira and Price (1981) suggested that FSI is a function of
rock type. Narr (1991) and Narr and Suppe (1991) reported a single FSI of 1.3 for all
the fractures in different rocks and structural locations over a substantial region of the
Monterey Formation in California. This is in contrast to the Coalcliff-Scarborough area,
where the FSI is normally less than 1.

No significant difference exists between the spacing of NNE and NE sets at
Coalcliff (Figures 2.3, 2.4). In contrast, other parts of the study area have joints sets
with different spacing. For example, scanline charts of Figure 2.23 diSplay joint patterns
from 3 localities in the upper Wilton Formation and show that the joint spacing and the
joint regularity within joint sets differs at each locality.

Where a sandstone layer is partly divided to two sublayers, by a thin shale or
ironstone band, joint spacing decreases proportional to the thickness of each sub-layer
(Figure 2.24a). Decreasing joint spacing with decreasing bed thickness is well illustrated
in one example, where a gradual and linear decrease in thickness of a lens of cross-
bedded sandstone is accompanied by the development of new joints in between the
previous ones (Figures 2.21b, 2.24b).

Pre-existing open fractures such as dykes, faults or joints, arrest further
propagation of newly formed extension joints. The stress field is locally perturbed near
these shear stress free surfaces, causing newly formed joints to change direction either
parallel to or normal to the free face. Interaction between newly formed joints and

existing open fractures is discussed in Chapter 5.
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Discussion

Spacing of joints in flat-lying sedimentary rocks is a result of layer parallel extension.
In general, fracture spacing and consistency of orientation are influenced by rock
properties, such as elastic moduli, which themselves are a function of rock type (Lorenz
& Finley 1991). Based on a model presented by Hobbs (1967), a single joint confined
to a layer, only releases stresses for a short distance (d) along the layer normal to the
joint, which is proportional to the bed thickness (Figure 2.25). The rest of the layer
remains at a stress close to the fracture stress and susceptible to jointing. Far field
extensional strain increases with time and the next joint forms most probably mid-way
between existing joints. This process continues until the bed is saturated with joints
(Figure 2.25). Laboratory experiments have shown that early stages of compressive
deformation of rock are accommodated by formation of many small fractures
(Bieniawski 1967; Lorenz et al. 1991). These microscopic flaws, and other
inhomogeneities, weaken the jointed bed at essentially random sites along its length, and
act as nucleation points for joints (Narr & Suppe 1991). Two joint sets with different
spacing, occurring in one bed (Figure 2.23c), are related to different degrees of
saturation of each set. Similarly, the FSI of less than | for joints in the Coalcliff-
Scarborough area may be partly attributed to the local lack of joint saturation.

In the southeastern Sydney Basin, the average spacing of joints decreases
proportionally with increasing bed thickness. In general, spacing is a function of: (1)
thickness of jointed units, (2) the rock type and contrast between the jointed unit and
adjacent beds, and (3) loading (Price 1966; Hobbs 1967; McQuillan 1973; Ladeira &
Price 1981; Huang & Angelier 1989; Narr & Suppe 1991; Rives er al. 1992; Gross
1993). The variation in thickness of the jointed units can also influence the orientation

of the joints; this effect is more pronounced in fine-grained rocks (Figure 2.22).
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2.6. AGE OF JOINTING
One of the controversial topics in rock fracturing is the time of joint formation in flat-
lying sedimentary rocks. Some authors have suggested that systematic joints could
develop in unlithified or semilithified sediments (Cook & Johnson 1970; McQuillan
1973; Nickelsen 1976; Moelle 1977, Winsor 1979; Shepherd & Huntington 1981;
Hancock 1983; Shepherd 1989).

Cook and Johnson (1970) reported early syn-depositional jointing in ironstone
intraclasts embedded in the Coal Cliff Sandstone at Scarborough. Joints in intraclasts
and neighbouring sandstone layers were thought to have differed orly in orientation.
According to Cook and Johnson (1970) the jointed ironstone layers were eroded, broken
into intraclasts in a high energy fluvial envircnment and deposited in sandstone layers
that were subsequently jointed due to the contemporaneous stress field.

Variation in orientation of fractures in some intraclasts, reported by Cook and
Johnson (1970), is very local and mostly due to the rapid changes of thickness of
intraclasts and because some of the slab-shaped intraclasts are inclined or near vertical.
Random variation of joints in intraclasts was only reported from one site, which occurs
in the ceiling of an overhanging part of the Coal Cliff Sandstone, and can only be
studied at a distance of about 4 m. One of the joint sets reported is nonsystematic.
Other fractures appear to be identical with the regional joints in the Scarborough area,
as determined for more accessible ironstone intraclasts in the same arca {(Figures 2.6b,
2.712-5).

The most dominant joint sets in the Coalcliff-Scarborough area strike NNE and
NE (Figure 2.26). Orientation of joints in ironstone intraclasts and enclosing sandstone
beds are identical and range between 005-020° for the NNE and 040-050° for the NE
joints (Figure 2.26a, b). The similarity between joints in ironstone intraclasts, ironstone

bands and thick sandstone layers indicates that the joints formed regionally after
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deposition of the Coal Cliff sandstone.

In the southeastern Sydney Basin, jointing was initiated in the succession after
lithification enabled brittle deformation. This is shown by the widespread occurrence
of plume structures and the comsistent regional orientation of joints throughout the
succession (see Lorenz et al. 1991). In this part of the basin, the only syn-depositional
fractures with regional distribution are growth faults and related fractures. At
Scarborough, a group of subparallel shear fractures were developed in conjunction with
normal faulting during deposition of the Illawarra Coal Measures and the Narrabeen

Group (see Chapter 4).

Relative age of joints
The fracture pattern of the southeastern Sydney Basin is cumulative (in the sense of
Nickelsen 1976), and not the result of a single fault or jointing event. A major problem
is to separate the various elements of the pattern into a chronological sequence
{Shepherd & Huntington 1981). Different criteria have been established for determining
the relative ages of joints (See Hancock 1985; Bergerat et al. 1992; Dunne & Hancock
1994). The most frequently used criteria is that younger joints abut older joints
{Engelder 1982), although application of this criteria is not always straight forward
{Figure 2.27).

In the case of two joint sets, ‘A’ and ‘B’, if the number of abutting of A against
B is significantly higher than B against A, it can be concluded that A is younger than
B. In Figure 2.27b the number of 070° joints abutted against 030° joints is 9, while
the number of 030° joints terminated against 070° joints is 7 which is not significantly
different. Similar comparisons between other sets shows that this technique cannot
establish a valid relative age between joint sets at this locality. Repeating the

techniques and procedure presented in Figure 2,27, for the other parts of the study area,
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showed that the relative ages of N-NNE, NE and SE regional joints cannot be
established. Therefore no age relation has been determined between the N-NNE, NE
and SE regional joint sets.

The cross-cutting criterion was used successfully to establish a time relation
between Group II regional joints and Group I regional joints (N-NNE, NE and SE sets),
where joints of the Group II were formed universally after the joints of the Group L
An example is presented in Figure 2.28. Among the six joint sefs presented in this
figure, the short and fine 018°, 095° and 165° joint scts generally abut against the 040°
joints, but the reverse relation is absent, Extension joints belonging to the first group
(000°, 040°, 125°) left no meaningful interactions or cross-cutting relations with each
other. The second group of extension joints (018°, 095°, 165°) developed later, when
the members of the first group were opened and acted as free surfaces preventing

further propagation of Group I joints,

Discussion
Propagating extension joints abutted against other fractures, only when the pre-existing
fracture was opened and acted as a free surface. Members of each regional set were
healed bhefore the next set started to propagate. Hence, each new regional set was
formed, as it was propagating into intact rock, leaving no meaningful cross-cutting
relations with pre-existing joint sets. The opening, enlargement and lateral displacement
of pre-existing joints are the result of subsequent events in the history of the basin,
which destroyed any early formed cross-cutting relations. All mapped cross cutting
relations are considered to have formed from late deformational events (see Chapter 5).
Using the cross-cutting and overprinting data, systematic joint sets with regional
distribution in the southeastern Sydney Basin are divided into two groups: an older one

(Group I) and a younger ope (Group II). Group I joints strike N-NNE, NE and SE
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(Figures 2.6a, 2.10, Table 2.2). These joints are frequent, straight, long to very long
and segmented. Some of these joints were subsequently opened and displaced along
their strike. Group II joints strike NNE, E and SSE (Figure 2.28, Table 2.2). These
joints are less frequent, straight to slightly curved, short and fine (see Chapter 53).

Other systematic joint sets developed locally in different parts of the study area.
These joint are mostly related to local structures, such as dykes (see Chapter 3),
monoclines and normal faults (see Chapter 4) and were mostly formed in between the
two major groups (see Chapters 6). The last group of natural fractures are
nonsystematic. These joints are curved and opened and most frequently formed
subnormal to the NE regional joints. Cross-cutting and overprinting relations show that
the nonsystematic joints were the youngest fractures developed in this part of the basin.

All joints that occur in the same direction are not necessarily similar in age. For
example, two groups of regional joints as well as local joints were formed in the NNE

direction, and only careful inspection can differentiate between them.

2.7 DEVELOPMENT OF JOINT PATTERNS
Joint patterns change, even in single outcrops, due to factors such as rock type, bed
thickness and pre-existing discontinuities.  These variables affected mechanical
properties, such as the elastic moduli. Exiension joints normally developed in competent
rocks with higher moduli, while in more ductile rocks these joints are rare or absent.
Another factor influencing the development of joint patterns is the history of loading.
During a tectonic cycle, joints could propagate at different times such as during
burial, diagenesis, tectonic compression, uplift and erosional unloading (Engelder 1985).
The magnitude and orientation of stress fields have repeatedly changed, both locally and
regionally, through the history of the region. In each stress field, extension joints

formed parallel to ©,, in suitable rocks. High pore water pressures enabled extension
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joints to form at relatively low levels of stress (Secor 1965). Each newly formed joint
set cross cut pre-existing discontinuities that were already sealed with minerals. The
degree of anisotropy of stresses during fracturing controlled the planarity of fractures
(Olson & Pollard 1988, 1989; Lorenz et al. 1991). A larger deviatoric stress normally
produce straighter fractures.

Later in the history of the region, compressional forces refractured the pre-
existing joints and enlarged them both horizontally and vertically (Chapter 5). The
vertical enlargement of joints, extended them to the unjointed neighbouring rock bodies.
Reworking of the joints, as hybrid or shear fractures, destroyed all meaningful joint
relations that existed in the rock, and extended the fractures into ductile strata, where
extension joints are normally absent (Figure 2.1a).

In general, the joint pattern which cumulatively developed through time in this
part of the Sydney Basin, is a function of the mechanical properties of a rock mass and
its loading history. Mechanical properties of rock masses are mostly influenced by the
mechanical properties of intact rock (Suppe 1985), bed thickness (Ladeira & Price 1981;
Narr & Suppe 1991) and pre-existing discontinuities such as joints, dykes and faults
(Rawnsley ef al. 1992). The following section briefly discusses criteria for

differentiating rock masses with different joint patterns.

Jointing units

Joint spacing or frequency is normally discussed with respect to bed thickness, but as
it was mentioned carlier, joints might develop in onc part of a bed (Figures 2.13, 2.14),
terminate at the bedding interface (Figure 2.1) or propagate vertically across a few beds
(Figure 2.2). Narr and Suppe (1991) introduced the concept of ‘mechanical layer’ for
a planar bedy of jointed rock which corresponds to the ‘jointing layer’ of Pollard and

Segall (1987). The term ‘layer’ was used to avoid stratigraphic implications (Gross
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1993). Boundaries of a mechanical layer are thin and discrete layers of ductile
materials, such as claystone, and range in thickness from a fraction of a millimetre to
a few millimetres.

The jointed mass of rock is not necessarily planar in shape. At Coalcliff-Clifton
area, lensoidal sandstone bodies (Figure 2.21), rounded or elliptical clasts (Figure 2.22a,
26b) as well as plant fragments of any shape (Figure 2.20) are jointed, and in most
cases their joint patterns are significantly different from the surrounding rocks. In
general, joints developed in mechanical units of different sizes and shapes are defined
here in as ‘jointing units’, that is a unit of rock behaves homogeneously under an
applied stress. Extension joints normally terminate at the boundaries of a jointing unit.
Two adjoining jointing units are differentiated from each other by: (a) absence of
systematic joints in one unit, (b) differences in number and orientation of joint sets, (¢}
up to 10° change in orientation of one set, and (d} difference in joint density or
planarity.

In general, boundaries of a mechanical unit occur at a change in mechanical
properties, which are mainly related to changes in rock type (Gross 1993). Several
types of boundary have been recognised for jointed units.

(a) Sharp boundaries separating the jointed unit from a neighbouring joint free
body of ductile rock of any thickness. Even a 1 mm thick claystone band can act as
a ductile boundary (Figures 2.1a, 2.13, 2.14 and 2.24).

(b) Sharp boundaries occurring between two brittle units of different elastic
moduli. In Figures 2.20, 2.22, 2.26b both intraclasts and the neighbouring rocks are
jointed. They are in direct contact with each other, but each has its own joint pattern.

(c) Gradual boundaries exist where the change in joint patterns is transitional.
This happens where mechanical propertiecs of a jointing unit gradually change in one

direction. For example, in fine-grained deposits, a jointed siltstone changes laterally
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to a joint free mudstone (Figure 3.8).

(d)  Fracture-controlled boundaries include open joints, faults, dykes ©f
nonsystematic joints. Open fractures are barriers to the passage of stress concentration
and inhibit propagation of new joints. These shear stress free boundaries are different
from rock-controlled boundaries (Figure 2.29), as no change in elastic properties
necessarily exists across them. Compressive stress can be transmitted across an interface
which can be a pre-existing joint or a bedding surface (Rives et al. 1994).

Groups of related joint units form a ‘jointing domain’. Joints of neighbouring
domains differ considerably in pattern or strike (Martel et al. 1988; Pollard & Aydin
1988). A domain might be restricted to a geological structure, such as a monocline.
Contacts between domains have been designated on the bases of geographic boundaries,
lithologic contacts (Nickelsen & Hough 1967), structural subdivisions, age of rock

formation and a combination of these and other factors (Davis 1984).

Relation between jointed units

Nucleation points of joints are located either inside the jointing unit or at their
boundaries. In the Appalachian Plateau, nucleation points of joints in layered siltstone
and shale are almost always located at bedding interfaces (Helgeson & Aydin 1991).
In sandstone, siltstone and mudstone of the southeastern Sydney Basin, nucleation points
of regional joints are normally located away from the interfaces, usually in the mid-
region of the homogeneous mechanical unit (Figures 2.13, 2.14). The horizontally
lying elliptical arrest lines of the regional joints (Figure 2.14), indicate that they were
propagated horizontally. A propagating joint terminates at the boundaries of its
mechanical layer, but is able to grow horizontally for a distance, before it is arrested.
This results in a rectangular joint face, with its height controlled by the thickness of the

mechanical layer, and its length typically several times its height (Figures 2.1, 2.2).
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The orientation of an identical joint set might be different in two adjoining units.
In the case of Figure 2.21, the NNE joints strike 010° in the lower mechanical unit and
005° in the upper lensoidal sandstone bodies. In this case, each unit was fractured
independently and joints of adjoining units only have one point in common (Figure
2.29a, ¢). In Figure 2.13, the long 033° joint face in the upper unit has changed to an
array of en echelon joints in the lower unit. Surface markings indicate that the
nucleation point of each en echelon segment is located at the mechanical boundary. A
contact line between joints of neighbouring units, as well as plumose markings indicate
that the joint was extended from the upper unit to the lower one (Fig, 2.29b). The en
echelon extension of joints to the neighbouring units are frequently the result of

subsequent deformational events (see Chapter 5).

2.8. CONCLUSIONS

In the southeastern Sydney Basin, systematic joints were initiated by brittle deformation
in the succession after lithification had occurred. The regional orientation of joints is
consisteﬁt throughout the Late Permian-Early Triassic succession, which indicates that
they were formed after the deposition of this sequence. The presence of plumose
structures, undeformed infillings and the lack of original shearing all demonstrate that
the joints originally developed as extension fractures (mode I). Conjugate joint sets are
the consequence of two separate fracturing events of different orientations, with each set
formed in the direction of prevailing ©,.

The present fracture pattern formed cumulatively from the Late Permian to the
Present. Not all joints occurring in the same direction are of similar age. Following
the deposition and lithification of the Illawarra Coal Measures, the region was fractured
repeatedly forming Group I regional joints. These joints are vertical, straight, long and

segmented. Each joint set was sealed and filled with calcite or siderite foilowing its
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formation. New regional sets were propagated in intact rock, leaving no meaningful
cross-cutting relations with pre-existing joints. Most of these joints have lost their
original characteristics due to subsequent deformations, which usually have enlarged
them dramatically, both horizontally and vertically. Presently observed cross-cutting
relations between fracture sets, mostly developed during the succeeding deformations.

Group II regional joints were formed later in the history of the region. These
joint sets, which strike NNE, E and SSE, are less frequent, straight to slightly curved,
short, mostly closed and fine. Locally developed systematic joints are generally related
to local structures, such as dykes, monoclines or faults. The nonsystematic fractures
formed mainly normal to the NE joints. Local systematic joints were formed mostly
in the time span between the two groups of regional joints, while the nonsystematic
joints are the youngest group of natural fractures developed in this part of the basin.

Joints are well developed in sandstone, Jaminated siltstone and some mudstone,
while relatively less data were obtained from claystone or coal. Coal cleats were
formed due to the same processcs which formed the {ractures of the other rock types.
The orientation and frequency of a joint set might change, even in a single outcrop,
mostly due to changes in rock type.

A direct relation exists between bed thickness and joint spacing, with more joints
formed in thinner beds. This relation could not be quantified due to the effect of other
influencing factors, such as rock type. Each fracture set in a given rock type may have
a different spacing-bedding thickness relationship. Gradual changes in thickness or rock
type, account for the formation of joint sets with curving strike,

Extension joints develop in jointing units with different sizes and shapes. The
major factors defining the pattern of the extension joints in a unit are the mechanical
properties of the rock mass and the loading history. Boundaries between jointing units

are at changes in mechanical properties, which are mainly related to changes in rock
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type. Boundaries are also marked by a pre-existing open fracture. Regional joints
normally initiated in the middle of each mechanical unit and propagated horizontally.
In this part of the Sydney Basin, the spacing of joints is frequently more than the
thickness of the jointed unit.

The strike of a set of joints may differ in two adjoining mechanical units. Where
the strike differs sharply at the interface then the joints in each unit were formed
independently. In these cases, nucleation points were located away from the interface.
Where the joints have extended vertically from one unit to the adjoining unit with a
different rock type, then the strikes are slightly changed . To accommodate this, the
main joint face has segmented, twisted and formed an array of en echelon fractures.
Nucleation points of each en echelon segment is located at the interface, and the
direction of propagation was vertical.

Where joints extend across contacts between different rock types, they commonly
have been enlarged by subsequent events. Arrays of en echelon fractures often are the
result of subsequent propagation of a pre-existing joint into a neighbouring mechanical

unit (see Chapter 5).
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CHAPTER 3

DYKE INJECTION AND DYKE RELATED JOINTS

3.1 INTRODUCTION

Mafic dykes have intruded the subhorizontal, Late Permian Illawarra Coal Measures
of the southern Sydney Basin. Regionally, igneous activity is contemporaneous with
sedimentation in the Late Permian (upper Shoalhaven Group) and continued until the
Tertiary (Mayne er al. 1974). Based on K-Ar dating, three long-lived episodes of
intrusive and volcanic activity have been recognised in the Sydney Basin and
include: the Permian (250 Ma ago), Jurassic (180 Ma ago) and Eocene (50 Ma
ago)(Carr & Facer 1980; Embleton er al. 1985).

Field relationships between dykes and neighbouring joints have been mapped
along the coastal section between Coalcliff and Wollongong. Cross-cutting
relationships, and other kinematic indicators, between sets of fractures in the vicinity
of the injected dykes, are used to determine the sequence of britile deformation
before, during and after dyke emplacement.

Propagating magmas either fracture intact rock and inirude 1t, or fill pre-
existing fractures. Dykes formed from intrusion along pre-existing fractures are not
necessarily related to the prevailing stress field. Relationships between joints and
dykes indicate that one set of fractures developed during dyke formation. Only those
joints that are related to dyke formation reflect the prevailing stress field (Baer &
Beyth 1990).

Dyke orientations are available both from surface mapping and also from
colliery workings. These data are compared to infer a regional pattern for dyke
distribution and orientation.  The significance of dyke orientation for inferring

palaco-stress fields is also considered.
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3.2 GENERAL CHARACTERISTICS OF DYKES

Dykes exposed at the surface are vertical to sub-vertical, and normally basaltic to
doleritic in composition (Bowman 1974). They are generally less than 1.5 m in
thickness, and have various lengths (less than 3 m to 15 km). Dykes are rarely in a
fresh state, and most of the thinner dykes are altered to clay (Bowman 1974). In
impermeable host rocks, such as siltstone and mudstone, 7dykes are rnosﬂy f];esh,-for_ -
example, at Red Point (Port Kembla) they consist of fresh basalt and the host rock is
an impermeable sandstone of the upper Shoalhaven Group. In less cemented and
more permeable rock types, such as in the Illawarra Coal Measures or the Narrabeen
Group, the dyke material is weathered to clay, and in most cases forms negative
features on the land surface (Figure 3.1).

Table 3.1 summarises field characteristics of dykes in the study area. These
dykes are wvertical to subvertical and are mostly planar surfaces, but locally are
segmented {e.g. Bulli Point-1 and Red Point at Port Kembla, Figure 3.2). Dykes are
relatively thin (10-200 cm) and their lengths always extend beyond the limits of the
rock platforms. They occur either separately, as at Austinmer, or in swarms, as at

Red Point (Port Kembla).

Dyke orientation

The distribution and orientation of dykes in the southeastern Sydney Basin is shown
in Figure 3.3. A significant southward increase occurs in dyke frequency along a
coastal traverse between Stanwell Park and to the south of Gerringong. A rose
diagram from this traverse shows that most dykes have a 100-120° orientation
(Figure 3.3a). From all over the Southern Coalfield, including the coastal traverse, a

rosc diagram shows a similar ESE-SE maxima, as well as at least three, less
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significant, N-S, NE-SW and E-W maxima (Figure 3.1b).

A more comprehensive data set exists for the dykes encountered at the mining
level. Most of these dykes have no surface expression. Rixon and Shepherd (1988)
compiled all the available structural data at the level of working seams, i.e. Bulli and
Wongawilli Coals, in five 1:25,000 sheets. A histogram of 347 dykes measured
from these maps shows 4 maxima at 018°, 045° 118° and 160° (Figure 3.4a).
Dykes in the northeastern part of the coalfield, which occur in the Metropolitan,
West Cliff, Coal Cliff and the northern part of the Bulli Collieries (sheet 1 of Rixon
& Shepherd 1988), have a dominant NNE set (Figure 3.4b). The rest of the dykes
are scattered in other directions, with less preferred maxima. In Figure 3.4c, data for
the northeastern part of the coalfield, have been excluded from the data set. The
dominant NNE set of the northeastern part (Figure 3.4b) is absent from the reminder
of the coalfield. The three dyke orientation maxima in Figure 3.4c are similar to
those for the whole of the region (Figure 3.4a).

The number of dykes in each direction, may not be the best tool for inferring
their preferred regional orientation. For example, should a 15 km long dyke be
weighted similar to another dyke only a few metres in length? In Figure 3.4d, the
cumulative length of dykes encountered in each direction are plotted and the most
important set strikes ESE, while the 160° striking dykes are less significant. Other
peaks in this diagram are almost identical with Figure 3.4a.

Regional dyke orientations are best determined from the subsurface as a more
comprehensive data base exists for the mining level than for surface data, which 1s
mainly restricted to the coastline or limited exposures inland. Data presented in
Figures 3.3 and 3.4 shows that the dykes in the Southern Coalfield are oriented in
five major directions: NNE, NE, E, ESE and SSE. The ESE group, which strike

between 100-120°, are the most dominant, both in size and number, but are absent
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from the northeastern part of the coalfield (Figure 3.4b). The NE dykes strike
between 040-050° and are regionally developed. The E-W (085-095°) and the SSE
(150-160°) dykes, although widespread, are less dominant. NNE and SSE dykes
have short lengths (compare Figure 3.3a, b, ¢ with d). NNE (010-030°) dykes are

restricted to the northeastern part of the Southern Coalfield where other sets are rare

or absent (Figure 3.4b).

Structures associated with dykes
Several dykes were studied in detail along 5-10 m wide scanlines at a high-angle to
the trend of the dyke (Table 3.1). Joints of the host rock in the vicinity of each
dyke, are classificd after Delaney et al. (1986) as one of adjacent, local and regional.
‘Adjacent joints’ develop parallel to some dykes and their frequency increases toward
the dyke. ‘Local joints’ are present within a distance comparable to the outcrop
length of the dyke, and finally ‘regional joints’ are present over distances much
greater than the dyke length (see Chapter 2).

A set of adjacent joints occur parallel to most of the studied dykes (Figures
3.1, 3.5). The spacing between these joints increases from 3 mm adjacent to the
dyke walls, to more than 100 cm before they vanish. Adjacent joints are developed
over zones from less than | m to more than 50 m (Figure 3.5). These joints are
normally vertical, straight, and their length changes from a few centimetres to a few
metres. They are either filled with a thin film of calcite or are open.

Locally, dykes are parallel to regional joints (Table 3.1). At Brickyard Point,
NNE regional joints are parallel to a 003° striking dyke (Table 3.1, Figure 3.6) and
it is assumed that magma followed a pre-existing joint. Along the strike of the
dyke, a limited number of adjacent joints occur, but only where the dyke has

fractured intact rock that occurred between pre-existing joint segmenis. Similarly at
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Coledale, a 010° striking dyke is controlled by pre-existing fractures along part of its
exposed length (Figures 3.6c, 3.7).

Spacing and size of adjacent joints is dependent on rock type (see Chapter 2).
At Austinmer (Outcrop 19), the upper part of the platform is 10-30 cm of laminated
siltstone and is underlain by 10-20 cm of dark grey, soft claystone, which in turn is
underlain by a 10 cm thick white tuffacecus layer. Here, dyke parallel joints are
restricted to the upper siltstone beds, and the underlying strata are barren. Similarly
at Red Point (Port Kembla), adjacent joints are well developed in an upper medium-
grained sandstone bed, while almost no dyke parallel joints occur in a lower fine-
grained sandstone layer (Figure 3.8).

The frequency of dyke parallel joints, while generally decreasing away from
the dyke, locally contain zones with closely spaced joints. At Austinmer (Outcrop
19), joint zones occur to the south of a 140° striking dyke (Figure 3.5). Another
example was mapped at the Red Point (Port Kembla) associated with some 120°
striking dykes.

At Austinmer and also at Bulli Point, dyke parallel joints are divided into two
subsets: {1) adjacent joints formed ahead of propagating magma, and (2) release
fractures which are confined to a narrow band adjacent to the dyke walls, and
formed after the emplacement of the dyke. The latter formed due to the cooling and
contraction of the dyke and adjacent heated host rock. These fractures are relatively
short, very closely spaced and slightly curved, and are readily differentiated from the
longer and straighter adjacent joints, which typically extend to a greater distance
away from the dyke.

At Wombarra the 110° adjacent joints are subparallel to a set of 120°-125°
striking regional joints (Figure 3.1c, d). Here, adjacent joints have the characteristic

changing spacing and cross the regularly spaced, mostly closed, regional joints.
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These features indicate that these two sets were formed at different time and due (O
different processes. Dykes and dyke parallel joints have been subsequently recracked
and accommodated lateral movement (see Chapter 5). Right-stepped en echelon
gashes, filled with calcite, occur inside a 022° striking dyke at Bulli Point (Figure
3.2¢). S0 cm of dextral movement has occurred along another dyke, striking 040° at
the Bulli (see Chapter 5, Figures 5.3, 5.22). At Austinmer, adjacent joints, striking
140°, are displaced dextrally along their strike (see Figure 5.22_). Finally, at Bglli

Point, the walls of a 025° striking dyke are filled with 5-10 mm of secondary

calcite.

3.3 DISCUSSION
Dyke induced fractures
Two main models have been proposed for dyke injection: (l) magma invasion along
pre-existing faults and joints (Billings 1972), and (2) magma intrusion produces ils
own fractures by hydraulic fracturing (Anderson 1951). When suitably oriented
fractures are absent from the host rock, advancing magma generates its own
fractures. Tn unfractured rock, a propagating dyke is treated as a Griffith Crack, i.e.
a very planar fluid-pressurised elliptical hole (Suppe 1985). The tensile stress at the
tip of this crack is at a maximum if the crack is oriented perpendicular to least
principal stress. When magma pressure is more than the resolved component of the
far-field compressive stress acting perpendicular across the dyke plane, it generates
tension in the host rock, beyond the dyke tip and propagates a new fracture ahead of
the migrating magma. |

Both dykes and most joints, are believed to be natural hydraulic tensile
fractures, which involve magma and water respectively (Suppe 1985). In laboratory

tests, carried out on rock specimens, a region of decreased cohesion, several
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millimetres in radius, is detected around the tip of extension fractures, several
centimetres in length (Pollard & Segall 1987). This damaged region, which is called
the ‘process zone’, contains numerous microcracks. Growth of the process zone with
the parent crack, produces a narrow band of rock on either side of the main fracture,
which contains a dense array of microcracks (Delaney et al. 1986).

Adjacent joints near dykes are analogous to microcracks formed near the tips
of parent cracks during tensile loading in laboratory test specimens. Pollard and
Segall (1987) described the similarity between extension fractures formed in the
laboratory and igneous dykes. In both of these structures the cohesion of the rock is
reduced in a tabular zone. This is achieved by the formation of microcracks and
adjacent joints assoclated with extension joints and dykes, respectively. These
fractures are very small compared to their parent structures. In both cases, the loss
of cohesion is apparently localised near the tip of the joint or dyke and propagates to
form a process zone of weakened rock, subsequently cut symmetrically by the parent
structure (Delaney ef al. 1986).

The amount of energy required for crack propagation is related to the surface
energy of the fracture, as given by the Griffith energy criterion for brittle elastic
materials (Pollard and Segall, 1987). The fracture energy required to propagate a
dyke is claimed to be much greater than that necessary to propagate an extension
fracture. A dyke needs enough energy to propagate a set of adjacent joints, each of
which in turn contains a process zone with numercus small microcracks (Delaney et
al. 1986).

Maximum tension occurs in front of the dyke tip, with local maxima of
tension gradually decreasing in magnitude either side of the dyke plane. Pollard and
Segall (1987) suggested that joints formed in areas of maximum tension, and

concluded that as the dyke continues to propagate, it bisects the jointed rock, leaving
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a set of joints adjacent to the dyke contact. The number of adjacent joints increases
towards the dyke due to an increase in tensile stress magnitude towards the dyke tip-

Local zones with higher frequencies of adjacent joints away from the parent
dyke could indicate a buried dyke. At Qutcrop 19 (Figure 3.5), adjacent joints are
associated with a 140° striking vertical dyke. 20 and 25 m south of the dyke, occur
two joint zones parallel to the dyke; each zone is presumably a set of adjacent joints
propagated ahcad of an underlying dyke tip (Figure 3.5). Figures 3.9 and 3.10
summarise pl;;)cesses of dyke injection and formation of adjacent joints m a sequence
of alternating competent and incompetent flat lying layers.

Different factors contribute to the number and frequency of adjacent joints.
Among them are differences in driving stress caused by the advancing magma,
tensile strength of the host rock, resolved component of far-field stress normal and
parallel to dyke, depth of emplacement, and dyke length (Delaney er al. 1986).
Mechanical properties of the host rock are greatly influenced by rock type, bed
thickness and the presence of pre-existing fractures (see Chapter 2). For dykes on
the coast, the rock type of the host rock, plays the most important role. Adjacent
joints are more frequent in competent rocks, such as sandstone and siltstone, rather
than in less competent shale or mudstone (Figures 3.9, 3.10). Absence of adjacent
joints in an outcrop, is sometimes misleading. In two neighbouring layers, one might
develop adjacent joints, while the other is barren primarily due to differences in
mechanical properties (Figure 3.10).

Bed thicknesses also affect the frequency of adjacent joints and their distances
of development from the dyke. As noted for regional joints (see Chapter 2), in the
same rock type, the number of adjacent joints increases as the bed thickness
decreases. Widths of dykes is a less significant factor. At Bundeena, south of

Sydney, a vertical dyke more than 4 m thick and striking 130° intruded thick
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bedded Triassic Hawkesbury Sandstone. In spite the size of this dyke, only a few
widely spaced adjacent joints occur parallel to the dyke, due to the large thicknesses
of sandstone beds. In contrast, at Austinmer (Figure 3.5), adjacent joints are
developed in less than 30 cm thick alternating layers of fine-grained sandstone and
siltstone more than 50 m away from a dyke, which is only 80 cm across.

One of the main differences between the adjacent joints and the regional joints
described in Chapter 2 is in their propagation direction. Regional joints mainly
propagated horizontally, while adjacent joints were propagated vertically upward

through the sequence.

Relative age of dykes
Although some absolute dating is available for larger igneous bodies, little is known
about the exact age of dykes in the southeastern part of the Sydney Basin. This is
mainly because dykes, especially those hosted by the Illawarra Coal Measures, are
too strongly altered for K-Ar radiometric dating. As most of the dykes intrude both
Permian and Triassic rocks, they are probably Jurassic or younger in age (Bowman
1974; Ray 1986).

Relative dating of joints can constrain the relative timing of dyke formation.
For each dyke, two stages of joint formation are recognised with joints formed
before and after magma intrusion. Most of the dykes in the study area, are not
members of regioral joint sets. Adjacent joints cut through all pre-existing regional
joints (Figure 3.1c, d). In a few cases magma has injected along, and therefore
postdated, the NNE regional joints. Dykes and adjacent joints were recracked, and
displaced laterally during the late stage compressional events and therefore they
predated the Group II regional joints of inferred mid to late Tertiary age (see

Chapters 2 & 5).
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Dykes and stress fields

Dykes are injected most easily along previous open fractures that lie perpendicular to
G, as this orientation requires the least work (Anderson 1951). When a dyke
intrudes a pre-existing fracture, magma pressure only has to exceed the normal
component of regional stress resolved on the fracture plane.  Regional stress
directions acting at the time of intrusion are not necessari]y orthogonal tq thre pre-
existing fractures, and hencé, dyke orientation need have no relationship :to the
contemporary stress field.

The present study shows that, in the southeastern part of the Sydney Basin,
early joints were relatively small, mostly disconnected, mineral filled and closed (see
Chapter 2). Dyke injection in the direction of these joints normally refractured them,
or fractured intact rock, and produced a set of adjacent joints. Each of these dykes
and their associated adjacent joints, indicate the orientation of the local stress field at
the time of dyke injection. The strike of dykes along the coast, between Coalcliff
and Wollongong (Table 3.1), are either N-NE or ESE-SE, which are identical with
the orientation of dykes in the rest of the Southern Coalfield (Figures 3.3b, 4a).

Relatively long-lived stretching(s) from the NNE-NE, were responsible for
formation of most of the ESE-SE normal faults and dykes in the southeastern part of
Sydney Basin. The N-NNE dykes occur mostly in the northcastern corner of
Southern Coalfield, and were injected along faulted members of at least two fracture
zones with the same orientation (see Rixon & Shepherd 1988; Lohe er al. 1992, see
also Chapters 4 & 6).

Tectonic and related ignecus activity in eastern Australia from the Jurassic to
late Cretaccous is related to the breakup of Australia and the Lord Howe Rise with

subsequent formation of the Tasman Sea (Carr & Facer 1980; Embleton er al. 1985;
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Middlemost et al. 1992). In the southeastern Sydney Basin stress fields and
associated dykes were probably largely controlled by this relatively long-lived

extensional regime (see Chapter 6).

3.4 CONCLUSIONS

Dykes intruded into the Illawarra Coal Measures, along the coast of the Southern
Coalfield, are mostly injected along magma induced fractures and have an associated
set of dyke parallel joints (adjacent joints). These joints were the result of hydraulic
fracturing of intact rock during magma injection. Spacing of adjacent joints
decreases away from the dyke. The frequency and the extent of development of
these joints are higher in sandstone and siltstone and lower in mudstone. Adjacent
joints are absent in incompetent rock types, such as claystone, and some mudstone.
The number and frequency of adjacent joints increases with decreasing bed thickness.
Shorter, slightly curved and very closely spaced joints, which occasionally develop in
the immediate contact with the walls of some dykes, are release joints and are
related to subsequent cooling of the dyke and host rock. Where magma intruded
along an open fracture, adjacent joints did not develop. Orientations of dykes that
are not injected into pre-existing fractures reflect the prevailing contemporary stress
field.

At a regional scale over the Southern Coalfield, the most dominant set of
dykes strikes ESE (100-120°) and reflects a relatively long-lived tension, acting from
the NNE-NE. The second most important set of dykes, which are developed
regionally, strike NE. NNE striking dykes are developed locally in the northeastern
part of the coalfield and are paralle]l to N-NNE normal faults. Dykes, and their
related joints, have formed in the interval between the formation of two groups of

regional joints and possibly are related to extensional events predating rifung that



subsequently formed the Tasman Seca.
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CHAPTER 4

FAULTS AND RELATED STRUCTURES

4.1 INTRODUCTION
Southeasterly oriented normal faults and gentle folds are the most pronounced structural
features of the Southern Coalfield. Shepherd (1990), using data from coal mines,
recognised two major groups of normal faults in the Southern Coalfield, which were
characterised by differences in trend, throw versus length behaviour and slip direction
(Figure 4.1). These faults, which strike SE and N-NNE, are more frequent on the
eastern side of the coalfield. In the coastal strip, some branches of the southeast faults
strike east-southeast (Figure 4.2).

Southeasterly trending normal faults are vp to 10 km long with throws of up to
75 m (Shepherd 1990). The dips of these faults are between 50° and 70° at the Bulli
Coal level. Apart from some faults with large displacement, these structures typically
have no surface expression (Wilson ef af. 1958; Bowman 1974). Shepherd (1990)
mapped threc zones of N-NNE faults close to the coast, each comprises a large number
of normal faults with throws of up to 9 m (Figure 1.7). In the Southemn Coalfield,
strike-slip faults occur in a number of oricntations but principally ESE. Maximum
lateral displacement along these faults is reported to be about 2 m (Shepherd 1989).

Different authors have discussed the timing of formation of structural elements
of the Southern Coalfield, and proposed that some of these structures, such as minor
folds and normal faults, might have been active during the deposition of the Illawarra
Coal Measures and Narrabeen Group (Hanlon 1956; Wilson et al. 1958; Wilson 1969;
Cook 1969; Bunny 1972; Bowman 1974; Jakeman 1981; Clark 1992).

The orientation and major characteristics of faults mapped along the coastal

exposures of the lllawarra Coal Measures, and neighbouring rock units, is presented in
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this chapter and the results have been correlated with data from coal mines. A new
chronology of fault formation is discussed. The relationship between faults and folds

(anticlines and monoclines), both at a local and regional scale, is also considered.

4.2 ESE-SE NORMAL FAULTS

The most pronounced normal faults of the study area strike ESE (Hanlon 1956). These
faults are either major with a single break or minor and zonal. Few ESE striking major
faults are exposed north of the study area. Figure 4.2 shows four of these faults
exposed along the coast, and displacing the Coal Cliff Sandstone and the underlying
Bulli Coal.

The Harbour Fault, is located at the southern edge of the Outcrop 2 at Coalcliff
(Figure 4.2). The throw at the coast is estimated at 18 m and decreases to 15 m to the
west of the Lawrence Hargrave Drive and dies out in that direction. West of the road,
the fault, is a clean break dipping 70° to the south. Slickenlines occur on the fault
surface and indicate pure dip slip (Figure 4.3b).

The Jetty Fault occurs north of the old Coal Cliff adit and is a clean break with
its northerly dip increasing upward from 50° to 75°. The Bulli Coal is exposed at sea
level, on the downthrown side of the fault (Figure 4.2b). The fault dies out rapidly,
both westward and upward. Throw decreases from 9 m at the top of Bulli Coal to 8.3
m at the top of the Coal Cliff Sandstone (Hanlon 1956; Cramsie 1964). The fault
terminates in the Scarborough Sandstone of the Narrabeen Group, west of the road.

The Clifton Fault cuts the northern edge of the coastal platform (Qutcrop 5) at
Clifton (Figure 4.2a). The Bulli Coal occurs at sea level on the northern side of the
fault, while on the southern side, the Allans Creek Formation forms the coastal platform.
The displacement along this fault is estimated at 60 m. At an outcrop along a gully,

west of the platform, the fault strikes 110°, dips 60° to the north, with the northern




63
block downthrown. Fault dip locally decreases in mudstone and claystone. At this
locality, fine-grained strata on the downthrown side bend in towards the fault plane,
forming a small anticline. The limbs of this flexure dip between 5° and 15°, and its
axis plunges 12° towards 300°. No flexure occurs on the upthrown side. The fault
surface is filled with 10 cm of gouge and fault breccia.

Several small normal faults, with displacement up to 5 ¢m, occur in the Coal
Cliff Sandstone adjacent to the Clifton Fault (Figure 4.4). Microscopic studies of these
fault surfaces show no brittle deformation of sand grains and indicate that the faults
affected unlithified strata. Fractures dipping 70° to the north have a similar orientation
to the Clifton Fault (Figure 4.4), Another, less developed, conjugate set dips at 60° to
the south. One of the fractures accommodated up to 4 cm of normal displacement.
The sedimentary sequence on the downthrown side of this fault (point A of Figure 4.4b)
is thicker than on the upthrown side (point B), indicating that faulting was active during
sedimentation. This, and similar structures at Jetty Fault, or faults located beyond the
study area (e.g. at Garie North), indicate the syn-depositional nature of some of the
ESE-SE normal faults.

The Scarborough Fault is not exposed in the study area. A throw of up to 50-
60 m is reported for this fault from coal mines, where the dip is estimated to be about
60° to the north (Hanlon 1936).

Notable examples of minor southeast striking faults occur in the Austinmer area
(Figure 4.5). Here, a group of southeasterly striking normal faults have displaced
horizontal beds, up to 200 cm. Throw diminishes rapidly, both horizontally and upward,
similar to the major ESE faults farther north. A normal fault with a throw of 2 m
(point a of Figure 4.5) changes laterally to a vertical fracture with zero normal
displacement, in less than 30 m. At point a in Figure 4.5, the dip of the fault i1s 30°

in the coal and laminated mudstone and increases to 55° in the upper sandstone beds.
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In some of these faults, beds are dipping away from the fault on the downthrown side
(point ¢ of Figure 4.5). These normal faults at Austinmer could be branches or splays

developed near the end point of a major normal fault to the west of, or below, this

platform.

Another group of minor ESE normal faults is exposed in the cutting to the north
of Bulli Railway Station. These faults strike 110-130°, dip 75-90° to the southwest
and have displacements of less than 5 cm. Unlike the Scarborough and Austinmcr
areas, displacements along these faults are relatively constant and they result from

normal slip along recracked fractures.

Relative age
Evidence for the syn-depositional nature of ESE faults includes: thicker strata on
downthrown sides and decreasing throw up the sequence (Hanlon 1956; Wilson e al.
1958; Cramsie 1964; Cook 1969; Wilson 1975). Comparing coal seam structure maps
(Rixon & Shepherd 1988) with geological maps (Bowman 1974; Sherwin & Holmes
1986), indicates that many of the faults recognised in colliery workings were not
identified at the surface. This reflects diminishing movement up the faults into Triassic
strata, as shown by the Harbour, Jetty and Clifton Faults. Locally, a 30-60 m range in
stratigraphic thickness has been recorded on the opposite sides of these faults (Hanlon
1956), which is much more than that expected from differential compaction. The syn-
depositional mesoscopic faults adjacent to the Clifton Fault support the inferred syn-
depositional nature of some of the ESE faults.

No systematic joint sets were mapped parallel to any of these ESE faults. The
average strike of the SE regional joint set in this part of the basin is 135° which differs
from the 100-110° strike of the ESE normal faults (Table 2.1, Figures 2.6b, 2.7). Lack

of brittle joint formation accompanying development of these normal faults is considered
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a reflection of the syn-depositional nature of faulting, as the strata were too poorly
lithified to undergo pervasive joint formation (see Chapter 2).

Development of slickensides along some ESE normal faults (Figure 4.3b) indicate
that some of these structures were active after the succession became lithified. It is
concluded that the ESE normal faults were the only fractures formed during deposition
of the Late Permian sequence in this part of the basin, followed by the formation of

regional joint sets in competent rocks.

4.3 N-NNE NORMAL FAULTS
A group of N-NNE faults are mapped mostly in the northem and central parts of the
study area. These faults, although numerous, show only small displacements (2 mm to
10 cm). The strike of these faults is between 000° and 025°, and their dips are mostly
between 75° and 90°. Either eastern or western sides of these faults are downthrown.
The N-NNE faults usually occur as zones associated with a parallel set of vertical
joints.  An example of this relationship is seen in thick beds of the Coal CIiff
Sandstone, exposed along the cliff face north of the Coalcliff adit (Figures 4.6). Here,
the smaller faults with 2-20 mm of displacement are restricted to sandstone layers.
They terminate at sandstone contacts with more ductile interbedded mudstone and coal.
A normal fault with 100 cm of throw, crosses these ductile beds (point 1 of Figure
4.6, Figure 4.7a). The joint set, developed parallel to these faults, were originally
closed and filled with a thin film of caicite. These joints also occur in the one
sandstone layer and terminate at the upper mudstone beds and the lower coal seam.
A similar situation is observed at Wombarra (Outcrop 17), where a group of N-
S striking minor faults is cxposéd over the coastal platform. Vertical displacements
along the members of this fault zone are between 20 and 100 mm. The normal faults,

which are usually more than 20 m long, are parallel to a set of 3-10 m long vertical
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joints (Figure 4.8).

The throw of NNE faults are constant along strike, in contrast to most of the
ESE faults. Most of the N-NNE faults display secondary dextral movement along their
strikes. The N-NNE normal faults are less frequent south of the Scarborough Fault
(compare Figures 4.1a, b with ¢).

In coal mines, a2 major NNE fracture zone, and related normal faults and dykes,
has been mapped inland at 500 m to 1 km west of ‘the coastline. (Shepherd 1989; Rixon |
& Shepherd 1988; Lohe et al. 1992)., Numerous N-NNE fractures ‘with small normal
displacements in the northern part of the study area occur parallel to this major fracture

zone and presumably reflect the same deformation event(s).

Relative age

Overprinting between N-NNE faults and ESE faults has not been established (Shepherd
1990). Lohe and McLennan (1991) suggested that movement along the N-NNE faults
predated the ESE faults. The present study shows that while some of the ESE faults
were active during the deposition of the Illawarra Coal Measures, all of the N-NNE
faults are post depositional, and formed after similarly oriented sets of N-NNE joints.
In competent rock types, such as sandstone beds, the NNE faults follow the course of
previous vertical N-NNE joints (Figures 4.6, 4.7, 4.8), while in incompetent layers, such
as claystone and some mudstones, fault parallel joints are absent and the fault dip is
between 55°-80° (point d of Figure 4.5). This i1s mainly due to differences in
mechanical properties of the rocks (see Chapter 2). The competent beds were already
jointed when the N-NNE normal faults started to propagate. It should be added that
there are still another group of NNE joints which are much younger and postdate the
carlier group of NNE regional joints and the accompanied faults and dykes. These

joints are the result of a late-stage NNE-SSW compression (see Chapter 5).




67

4.4 STRIKE-SLIP FAULTS

No true strike-slip fault were mapped in the study area. Numerous dextral and sinistral
movements measured in this study are due to slip along pre-existing fractures (i.e.
faults, dykes and joints). These lateral displacements are mostly in the range of 1-20
mm. More than 50 cm of dextral displacement was measured along the strike of one
dyke in the Bulli area,

Cross-cutting relationships between different sets of fractures indicate that these
movements have postdated the extensional episodes which were responsible for the
formation of normal faults and dykes (see Chapter 3). As an extensional regime was
still active in the early Tertiary (Carr & Facer 1980; Embleton er al. 1985), strike-slip
movements along the strike of the regional fracture sets, related to compressional
episodes, are therefore most likely of post early Tertiary age. This is consistent with
the timing of the strike-slip faults in the Southern Coalfield as proposed by Lohe et al.
(1992). These strike-slip movements and their causative stress fields are discussed in
Chapter 5.

No thrust faults have been mapped during the course of present study, and they
have been rarely reported from the adjacent coal mines. Suitably oriented normal faults
could have been reactivated (inverted) due to late-staged compressional events (see

Chapter 6).

4.5 FAULT-RELATED MONOCLINES

Two monoclines have been mapped along the coast at Coledale and Scarborough. At
the southern end of Qutcrop 16 (Coledale), a small monocline, with a 055°-060° trend,
is exposed on the coastal platform (Figure 4.9). In this structure, beds within the

middle limb of the monocline dip 4°-12° toward the southeast (Figure 4.9a). Parallel
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to the trend of the monocline are a set of rough, slighdy curved, calcite-filled fractures,
dipping 60°-90° toward the northwest. Their fracture spacing is between 50 to 150 cm.
Some of these 060° fractures have normal offset, mostly of 2-10 cm. All the fractures
show dextral displacement in the range 2-55 mm. Larger faults are have up to 2 ¢cm
wide zones of fault breccia.

The D60° fractures are local and are most probably related to the formation of
monocline. Other joint sets mapped in this outcrop strike N, NNE, NE and E (Figure
4.9b). Unlike the 060° fractures, these joints are straight, fine and partly closed. The
regional joints have been displaced by normal movement along the 060° fractures,
indicating that these fractures and the related monocline are younger. Scanlines 16-
CC’, 16-DD’, and 16-DD’2 traverse this structure (Appendix 4).

In the Scarborough area, a larger monocline is exposed along the coast. The axis
of this monocline trends southeasterly parallel to the Scarborough Fault, which forms
the southern boundary of the structure (Figure 4.2). The top of the Kembla Sandstone,
which is slightly above sea level at Qutcrop §, rises 10 m towards the north, in less
than 400 m (Figure 4.2).

A set of joints occur subparallel to the monocline at Scarborough and are
considered members of the SE regional joints to the north of the Scarborough Fault
(Table 2.1, Figure 2.6b). In contrast to the local joints associated with the monocline
at Coledale, the joints parallel to the monocline at Scarborough are straight, fine, filled

only with calcite and contain no gouge.

Discussion
Monoclines are one of the characteristic features of the southern and western part of
the coalfield. The southern members have a SE trend and dip towards the NE, farther

to the northwest, monoclines swing to a N-S direction, and dip towards the east (Figure
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1.7; Wilson 1975). The exact location and geometry of these structures is unknown
(Lohe et al. 1992).

It has been suggested that these monoclines probably represent folds formed
above normal faults emerging from the basement (Lohe & McLennan 1991). They have
been also related to high-angle reverse faults, formed from NE-SW compression (LLohe
et al. 1992). Branagan (1975) and Bishop et al. (1982), amongst others, proposed that
much of the deformation on these structures probably occurred during the uplift of the
Eastern Highlands.

Laboratory experiments have shown that monoclines are either formed by
movements along underlying reverse faults (Davis 1978) or normal faults (Withjack ez
al. 1990). The classic monoclines in the Colorado Plateau of the western United States
are formed above reactivated faults in Precambrian basement (Davis 1984; Suppe 1985).
Recent laboratory modelling showed that monoclines can develop as extensional forced
folds above buried normal faults (Figure 4.10; Patton 1984; Vendeville 1987; Withjack
et al. 1990). 1In a single-layer clay model, tested by Withjack et al. (1990), monoclines
developed above normal faults, with curved anticlinal axial surfaces dipping in the same
direction as the underlying master normal fault, while the synclinal axial surface is
relatively planar and dips in the opposite direction to the underlying normal fault. A
reverse relationship was found between the width of each monocline and the dip of the
buried normal fault. In general, with steeper dips of the normal fault, the fold width
decreases and the limb dip increases. Earlier tests carried out by Patton (1984), who
used limestone and chalk, and Vendeville (1987), who used dry sand and silicon putty
as modelling materials, both reached similar conclusions to those of Withjack et al.
(1990).

Despite the differences in modelling materials, all these experiments formed

widening upward monoclines above steeply dipping buried normal faults. Secondary
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normal faults formed near the master normal fault and steepen upwards. When the dip
of master fault is 75° or more, the secondary faults have reverse dip-slip at shallow
depths (Figure 4.10).

Similar features have been reported from the field or inferred from seismic data.
Many monoclines have been mapped along the margin of Gulf of Suez which were
reported to have formed above normal faults (Coffield & Schamel 1989; Withjack er al.
1990). In the Haltenbanken area of offshore Norway, seismic data show monoclines
formed abo?e underlying master normal faults (Withjack et al. 1988, 1989, 1990). The
experiments and field examples illustrate that monoclines are not necessarily
compressional features, and have formed above normal faults. Locally, reverse faults
have formed under these conditions, due to the upward inversion of the dip of normal
faults (Figure 4.10).

The small monocline at the southern end of Outcrop 16, is undoubtedly fault
related, and normal displacement along a steeply dipping buried fault developed this
structure (Figure 4.10). Stretching and lengthening of strata in the central limb of the
monocline is accommodated by a set of inclined normal faults striking parallel to the
axis of the fold (Figure 4.10). The structural configuration of this monocline closely
matches those produced by laboratory tests on clay models (¢f. Figures 3-10 of Withjack
et al. 1990).

The sitvation is less straight forward for the larger monocline mapped in the
Scarborough area. The axial trace of this structure is subparallel with ESE faults, all
showing clear normal displacement (Figure 4.2). If an underlying reverse fault was
responsible for the formation of this monocline, then this structure would represent the
only manifestation of this compressional event. No reverse faults, or related
compressional structures, have been mapped during the course of present study nor are

they reported from the coal mines located in the eastem proximity of the study area (see
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Lohe et al. 1992). Alternatively, if a southward dipping underlying normal fault was
responsible for the formation of this monocline, then lengthening of the strata should
have occurred, as seen in the smaller monocline at Coledale. Apart from a set of 135°
striking joints which are partly opened, no other sign of stretching was recorded. Strain
induced by the formation of these regional joints was very small, and most probably less
than 1% (see Ramsay & Huber 1987, Rawnsley er al. 1990). According to the results
of laboratory experiments on clay models (Withjack et al. 1990), the type of buried
normal fault that could have formed this stracture, should be gently dipping (compare
figures 3, 7 of Withjack et al. 1990 with Figure 4.2b).

The monocline at Scarborough could have developed from rollover on the
downthrown side of the Scarborough Fault (see below). Simular rollovers play a
significant role in formation of fault-bound anticlines in other parts of the southeastern
Sydney Basin. Monoclines of the Southern Coalfield are probably fault related, and
formed by rollover in the hanging wall and/or flexing of strata above a buried normal

fault.

4.6 FAULT-BOUND ANTICLINES

ESE-SE trending normal faults and gentle folds, as well as N-NNE fracture zones are
the dominant structural elements of the eastern part of the Southern Coalfield.
Locations of some of these structures have not been accurately established. Clark
(1992) compared structures described by Wilson et al. (1958), Bunny (1972), Wilson
(1975) and Jakeman (1980, 1981) and found considerable variation between locations
of the main structural features proposed by these authors. In the Southern Coalfield,
most of the available data are from colliery workings and therefore axial traces of folds
were drawn at the level of the floor of the Bulli Coal (R.J. Wilson, pers. comm. 1993).

Figure 4.11a shows the fluctuation of a marker horizon (Bulli Ceal) due to
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displacement along ESE-SE normal faults. South of the Scarborough Fault, the Bulli
Coal is sub-horizontal. Tongarra Coal is located about 6 m above sea level between
Wombarra (Outcrop 10) and south of Austinmer (Outcrop 19). Towards the north,
between the Scarborough and Clifton Faults, the Bulli Coal is 60 m above sea level and
dips at 1°-6° south. Bulli Coal is at sea level in the hanging wall of the Clifton Fault.
Farther north, the seam continues to dip to the south at 2°-3°, up to the Jetty Fault
(Figure 4.2b). In the hanging wall of the Jetty Fault, the Bulli Coal is once again at
sea level. North of this fault, the coal seam has a northerly dip of about 3° (Figure
4.2b). Finally, in the footwall of the Harbour Fault the top of the Bulli Coal is 1 m
below sea level and to the north of this fault it dips 1°-3° towards the north.

In Figure 4.2b, in the hanging walls of the Harbour, Clifton and Scarborough
Faults, beds are dipping gently towards the fault plane (see also Figure 4.11a). The
exception is the small Jetty Fault. Here, dips of the Bulli Coal define an anticline
with its hinge approximately at the Jetty Fault. This anticline could be the eastwards
continuation of the Coal Cliff Anticline, recognised west of the escarpment (Figure
4.11b).

Several very gently, northwesterly plunging folds are inferred from the structural
maps of the working seams; these structures are subparallel to the southeast-trending
normal faults (the ESE normal faults in the study area; Figure 1.7). Grabens formed
by pairs of these normal faults invariably contain anticlines (Shepherd 1990). For
example, the Bulli and the Coal Clift Anticlines are bounded by two normal faults
which dip towards the cores of both folds (Figure 4.10, Table 4.1). Farther to the
north, the Waterfall Anticline is bounded between the Metropolitan Fault and a zone of
normal faults that occur 1 km to the northeast. In West Cliff Colliery, a gentle
anticline occurs between two normal faults which diverge from each other towards the

northwest. A similar pattern exists southeast of this structure (Table. 4.1, Figure 1.7).
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Structural maps of the Bulli Coal (e.g. Rixon & Shepherd 1988) show that the
Coal Cliff Anticline does not extend eastwards to the coastline (Lohe er al. 1992). If
this structure is projected eastwards along its axial trace, it intersects coastal exposures
midway between the Scarborough and the Clifton Faults. No anticline crest was located
in this area during the course of the present study. In contrast to the fzuli-bounded
Coal Cliff Anticline (Figure 4.11b), on the coast the Scarborough and Clifton Faults
both dip to the north (Figures 4.2b, 4.11a). Along the coast, the crest of the anticline
has shifted to the north and is located south of the Harbour Fault, where faults on either
side dip towards the core of anticline (Figure 4.2b).

All of the anticlines listed in Table 4.1 are confined, totally or partially, by
normal faults that dip towards the fold cores; this also occurs along the coast between
Coalcliff and Scarborough. One exception is the Woronora Anticline of Bunny (1972),
at West Cliff Colliery where only the southeastern part of this structure is bounded by
normal faults dipping towards each other.

In the southeastern Sydney Basin, anticlines are separated by synclines which are
normally several times wider than neighbouring fault-bounded anticlines. Novice,
Cataract and South Bulli Synclines are examples of this type of structure (Figures 1.7,
4.11b). Horizontal strata south of the Scarborough Fault, between Wombarra and

Austinmer, represent a typical very broad syncline in this part of the basin.

Discussion

In the northern half of the Southern Coalfield at the Bulli Coal level, anticlines are
bounded by inward dipping normal faults, while the synclines are normally devoid of
major faults. On the downthrown side of faults, dips are towards the fault plane. This
phenomena is called reverse drag or rollover and is typical of listric faults. Movement

along a listric normal fault results in tilting of strata in the downthrown block towards
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the fault. Rollover is defined by Xiao and Suppe (1992) as folding of strata in the
hanging wall of the fault by bending or collapse in response to slip on nonplanar,
commonly listric normal faults.

In the Southern Coalfield the ESE-SE faults mostly dip in the range 50°-70°
(Shepherd, 1990). Vertical profiles of these faults, are not well established, as coal
mining proceeds along single seams (Bulli or Wongawilli) and most of the faults
encountered at the mining level do not have surface expression. The listric nature of
growth faults (Dennis [987), as well as some exposed examples of fault surfaces,
suggests that dips of ESE-SE faults decrease downwards through the stratigraphic
sequence. These faults also change dip with rock type. Since these faults were active
during sedimentation, they have been affected by compaction. Mud compacts much
more than sand, so that after compaction fault dips in shales are less steep than fault
dips in adjacent sandstone (Figure 4.12a; Shelton 1984; Dennis 1987).

Rollovers formed on the downthrown side of the faults were responsible for the
formation of anticlines in the associated grabens. The origin of the northwesterly
plunging anticlines and synclines in the southeastern part of Sydney Basin, will be
treated in more detail in Chapter 6.

It is considered that the fault-bound anticlines were reactivated. The gentle dip
of strata away from the fault plane on the downthrown side (e.g. point ¢ of Figure 4.5)
is not attributable to rollover effects and could reflect minor inversion of the pre-

existing normal faults.

4.7 CONCLUSIONS
Faults of the study area are normal and strike ESE and N-NNE. The ESE faults occur
as single breaks or as zones of minor faults. The throw of these faults rapidly

decreases upwards and along strike. The N-NNE faults developed in zones, where each
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fault has a small normal slip. They are always accompanied by a set of similarly
oriented, mostly vertical, joints. In more brittle rocks, like sandstones, the faults
recracked vertical joints, while in less competent rocks the fault dip decreases. The N-
NNE faults are restricted to the northern and central parts of the study area. No strike-
slip faults were mapped during the course of the present study. All of the measured
lateral movements have been accommodated along either faulted joints or pre-existing
dykes and normal faults.

Delicate mesoscopic normal fauits, with no gouge, are diagnostic of soft sediment
faviting in the hanging wall _of the Clifton Fault, and indicate the syn-depositional nature
of some of the ESE normal faults. The N-NNE faults are post depositional and
postdated development of similarly oriented joints. Strike-slip movements are the results
of the youngest deformations in this part of the basin. The northwest plunging minor
folds originated during deposition of the Illawarra Coal Measures.

Folds are mainly fault related. In the southeastern Sydney Basin, the southeast
striking normal faults are mostly concentrated around anticlines, while synclines lack
major faults. Anticlines are located in narrow grabens. The width of each fault-bound
anticline is much less than the width of neighbouring synclines. Fault-bound anticlines
are formed by rollover on the downthrown side of inward dipping listric normal faults,
and the monoclines are either forced folds formed above buried normal faults or are the

result of rollover developed in the downthrown side of the major faults.
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CHAPTER 5

RECRACKING OF JOINTED ROCK MASSES

5.1 INTRODUCTION
Fractures in rock might have formed in more than one stage of deformation. The
present study shows that in the southeastern part of the Sydney Basin all joints formed
in extension (see Chapter 2), and were recracked with accompanying lateral slip due to
subsequeht events. The term ‘recracking’ is restricted to breaking of pre-existing
fractures. Many pre-existing fractures in the southeastern Sydney Basin, have been
healed by the introduction of a cement. Recracking occurs when a second rupture
follows the original crack, either by propagating through the cement or by following the
cement-intact rock boundary. The term recracking was first used by Engelder (1987}
as the re-starting of a rupture after it has come to a complete halt. Joint-zone growth
(Hodgson 1961), crack seal growth (Ramsay 1980), and intermuttent growth (Bahat &
Engelder 1984) are major types of recracking. Faulted joints are the end products of
recracking (Zhao & Johnson 1992). Faulted joints are formed in mode I and
subsequently slipped in modes II or 1II.

Slip on pre-existing fractures has been reported from different geological settings.
For example refracturing has occurred along a set of joints in granodiorite of the Sierra
Nevada (Segall & Pollard 1983, Martel er al. 1988). In this area, small sinistral faults
occur parallel to joints within the same outcrop. Zhao and Johnson (1991, 1992)
described the evolution of a system of small strike-slip faults in the porous Entrada
Sandstone of Arches National Park, Utah. Here, a group of strike-slip faults, with only
a few centimetres of lateral slip, were subsequently opened as joints and then were
sheared with a sense opposite to that of the original faults. Other fractures in the same

area started as joints and were subsequently sheared. Cruikshank et al. (1991)
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recognised several types of minor cracks associated with subsequent lateral slip along
joints.

The nature of reactivation of extension fractures in flat-lying strata of the
southeastern Sydney Basin, as well as the stress fields responsible for their recracking
are discussed in the present chapter. Most of the 30 studied rock platforms illustrate
subsequent recracking of pre-existing fractures in the Late Permian Illawarra Coal
Measures and the lower Narrabeen Group. Sets of laterally slipped fractures as well as
secondary exteﬁsion joints were mapped thréughout r.he‘study area. Outcrop 2 has been
selected as an example to demonstrate field relations associated with recracking. Data
from other outcrops have been used to support the main conclusions about recracking
from Outcrop 2. Selected fracture maps as well as scanlines of all the 30 outcrops are
presented in Appendices 3 and 4.

The study area was subjected to more than one compressional deformation. Each
deformation gave rise to a resolved lateral shear stress on pre-existing joints. These
stresses were sufficient to recrack many of the joints, cause lateral slip on some, and
produce conjugate sets of faulted joints. The sense of movement along the faulted
joints, as well as the orientation of a set of short fractures formed during compression
were used to infer the direction of compression responsible for each episode of
recracking. At least three compressional stress fields are recognised as active during

the Cainozoic in this part of the basin.

5.2 CONJUGATE FRACTURE PATTERN AT COALCLIFF

Outcrop 2 is the southern member of twin coastal platform at Coalcliff, 35 km south
of Sydney (Figure 1.4). This platform contains the Coal Cliff Sandstone, which is 10
m thick and consists of a homogeneous, medium to coarse-grained lithic sandstone with

a number of pebbly bands and a few beds of grey mudstone and brown clay ironstone.
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Sandstone beds are normally 1-2 m thick. Brown clay ironstone (siderite claystone)
generally occur in beds usually less than 5 cm thick. These beds grade into grey shale
at the base and are sharply overlain by either additional shale or sandstone (Ward 1971).
Coal Cliff Sandstone disconformably overlies the Bulli Coal, and forms the basal
formation of the Narrabeen Group.

An enlarged airphotograph (1:250) was used for preparing the base map and
tracing the longer open joints, which in turn were used as references for field mapping
of the smaller fractures and related features. At this scale many of the larger and open
fractures are visible on the aerial photograph. Almost all of the fractures, except some
minor ones, are shown in Figure 5.1. The location of individual fractures are accurate
to within 10-50 cm.

Two distinctive regional fractures sets were measured in this platform and strike
NNE and NE. All of the systematic joints are vertical, and normally straight. The
NNE joints strike 5°-15° with a mean direction of 13° and the NE joints strike between
35°% and 50°, with a mean direction of 46° (Figure 5.1).

The widths of individual fractures range from 2 to 20 mm. Many fractures are
filled with calcite. The length of fractures ranges from 1 m to around 100 m. Each
fracture is composed of segments, 1-20 m long (Figure 5.1). Segments are paralle] with
the overall trend of the fractures. Fractures are mostly planar. The average spacing in
thicker sandstone beds is about 2-8 m. Spacing changes locally due to differences in
rock type or bed thickness. In some thin ironstone bands the spacing is 2 cm or even
less. The vertical dimension of fractures is much less than their horizontal extent.

Conjugate patterns are frequent in the study area. At Austinmer (Qutcrop 18) the
acute angle between two sets of NNE and SE striking recracked joints is about 60°

(Figure 4.5). At Wombarra two recracked fracture sets are almost normal to each other.
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Conjugate Faulted Joints

At Coalcliff, both NNE and NE joints were recracked and slipped Jaterally in a
subsequent event and produced faulted joints. Figure 5.1 shows the original joints
(dotted lines) as well as faulted joints (solid lines). Original joints are dilated and filled
with undeformed calcite. Recracking is more frequent in the NE set (Figure 5.1).
Lateral movement was dextral for NNE and sinistral for NE fractures. Lateral
movements along faulted joints are small and generally have accommodated less than
a few millimetres of slip. The typical width of a fanlted joint is less than 1 cm (Figure
5.2). The vertical slip is zero. These fractures have grown by amalgamation of
recracked segments. This is also illustrated in Figure 5.3 which shows the structure of
a long, SE striking, faulted joint at Bulli (Qutcrop 22). In this example, the length of
segments are between 2 to more than 10 m and they have been linked due to
subsequent sinistral movement along the 120° striking fracture.

No slickenlines occur on fracture walls. This is partly due to the small size of
displacements and subsequent weathering and wave action, which destroyed all possible
structures on fracture surfaces. Erosion has been able to exploit healed joints where
they were reactivated by recracking. Weathering and wave action have increased the
openings of the faulted joints dramatically to more than 30 cm.

The strike-slip movements along the faulted joints are easily measured where they
are cut by markers such as older joints (Figure 5.2). The amount of sinistral and
dextral slip is proportional to length and continuity of each faulted joint. In short
disconnected segments the displacements are small, sometimes less than 1 mm. In some
places the amount of lateral slip along a recracked joint cannot be distinguished. In
longer faulted joints the displacements is mainly in the range 2-3 cm.

Lateral displacements have also been recorded along normal faults and dykes.

At Bulli (Scanline 22-CC’), a long 120° striking joint was cut by a 040° siriking and
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80 cm thick vertical dyke (56 m mark of Figure 5.3). Dextral slip along the dyke
surface has displaced the 120° joint for approximately 50 ¢m (Figure 5.3). At the
commencement of compressional events, dykes and normal faults were continuous
compared to the joints which were relatively short, disconnected and mostly healed with
calcite. All the studied dykes (Table 3.1) show some sort of lateral displacement, which
is generally more than the corresponding slip along neighbouring faulted joints. In
general, one major factor controlling the size of lateral displacement is the length of

a faulted segment.

5.3 RECRACKING AND JOINTING

Movement upon pre-existing planes of weakness is a major deformation mechanism in
low strain environments. Wherever a set or sets of suitably oriented fractures are
present in rock, they potentially control nucleation and growth of faults (Segall &
Pollard 1983). Even in the southeastern Sydney Basin, where fractures were healed by
calcite, the strength of fracture infillings were less than the surrounding rock and

fractures were capable of nucleating faults.

Horizontal recracking

Recracking normally took place along pre-existing infilled and closed joints (Figures
5.1, 5.2, 5.3). When a horizontally propagating front reached the end of an existing
joint, it occasionally continued and fractured intact rock, before it terminated or began
out-of-plane growth. The recracking front comes to a halt wherever it reaches a shear-
stress free surface. In the case of conjugate joints, the horizontally propagating
recracking front might follow the course of a member of the other set at an intersection.
In Figure 5.4a a 045° open fracture has abutted against a through-going 013° joint.

Recracking followed the 045° joint and when it reached the intersection, it took the
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course of the 013° joint. A similar pattern has developed in Figure 5.4b.

Recracked fractures have enlarged horizontally by connecting segments of the
parent joints. As a result of horizontal fracturing, disconnected short segments link and
form long continuous open fractures. This process has dramatically increased the
horizontal extent of the parent joint (Figure 5.1).

In general, when the recracking front reached the end of the pre-existing joint it
either terminated or continued (o grow in-plane or out-of-plane of the parent joint. The
fracture tilts or twists from the parent joint orientation to a new direction which
minimises shear and maximises tensile stress at the fracture tip (Engelder 1987; Olson
& Pollard 1988, 1989). Further horizontal or vertical propagation of a fracture into the

intact rock developed the wide range of secondary cracks (see below).

Vertical recracking

Vertical enlargement normally extends to the boundaries of mechanical units. Fractures
propagating in sandstone terminated when they encountered mudstone or claystone beds
(Chapter 2). In Figure 5.5 an open vertical fracture, striking northeast, penetrated for
about 3 cm into a lower conglomerate bed, before it bifurcated and flattened its dip to
become parallel to the interface between sandstone and conglomerate.

Segall and Pollard (1983) reported that in granodiorite of the central Sierra
Nevada, the recracking front of a faulted joint did not propagate into the intact rock in
its own plane, instead, it deviated and started to grow out of the plane of the main
fracture. In contrast, in the study arca, some fractures continued to grow beyond the
tip of the parent fracture without any deviation. An example is presented in Figure 5.6,
where an 013° striking open fracture is parallel to a closed joint. The question arises
as to why the fracture in Figure 5.6 did not follow the course of the neighbouring joint?

Close study of fractures at this locality, and similar patterns elsewhere, both in vertical
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and horizontal sections, showed that the vertical extent of a pre-existing joint in two
adjacent beds, was not necessarily aligned (Figure 5.6b). When the recracking front in
the lower bed reached the contact, it penetrated the upper bed, simply by fracturing the
overlying intact rock. This mostly happencd when two adjacent competent beds are
separated by a very thin incompetent layer. In Figure 5.6 two sandstone beds are
separated by a 1-2 mm mudstone band.

In the vertical direction and at the edge of a pre-existing joint, the propagating
front may do one of the following: (1) terminate, (2) proceed and fracture intact rock,
(3) form an array of short en echelon cracks (see below).

The major parameters that control joint propagation across interfaces are: strength
of the interface, geometric and material properties of the layers on the either side of the
interface and loading (Helgeson & Aydin 1991). A strong contact between two similar
layers, (e.g. the two sandstone layers of Figure 5.6) will not fail, and the recracking
front will continue across the contact without any change in direction. A weaker
contact will fail and the propagating front either ceases, bends or twists, before it
terminates as for the contact in Figure 5.5.

Using cyclic loading, Prost (1988) modelled the behaviour of joints at rock
contacts. His laboratory experiments showed that joints can cross an interface in one
of the following situations: (1) existence of large compressive stress normal to the
interface, (2) shearing along the fracture forming a microfault and (3) concentration of
tensile stress at the contact along pre-existing cracks. All of these factors could have

contributed to the vertical enlargement of the recracked joints in Figure 5.6.

5.4 FORMATION OF SECONDARY JOINTS
At Coalcliff, recracking of rock and development of faulted joints, also formed a new

group of fractures, which developed at the tip, along the sides, or in between pre-
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existing NNE and NE joints. These dilatant fractures (mode 1) are called secondary
fractures (Segall & Pollard 1983), splay cracks (Martel er al. 1988), and pinnate or
feather joints (Hancock 1985). Secondary cracks -formed as a result of small slips
along faulted joints. In plan view, the traces of these fractures are straight or curved
and compared to the parent joints, they are short (5 cm to 2 m). They are subvertical
and strike 20°-30° at Coalcliff (Figure 5.1b). Several types of secondary cracks have
been recognised in association with r_ecracking, among them are those that form at the
termination points or along the sides of the pre-existing fractures. Secondary cracks

develop either by horizontal or vertical growth of the parent joint.

Horizontally grown secondary cracks

One of the most common group of secondary cracks are those that form at the
termination points of fauited joints in response to shearing along them. These fractures
are either straight and bend abruptly from the termination point (kinked in the sense of
Cruikshank er al. 1991), or are curved and sometimes branched and resemble the hairs
in a horse-tail. For example in Figure 5.7, the ends of two faulted segments of a 045°
joint have bent counter clockwise for about 17°, and grown ltowards each other. One
of these secondary cracks grew 10 cm while the other extended for 50 cm before they
ceased to propagate.

A group of horse-tail fractures developed at the termination points of a set of
long 017° striking fractures at Clifton (Outcrop 4, Figure 5.8). The original 017° joints
had terminated due to a lateral facies change from sandstone to mudstone and claystone.
Horse-tail fractures formed subsequently at the termination point of each recracked 017°
joint. These secondary cracks are curved and their average strike is 033°.

Horse-tail fractures always grow out of the plane of the host fracture. Their

clockwise or counter clockwise bending indicates the sense of shearing and the direction
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of maximum tension (Segall & Pollard 1983). Horse-tail fractures represent the location
where the slip terminates along the host fracture, the sense of faulting accommodated
by the host fracture, and the direction of maximum tension (Davies & Pollard 1986).

Similar short fractures can occur anywhere along the length of a faulted joint
(e.g. Figure 5.9). These cracks occur on either side of the parent joint but normally do
not cross it. Some of the secondary fractures are wedged open due to slip on the host
faulted joint. The width of opening of these secondary cracks decreases away from the
parent faulted joints (Figure 5.9). Secondary cracks are more frequent near the end of
each sheared segment or near the termination points of a faulted joint. Where the
spacing between two parent fractures is relatively small, the secondary cracks, which
have initiated from one fracture, terminate against the second one and form an en
echelon pattern. These short fractures are more frequent at the area of two overlapping
segments of a faulted joint (Figure 5.8b).

Secondary fractures frequently connect overlapping steps between neighbouring
faulted segments. Figure 5.10 shows a 022° secondary fracture which connects two
segments of a 177° faulted joint. The secondary crack has formed by clockwise
bending of one segment towards the other, and finally abutting against it (Figure 5.10b).
Caicite has filled the rhombohedron shaped cavity which formed due to dextral slip
along the 177° fracture.

In a horizontally propagating front, the fracture tip tilts uniformly about an axis
in the fracture plane but normal to the direction of propagation (Engelder 1987). All
horizontally propagating secondary cracks occur in the extensional quadrants of a faulted
segment (Figure 5.11). These two quadrants undergo net dilation during slip on small
faults (Segall & Pollard 1983). Repeaied movements at different locking points lead to
the formation of secondary cracks on both sides of the faulted joint (Hancock 1985).

This also happens when compressional events of different orientations developed
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differently oriented sets of secondary cracks.

Vertically grown secondary cracks
Some of the recracked joints show an array of small en echelon cracks at their
termination points. These cracks also form along the length or besides other fractures,
En echelon cracks are different from horse-tail fractures; they are not connected with
the host fracture in plan view. For example, in the s_outhwestern part of Orutcrop 15 at
Coledale, each member of a group of 175° fractures, is overlain by an array of en
echelon fractures (Figure 5.12). These en echelon fractures are secondary cracks which
were formed after recracking of the 175° joints of the lower layer (Figure 5.12a).

During vertical recracking of a joint which terminated at an interface, when the
propagating front reached the end of the pre-existing joint, it was under a combination
of mode I and mode Il deformation but instead of twisting as a unit it subdivided into
en cchelon secondary cracks by rotating about a vertical axes in the fracture plane
(Pollard er al. 1982; Pollard & Aydin 1988; Engelder 1987; Cruikshank et al. 1991).
This process is illustrated in Figure 5.13 and explains the en echelon array shown in
Figure 5.12. Here, a single 175° fracture in the lower bed (b) breaks into multiple
fracture segments in the upper bed (d). During vertical propagation, the joint was
subjected to a NNE far-field compression which caused mode I loading as well as
dextral shear (mode III) on the fracture tip (c). Above the interface, the newly formed
extension fracture was oriented parallel to the direction of compression, and as it could
not twist as a single unit, it broke into segments (Figure 5.13d). In some places where
a set of joints existed in the upper layer (e), the subsequently formed en echelon
segments were bounded by two neighbouring joints (Figure 5.13f, g).

The complex fracture array in Figure 5.14 contains both en echelon cracks, that

have formed from vertical propagation of an underlying fracture (see Fig. 5.13) and
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horse-tail cracks, which have grown from horizontal propagation of fractures.
Development of this pattern is summarised below. (1) The en echelon array was formed
in intact rock above a recracked joint (Figure 14b/I0). (2) Further slip along the parent
faulted joint fractured the intact rock, between the en echelon segments (Figure
5.14b/1V). The resulting short fractures, were subparallel with the parent faulted joint
and were connected with it. (3) Further dextral slip along this system was responsible
for growth of some of the en echelon segments as horse-tail fractures (Figure 5.14b/V).

It is concluded that, all of the en echelon arrays of secondary cracks in the field
area are the result of vertical enlargement of faulted joints into upper or lower intact
rock. They are small extension fractures and are aligned in the compression direction.

They also show the same sense of shearing as the parent fracture.

Interactive secondary cracks

There are other secondary cracks which abut against a nearby fracture with a 90° angle.
Examples are shown in Figure 5.15. In this example, the recracking front propagated
out-of-plane of the parent joint when it reached the proximity of a nearby open fracture,
and abutted against it at a normal angle. The curving perpendicular geometry is the
result of the interaction of the recracking front with a nearby through-going free surface.
Curving parallel secondary cracks are another product of the interaction between a
propagating fracture and a free face.

The state of stress for fracture propagation changes as neighbouring cracks start
to interact (Cruikshank et al. 1991; Pollard et al. 1990). When a recracking front grows
towards an already opened fracture, the stress field systematically rotates and changes
due to the presence of the open joint (Dyer 1988). At the free surface, one of the
principal stresses is perpendicular to the fracture face and its magnitude is zero (Figure

5.16). To minimise the resolved shear on the propagating crack tip, the approaching
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fracture curved and become perpendicular, or less frequently parallel, to the free surface.
Each point on the path of this type of secondary crack, is roughly perpendicular to the
least compressive local stress (Pollard et al. 1990). As these sigmoidal patterns
developed due to the rotation of G, near a free surface of any orientation, they are not

indicators of far-field stress, nor can they be used to infer the sense of displacement

along a faulted joint.

Summary

Secondary cracks are either far-field stress indicators or not. The first type can also
be used as a tool to infer the sense of movement along the faulted joints. In the
horizontal direction, those secondary cracks which turn clockwise with respect to the
direction of the main joint, is the result of right-lateral shear, and those that turn counter
clockwise are the result of left-lateral shear. Secondary fractures also indicate the
direction of maximum horizontal compression. In these fractures, the far-field minimum
principal stress, G, is normal to the fracture surface. Figure 5.17a illustrates different
types of secondary cracks which can be used to infer the direction of causative
compression and also the sense of displacement along the faulted joint. Figure 5.17b
demonstrates some exceptional secondary cracks which form due to the local re-
orientation of the stress field. In the vertical direction, the recracking front either
terminates at the boundary of a mechanical unit or crosses it. En echelon arrays are
one result of jointing of intact rock beyond the tip of a recracked joint in a vertical

direction (Figure 5.18).

5.5, FAULTED JOINTS WITH MULTIPLE DISPLACEMENTS
In most cases, the sense of displacement inferred from the orientation of secondary

cracks and the actual slip measured along fractures support each other, i.e. both are
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either sinistral or dextral. Contradictions occur locally, where one member of a fracture
set shows a sinistral movement and another a dextral slip. The following examples
demonstrate different aspects of this problem.

(a) At Wombarra (Outcrop 12), a set of E-W striking secondary fractures, which
propagated from a NE faulted joint, bend and approached the adjacent open fracture at
a 90° angle (Figure 5.19a). While the orientation of these secondary cracks suggest a
dextral movement for the parent fracture, a 10 mm sinistral slip has been recorded for
this faulted joint.

(b) In a few places both sinistral and dextral displacements have been measured
for a single set of faulted joints, For example, in Outcrop 15 at Coledale, two adjacent
005° faulted joints occur and one has 10 mm of sinistral slip, while the other has 20
mm of dextral slip. Another example from this locality is illustrated in Figure 5. 19b,
where two neighbouring NE fractures show 20 and 2 mm of dextral and sinistral slip
respectively.

(c) Frequently, more than one set of secondary cracks occur along the sides of
a parent fracture (see examples in Figure 5.20). Two sets of secondary fractures form
a feather-shaped pattern at the ends of some faulted joints at Scarborough (Figure
5.20c). These secondary fractures are straight to slightly curved and up to 5 m long.
A similar pattern is developed at Wombaira South (Figure 5.20d). Development of the
feather pattern at the end of a recracked fracture suggests that each side of the
termination point of the faulted joint has expericnced tension.

In all of these examples, a single event cannot explain the formation of two
differently oriented sets of secondary cracks. Opposite senses of strike-slip displacement
along faulted joints of the same set have also been reported from the Garden Area of
Arches National Park, Utah.  Cruikshank et al. (199]) have related them to

inhomogeneous deformation within the region. In the southeastern Sydney Basin, some
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fractures have been affected by more than one episode of lateral shearing, frequently
with an opposite sense of slip. The model presented in Figure 5.21 shows the evolution
of NNE striking faulted joints at Coledale (Outcrop 15), where two neighbouring
fractures show 4 and 2 mm of sinistral and dextral slip, respectively. Based on frequent
observations, it is concluded that measured lateral slips on many faulted joints presented

in this chapter, are probably the result of more than one deformational event which in

many cases acted against each other.

5.6 EPISODES OF RECRACKING
Following lithification of the Tllawarra Coal Measures several sets of extension joints
were formed and sealed with calcite (see Chapter 2). Later in the history of the basin
the orientation and probably the magnitude of the stress field changed. In the new
stress field, resolved shear stresses on properly oriented pre-existing joints resulted In
recracking and lateral slip. Mode I secondary cracks were formed during recracking and
initiated at roughness elements and irregularities along a faulted joint, where the rock
was subjected to tension during slippage and faulting (see Davies & Pollard 1986;
Cruikshank er al. 1991). No lateral displacements have been recorded along the length
of surveyed secondary cracks. Both, fanlted joints and secondary cracks may have been
sealed with calcite. Only faulted joints show more than one episode of infilling (see
Figure 2.11h).

Secondary cracks in Outcrop 2 form a set of extension joints striking 020-028°.
The secondary cracks mapped in the other parts of the study area do not fall into a
single orientation. At Bulli (Outcrop 22), most of the secondary cracks strike 100-
105° (Figures 5.3, 5.22), In some places, as stated previously, more than one set of
secondary cracks are present. For example, at Scarborough (Outcrop 7) two dominant

sets of secondary cracks strike 090° and 165° (Figure 5.20c). Secondary joints
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measured throughout the study area fall into three main orientations, namely NNE, E
and SSE (Figure 5.23). In Figure 5.23g the orientation of 430 secondary fractures
measured in different rock units of the Illawarra Coal Measures, and the Coal CIliff
Sandstone of the Narrabeen Group, is presented, Each of three fracture sets of Figure

5.23g represents an episode of compressional deformation.

NNE-SSW compressional event

At Coalcliff, the compression that acted from the NNE was responsible for the
formation of secondary cracks that have a mean orientation of 023° (Figure 5.23a).
This compression can be traced all over the study area, although its orientation changes
slightly due to local geological variations. Pre-existing N-NNE and NE fractures have
been reactivated by this compressional event. Dextral movements along N-NNE joints,
normal faults and dykes and sinistral slip along NE fractures are all related to this
event. SE joints, dykes and normal faults are least affected by this deformation. The
mean orientation of NNE secondary cracks measured between Coalcliff and Bulli, is

024° (Figure 5.23g) and is regarded as the mean orientation of the NNE compression.

E-W compressional event
A well defined set of 85-105° striking secondary cracks developed in most parts of the
study area (Figure 5.23). The mean orientation for this set is 097°. E-W compression
caused sinistral shear on SE fractures as well as dextral shear on NE oriented fractures
(Figures 5.3, 5.22). This compression had almost no effect on N-NNE oriented
fractures.

At Coalcliff, recracking is more frequent along NE fractures (Figure 5.1).
Different factors might have contributed to this phenomena. (1) If the causative

compression formed a smaller angle with the NE fractures, it could have caused a larger
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shear stress along these joints. At Coalcliff, the orientation of secondary cracks
indicates that the angles between the NNE compression and the 010° and 045° joint sets
were identical at about 15° and therefore this factor is not relevant. (2) Another factor
is the different nature of the fracture surfaces and their infilling materials. Although no
distinct difference has been recorded between two sets of conjugate joints in Coalcliff,
understanding of the original strength of fracture infillings is minimal, due to subsequent
weathering. (3) The last factor which c01_11d have produced more recracking on the NE
fracture set is the effect of more than one compressional event. NE fractures have been
affected by major NNE-SSW as well as E-W compressions, while this is not the case

for NNE joints, which were sub-normal to the E-W compression and only affected by

NNE compression.

SSE-NNW compressional event

The third set of secondary cracks has a mean orientation of 163° (Figure 3.23g). These
fractures are the least important, both in size and number. The compressional event
responsible for the formation of these fractures caused sinistral shear along N-NNE and
NE fractures as well as a dextral shear along SE fractures. For example, at Austinmer,
conjugate sets of 000-010° and 120° joints, both show dextral slip (Figures 4.5, 5.24).
The dextral slip along SE fractures as well as the formation of a set of 160° striking
secandary cracks at Austinmer are due to SSE compression, while the dextral slip along
the 000-010° joints is related to the NNE compressional event (Figure 5.24a). At this
locality, the short secondary fractures sometimes formed in intact rock with no
connection with neighbouring fractures (Figure 5.24a inset 1, and its photograph in b),
while in other places, they form along the sides or at the end of the faulted joints
(Figures 5.24a, inset 4, 5.20c, d). Dextral displacements of two sets of conjugate

faulted joints form small rhombohedric cavities (Figure 5.24a, inset 3). These relations
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indicate that the displacement along NNE fractures was prior to lateral slip along the

SE fractures.

Relative age of compressional events

The principal criteria for determining the sequence of fracturing are abutting and
overprinting relationships and the offset of one structure by another (Hancock 1985).
Different indicators, namely the ;ecracking of, and slippage along, pre-existing joints
dykes and faults, as well as the wide range of secondary cracks, have been used to
establish age relations between compressional events and major structural features in the
study area. The following is a brief review of time relations between compressional

events and regional joints, dykes, faults and monocline.

Regional joints: Compressional events are younger than Group I regional joints. In the
southeastern Sydney Basin, recracking and lateral displacements, which are the products
of compressional events, always occur along pre-existing regional joints (Figures 5.1,

5.2, 5.3).

Normal faults: Compressional events postdate the ESE and N-NNE normal faults (see
Chapter 4). ESE normal faults started to form during the deposition of Illawarra Coal
Measures and hence are much older than the compressional events.

Some of the N-NNE normal faults show a horizontal component as well as a
normal slip. N-NNE normal fauits formed along pre-existing closed joints (see Chapter
4). The N-NNE joints, are typically open and show a few millimetres of lateral slip
while their vertical displacements are zero. An example is the N striking joints and
normal faults at Brickyard Point (Scanline 17-DD’), where both joints and normal faults

have dextrally slipped, while faulted joints have zero vertical slip. If the lateral slip due
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to the NNE compression predated normal faulting then dip-slip movement should have
occurred along all open fractures and not just the normal faults. This implies that the

compressions which caused lateral slip along the N striking faults and joints are younger

than the normal slip that occurred along the faults (Figure 5.25).

Dykes: Compressional events are invariably younger than dykes. All studied dykes
(Table 3.1), and their related adjacent joints, have_ been recracked.and displaced by
subsequent cOmpressions.

Figure 5.22 shows the right lateral offset of a long 125° striking faulted joint by
displacement along a 025° striking dyke at Bulli (25 m mark of Scanline 22-FF’). This
pattern indicated that the dyke was injected prior to the commencement of the
compressional event. Movement along strike of this dyke is about 16 cm, while the
movement on dyke-parallel joints, where detected, is in the order of 1-10 mm. This
is due to the fact that at the commencement of the compressional events, the dyke walls
were two continuous weak planes, with relatively low cohesion, while the dyke parallel
joints where relatively short and disconnected, both horizontally and vertically.
Therefore, the strain induced by compressions are more significant along the dykes.

Dyke-parallel joints have been displaced laterally in few places (e.g. Figure 5.26).

Monocline: The 060° fracture set, which developed locally paralle]l to the axis of a
small monocline at Brickyard Point has a dextral component of 5-50 mm (Scanline 16-
CC”). Vertical displacement along the 060° fractures was responsible for the formation
of the monocline (see Chapter 4). The dextral slip, which is a product of a E-W
compressional event, postdated formation of 060° fractures and the normal slip along

them (see Chapter 4).
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Compressional events: Establishing a relative age between the compressional events
and the time of formation of regional joints, normal faults and dykes is much easier
than finding the time relations between the compressional episodes. Overprinting
relations between compressional episodes are uncommon. The following indicate the
relative age of these compressional events.

1. All over the study area, the 90-100° secondary cracks occur most frequently
along the NE fractures, and less frequently along the SE fractures. The dihedral angle
between the E-W compression direction and the SE joints is about 30°, which is less
than its 45° dihedral angle with the NE joints. Thus the E-W compression must have
caused a larger shear stress on the SE joints compared to the NE joints. Why should
have the E striking secondary cracks occurred more commonly besides the NE joints?

At Wombarra (Figure 5.20a) the 095-100° secondary cracks developed along the
sides and in between NE fractures. The NE fractures had sinistral displacement along
their strike with the NNE secondary cracks developed at the ends of and in between NE
fractures. This pattern suggests that the 040° joints had already opened and slipped due
to the NNE compressional event, and therefore predated the E-W compression that
formed the 095-100° secondary cracks. In another example, also from Wombarra
(Figure 5.19a, Scanline‘ 12-GG’), 100° striking secondary joints started from a 040°
fracture and approached the next 040° fracture at a 90° angle. It is concluded that
sinistral movement on the 040° fracture, recracked it, before the commencement of E-
W compression which developed the 100° joints.

2. At the 20 m mark of Scanline 12-BB’, 090° secondary cracks cut 040° joints
without any lateral displacement, but sinistral displacement along the same 040° joint
has displaced a Group I fracture striking 115° (Figure 5.27a). Sinistral slip of the 040°
fracture is related to the NNE compression. This configuration suggests that at this

locality the NNE compression, which was responsible for the sinistral slip along the
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040° fracture, was active earlier than the E-W compression, which formed the 090°
secondary cracks

3. At the 210 m mark of Scanline 11-HH’, sinistral slip of a 140° fracture has
displaced two parallel 010° secondary fractures. E-W compression is responsible for
this sinistral movement, while the Q10° cracks are the product of NNE compression
(Figure 5.27b).' Once again, it is concluded that the NNE compression was older than
E-W one. |

4. At Awvstinmer (Outcrop 18), both the NNE and SE fractures have a dexiral
component. Cross-cutting relations in inset 2 of Figure 5.24a demonstrate that the
dextral movement along the 005° fracture, which was due to the NNE compression, was
earlier than similar movement along the 120° fractures. The SSE-NNW compression
was responsible for the later displacement.

The compressional episodes were the last group of deformational events in this
part of the Sydney Basin. Overprinting relations suggest that the NNE-SSW
compression predated the E-W compression but the relative age of the SSE-NNW

compressional event to these is unknown.

5.7 MECHANISMS OF RECRACKING

Mode of fracturing

Fractures formed in intact rock are classified as extension, hybrid and shear (Hancock
1985). The Coulomb-Mohr failure envelop (Figure 5.28a) predicts that shear failure
occurs along conjugate planes with a progressively smaller dihedral angle (28) as the
confining pressure (¢,) is decreased (Engelder 1987). Normal stresses decrease and even
become tensile as the dihedral angle becomes smaller (Figure 5.28a, b). Under tensile
- normal stress an oblique hybrid extension-shear fracture is formed (Hancock 1985, 1986;

Dunne & Hancock 1994).
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At Coalcliff (Figure 5.1), two sets of conjugate 010° and 045° fractures were
formed separately as extension joints (see Chapter 2), and were recracked during the
subsequent compressive event. The sense of slip along these fractures and the direction
of secondary cracks indicate that the direction of regional compression was contained
within the dihedral angle. The dihedral angle at Coalcliff is 35°, which lies in the
range proposed by Dunne and Hancock (1994) for hybrid fractures (10-50°). Figure
5.28 shows that conjugate fractures enclosing a dihedral angle of less than 45°, have a
component of dilation which kept the fracture open while it was propagating.

Directions of recracking in Figure 5.1 were controlled by the orientation of pre-
existing fractures, which did not necessarily coincide with the orientation of hybrid
fractures that would have formed In intact rock. Pre-existing fractures formed planes
of weaknesses in the rock mass. The tensile strength of fracture infilling is considered
less than the tensile strength of intact rock, as recracking, almost universally, has
initiated and propagated along pre-existing fractures. Differential stresses needed for the
formation of hybrid fractures are much less than that needed for shear fracturing (Figure
5.28). The recracked sets of joints at Coalcliff are considered a conjugate set of hybrid
fractures reactivated from pre-existing planes of weakness.

This is also valid for the other parts of the study area, where the dihedral angles
between the recracked conjugate sets are less than 60°. Comparison between the
directions of the compressional events and the strike of recracked sets showed that pre-
existing joints at a 10-30° angle to the direction of each compression have been most
frequently recracked. Where the angle between two sets of fractures was between 60
and 90°, each set was recracked by a scparate compressional event with o, at a 10-
30° angle to the recracked set. A typical example is Outcrop 18 at Austinmer where
two sets of 005° and 120° fractures (28 = 65°), both show a dextral displacement

(Figures 4.5, 5.24a). At this locality, recracking and lateral slip of the 005° joints was
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due to a NNE compression, while a SSE compression recracked and dextrally displaced
the SE joints. Each of these faulted joint sets formed a 15-25° angle with the
corresponding compression direction. It should be noted that an already recracked set
could be reactivated by a subsequent compression even if the acute angle between the
contemporary compression and the pre-existing faulted joint was more than the 30° limit
for closed fractures.

In the southeastern Sydney Basin, recracking of pre-existing fractures and
formation of faulted joints ha;s occurred under a mixed mode, comprising both an
opening component (mode 1) and a shearing component (mode II or III). The absence
of slickenlines or gouge along the faulted joints reflects their hybrid nature and that they
were open during their formation. Gouge does not form during shear displacement
along hybrid fractures (Engelder 1987).

There have been some efforts to estimate the amount of opening of faulted joints
at the time of their formation. Cruikshank er af. (1991), using the straight secondary
cracks formed at the end of some faulted joints, have related the amount of opening to
their lateral slip. They concluded that the opening width of a refractured joint was
greater than or equal to the amount of slip across the faulted joint at the time it was
faulted in response to mode II loading. The technique proposed by Cruikshank ef al.
(1991) 1s not applicable in the southeastern Sydney Basin where the measured

displacements are the resultant of more than one recracking event.

Sequence of recracking

Different parts of a faulted joint were not fractured simultaneously, nor were different
fractures of a set or members of conjugate systems formed at the same time. The
following examples demonstrate the sequence of recracking in the Ilawarra Coal

Measures due to the compressional events.



9%

(a) Figure 5.15 demonstrates the formation of two conjugate faulted joints striking
045° and 010°. First the 045° fracture was recracked, followed by recracking of both
segments of the 010° joint. The 010° joint segments, as they approached the 045°
through-going joint, gradually bent and finally abutted against the 045° fracture at a
90° angle. The curving normal segments are in fact secondary cracks, propagated out
of the plane of the recracked joint. Two short segments of the original 010° joint have
been left closed (Figure 5.15).

(b) Similar configurations have been mapped in the other parts of the study area.
For example three joint sets striking 003°, 035° and 155° developed in a 5 cm thick,
medium-grained sandstone at Outcrop 1 (Figure 5.29). Joints are partly opened, and the
recracked segments of different fractures are connected with each other. Figure 5.29
demonstrates that recracked segments developed alternatively. It also shows that
recracking along a single joint can initiate from more than one place and that the
direction of propagation of segments can be either the same or opposite (Figure 5.29).

(c) The previous examples show that secondary cracks propagate from or abut
against pre-existing fractures. In some places, a group of secondary fractures have been
mapped which cut through neighbouring fractures without any interaction. In Scanline
19-AA” at Austinmer, 160° striking, secondary cracks abut against 010° fractures or are
sinistrally displaced by them. Other 160° secondary fractures cut the 010° joints without
abutting (Figure 5.30). A compression from SSE (160°) was responsible for the
recracking and sinistral slip of 010° joints. Extension joints, formed before recracking
of neighbouring 010° joints, cut through them without interfering. Later in the
compressional episode, more 010° joints were recracked. The sinistral movement along
these fractures displaced the already formed secondary cracks (Figure 5.30c). The 160°
cracks, which were formed later, have abutted against the 010° fractures (Figure 5.30d).

Study of similar patterns in over 10 different places have shown that through-going
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secondary cracks were formed when the pre-existing fractures were closed.

Traces of faulted joints are segmented and segments are fractured sequentially.
Segments form with an alternate sequence of fracturing of different segments in the
same group of closely spaced joints. Segments of one fracture, or two conjugate sets,
interfered with each other when a recracking joint approached an already opened
fracture. As a result of recracking, a network of connected open segments developed
in rock which accommodate lateral slip along faulted joints. These observations on
faulted joints are almost identical! with those that have been reported for strike-slip faults
developed in sandstone (Zhao & Johnson 1991) and strike-slip faults formed during the

laboratory tests on clay models (Reches 1988).

Recracking and deviatoric stress
Each extension joint set developed in rock, represents a unique stress field (Engelder
1987; Dyer 1988). In some outcrops the fracture pattern consists of two or more
regional extension joint sets. It is expected that each new, differently oriented, stress
field may cause shear stresses on pre-existing fractures. Two extension joint sets
mapped in the Coalcliff (Figure 5.1), or similar sets mapped in the other parts of the
study area have not interfered with each other. Why has no sign of shearing occurred
along older extension joints during a subsequent extension of a different orientation?
In contrast, why have shear stresses later in the history of the region recracked the pre-
existing joints?

Extension joints form under a small deviatoric stress (Hancock 1985; Engelder
1987; Lorenz & Finley 1991) (Figure 5.28). During the formation of Group I regional
joints (Chapter 2), the small value of deviatoric stress could not overcome the strength
of fracture infillings. Thus the pre-existing fractures were not planes of weakness in

the rock mass. In compressional regimes, such as those responsible for the recracking
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of the pre-existing joints in the study area, the stress difference was higher thus the
differential stress could overcome the strength of fracture infillings and recrack them.
The other major controlling factors are overburden and pore water pressure. The role
of pore water pressure, which was significant during the formation of the Group I of
regional extension joints (Chapter 2), was probably less important during the more

recent compressional events.

5.8 CONCLUSIONS

In the Late Permian Illawarra Coal Measures of the southeastern Sydney Basin, joints
and faulted joints occur parallel with each other. The joints are dilated and filled with
undeformed calcite, while the faulted joints are mostly opened with evidence of lateral
slip along them. All measured strike-slip displacements were nucleated along the pre-
existing joints, faults and dykes. Faulting commenced with jointing and continued by
lateral slip.

As a result of shearing along recracked joints, secondary cracks developed.
These fractures are systematic and regional, and form sets of relatively short dilatant
joints. Secondary cracks form at the end, along the sides and in between faulted joints
or cut through closed joints. They may be opened but show no sign of subsequent
shearing. Secondary cracks are the youngest systematic fractures formed naturally in
the southeastern part of Sydney Basin.

Some fractures continued to grow beyond the tip of the parent joint without any
deviation, while others terminated or tilted and twisted away from the host fracture.
The faulted joints grow horizontally by the connection of recracked segments with
secondary cracks. En echelon arrays are the result of vertical propagation of faulted
joints into intact rock. Fracturing fronts came to a halt when they reached a shear

stress free surface.
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The amount of displacement is proportional to the length and continuity of the
faulted segment. More than 50 cm of dextral slip has been measured along one dyke,
while the lateral slip on faulted joints is in the range of 0-20 mm. Various amounts
of slip occur along a single fault. Lateral slip along one set of faulted joints might be
dextral, sinistral or both. Some long faulted joints show exceptionably small
displacements. These fractures have been affected by more than one episode of lateral
slip, acting in opposite directions.

Conjugate sets of laterally slipped faulted joints are used to infer the general
direction of causative compression. Results from this method are inconclusive where
rocks have been affected by compressions from more than one direction. In such cases
the orientation of secondary cracks define a more reliable direction of maximum
compression. The only exceptions are curving normal, or curving parallel secondary
cracks, which are the result of the local stress field.

All recorded lateral displacements over the study area are readily nterpreted as
related to 3 compressional stress fields namely: NNE-SSW, E-W and SSE-NNW. Each
of these compressions were responsible for recracking and lateral slip along suitably
orienied pre-existing fractures and formation of one set of secondary cracks parallel to
the compression direction. The remarkably consistent direction of secondary cracks
indicates that the far-field stress field was roughly uniform for each episode of
compression in this part of the basin.

All the faulted joints are classified as hybrid fractures. During each event, the
pre-existing sealed fractures which formed a 10-30° angle with &,, have been recracked
with lateral slip along their strike. Recracked joints may have been subsequently
reactivated by a later compression of a different orientation. The angle between the
direction of the later compression and the strike of the reactivated faulted joints could

exceed the 30° limit for the recracking of a sealed joint. The result of the alternative
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recracking of conjugate set(s) is a network of connected recracked segments which have
accommodated shear displacement caused by different compressions.

The intensity of recracking and the amount of lateral slip is mostly related to the
strength of infilling materials, the angle between the fracture and the maximum
compression, and the number of compressional events imposed on the fracture.
Extension joints formed under a small deviatoric stress which could not overcome the
strength of fracture infillings along pre-existing joints. Thus different sets of regional
joints were formed without interfering with ecach other.  During subsequent
compressional events, the deviatoric stress was high as it could overcome the strength
of fracture infillings and recracked them. Interactions started when a recracking front
reached the vicinity of an already recracked (opened) fracture.

Regional joints, normal faults and dykes were formed before the commencement
of the compressional events. Establishment of a valid time relations between three
mapped compressional events is not straight forward. The existing evidence suggests
that the NNE-SSW compressional episode developed prior to the E-W compressional
event. The relative age of the SSE-NNW compressional event compared (o the other

recracking events is unknown.
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CHAPTER 6

TECTONIC DEVELOPMENT OF THE SOUTHEASTERN SYDNEY BASIN

6.1 INTRODUCTION

The southern Permian-Triassic Sydney Basin is characterised by very mild deformation,
in contrast to the more deformed northern parts. The southern Sydney Basin has a
unique structural pattern (Figure 1.7). Some of the main structures in this part of the
basin include: (1) the Camden Syncline, which is the southemn extension of a broad N-
S syncline forming the overall structure of the Sydney Basin, (2) the western limb of
this syncline has N-S and NNW-SSE trending monoclines, (3) the eastern limb has
several NW trending gentle folds (warps), and (4) southeasterly trending syn-depositional
normal faults forming grabens that contain anticlines,

The structural pattern of the Southern Coalfield evolved through several
deformational events. For the earliest event, a quasi-extensional model is presented to
account for the formation of syn-depositional SE trending normal faults and gentle folds.
Several very mild compressional events are proposed to explain reworking of pre-
existing structures during the Tertiary. Based on these models, a scenario is formulated

to describe the tectonic history of the southeastern Sydney Basin.

6.2 PERMIAN-TRIASSIC TECTONIC HISTORY OF THE SYDNEY BASIN

The Sydney Basin forms the southern part of the Sydney-Bowen Basin system, which
lies west of the Palacozoic-Early Mesozoic New England Fold Belt (Figure 6.1). The
basin contains an Early Permian to mid-Triassic sedimentary and volcanic succession,
which unconformably overlies deformed Palaeozoic rocks of the Lachlan Fold Belt
(Figure 6.1; Mayne et al. 1974). In the southern Sydney Basin the 2.5 km thick

sedimentary sequence is only slightly deformed. The thickness increases to more than
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6 km adjacent to the New England Fold Belt, where the sequence is more noticeably
folded and faulted. The succession aiso thickens from west (o east.

Different models have been suggested for formation of the Sydney-Bowen Basin
System. The most feasible model proposes an carly extensional phase followed by a
retroarc foreland setting, for both the Sydney Basin (Mallett er al. 1989; Lohe et al.
1992; Tye & Fielding 1994) and the Bowen Basin (Hammond 1988; Baker et al. 1993).
Based on this model, the tectonic history of the Sydney Basin is divided into three
successive phases.

(1) An Early Permian extensional phase, which formed a series of major rifts,
mostly at the northern part of the basin. In the Sydney Basin the fill of these rifts is
still poorly documented, but in the south may include fluvial-deltaic deposits of the
Talaterang Group (Tye & Fielding 1994). Mafic and/or silicic volcanism occurred at
or near the base of the Sydney Basin succession (Lohe er al. 1992).

(2) A late Early Permian to early Late Permian subsidence phase due to post-
rift cooling and lithospheric contraction. This subsidence resulted in major transgression
across the entire basin. In the southern Sydney Basin, the Jower part of the Shoalhaven
Group was deposited during this phase. These strata are alluvial and conglomeratic in
the west adjacent to their source, while in the centre and east they are shallow marine
siltstone and sandstone (Pebbly Beach, Snapper Point and Wandrawandian Formations;
Table 1.3; Tye & Fielding 1994; Fielding & Tye 1994),

(3) A Late Permian-Early Triassic foreland sectting associated with flexural
downwarping induced by thrust and magmatic loading in the adjoining New England
Fold Belt (Figure 6.2). Thick successions of terrestrial and marine rocks were deposited
during this phase (Lohe ef al. 1992). In the southern Sydney Basin, deposition of the
Late Permian—Early Triassic fluvial-deltaic lllawarra Coal Measures and Narrabeen Group

occurred during this stage.
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In the early Late Permian, strong crustal movements, known as the Hunter-
Bowen Orogeny, began to affect the New England Fold Belt with formation of Hunter-
Mooki Thrust system (Figure 6.1; Collins 1991). This orogeny produced synchronous
molasse sedimentation and marine regression (Lohe er al. 1992). At the end of the
Permian, the fold belt began to subside, and the foreland began to rise gently (Jones et
al. 1984). The New England Fold Belt presumably extended southward, under the
present continental shelf to the east of the southern _Sydney Basin (Figure 6.1
(Currarong orogen of Jones et al. 1984, see also Glen & Beckett 1989a, b; Migliucci
& Evans 1991; Veevers er al. 1993).

Major volcanic activity occurred during the Late Permian in the southeastern
Sydney Basin. This igneous activity is shoshonitic in character (Carr & Facer 1980)
and anomalous in its tectonic setting within a retroarc foreland basin. Shoshonitic
extrusions, that occur around the boundary between the Illawarra Coal Measures and the
lower Shoalhaven Group, were derived from the NE trending Gerringong volcanic chain,
that existed to the east of the present coastline (Mayne et al. 1974; Facer & Carr 1979;

Herbert 1980; Bembrick er al. 1980; Jones 1990).

6.3 POST-TRIASSIC TECTONIC HISTORY OF THE SYDNEY BASIN
Within the southern Sydney Basin no major tectonic activity occurred between
deposition of the Sydney Basin succession and the extensional episode responsible for
the formation of the Tasman Sea (Late Cretaceous). Structures, such as the regional
joint sets described in this thesis, although locally impressive in their development, at
most, represent only mild tectonic activity. They are not indicative of major tectonic
events as recognised in more strongly deformed belts.

Igneous activity has been reported for different parts of the Sydney Basin during

the Mesozoic era. In the Southern Coalfield, igneous activity occurred, with three
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periods of maximum activity at 250, 180 and 50 Ma ago (Facer & Carr 1979; Carr &
Facer 1980: Embleton et al. 1985). Igneous activity during the Jurassic to Early
Cretaceous is related to a tensional regime that existed throughout the Australian
continent during the Mesozoic (Embleton ez al. 1985). At the beginning of the
Mesozoic era, Australia was enclosed within the supercontinent of Pangaea, but by the
Tertiary period Australia had drifted away from India, the Lord Howe Rise and
Antarctica (Veevers et al. 1991).

The youngest sedimentary rocks preserved in the Sydney Basin are the mid-
Triassic Wianamatta Group. Although no direct evidence for Late Triassic, Jurassic or
Cretaceous strata have been recorded in the onshore basin area (Herbert 1980), the rank
of coal laminae in the Wianamatta Group suggests that they may have been buried by
more than 1000 m of overlying Mesozoic strata. Accepting that the eroded cover
existed, then the area must have been mildly subsiding during part of the Late Triassic
and Jurassic.

Late Cretaceous to Early Tertiary (96-56 Ma) rifting and sea floor spreading in
the Tasman Sea (Veevers et al. 1991) must have had some influence on the structural
evolution of the southern Sydney Basin. Rifting began prior to sea floor spreading
(drifting) at 96 Ma (Dumitru et al. 1991; Veevers et al. 1991). Towards the end of
Paleocene (57.5 My), spreading terminated in the Tasman Sea (Veevers et al. 1984).

Compressional events occurred during the late Tertiar_y in the Sydney Basin and
this is consistent with the modern-day compressional state of stress characteristic of the
Australian continent (Worotnicki & Denham 1976; Gray 1982). The relatively high
seismicity recorded for Australia, considering its stable tectonic intraplate setting, is
also compatible with the high stresses that have been measured in the Australian
continental crust (Shepherd & Huntington 1981; Gray 1982; Lohe et al. 1992). This

compressional setting contrasts to the extensional activity in eastern Australia at the time
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of formation of the Tasman and Coral Seas and perhaps reflects the northward motion
and continuing collision of the Indian-Australian plate with Eurasia and the Pacific plate

during the last 50 Ma.

Uplift

A major tectonic event is the uplift of southeastern Australia. The Eastern Highlands
extend along the length of the eastern Australia, roughly parallel to the coastline and
die out inland (Ollier 1982; Bishop 1988; Dumitru et al. 1991). They are 0.3-1.6 km
high and over 400 km wide.

The uplift of the Eastern Highlands formed due to a combination of tectonic
uplift and isostatic rebound. No general agreement exists about the timing and
mechanism of uplift. The location of basaltic lava in valleys indicate that most of the
uplift in southeastern Australia occurred before the mid-Cainozoic (Wellman 1987).
Lambeck and Stephenson (1986) proposed that the present highlands are the erosional
residue of Late Paleozoic or Early Mesozoic mountain building process. In the Sydney
Basin, sedimentary rocks as young as mid-Triassic (Wianamatta Group), occur in parts
of the highlands, at 1.2 km altitude, indicating that uplift, in these areas, is mostly post
mid-Triassic (Wellman 1987). The total amount of eroded strata from the top of
Wianamatta Group, has been estimated at less than 1 km (Branagan 1983) and up to
2 km (Faiz & Hutton 1993). If either of these estimates are correct, then the uplift
was initiated no earlier than the Late Triassic.

The proximity and parallelism of the highlands and the continental margin in
NSW, suggests some sort of link in their history. A marked change in sedimentation
pattern and tectonics at the Cenomanian (95 Ma ago) is proposed by Jones and Veevers
(1983), as the time of initiation of the Eastern Highlands. The Cenomanian was at the

end of a period of subsidence and basin tilting in eastern Australia, and was also
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marked by the termination of andesitic volcanoclastic sedimentation in Queensland and
the Bass Strait region (Jones & Veevers 1983, Wellman 1987). Tectonically, the margin
of Australia, east of the Sydney Basin, changed from an oblique-slip boundary to a
passive margin, after crustal extension and initiation of sea floor spreading (Jones &
Veevers 1983). The uplift has been related to a phase of high heat flow and
extensional tectonics preceding the main oceanic rifting event (Lohe er al. 1992). Lister
et al. (1986) suggested that extension of lithosphere prior to sea floor spreading was by
formation of a gently dipping detachment fault with a normal fault system developed
in the hanging wall. Movement on the detachment removed the lower lithosphere from
beneath the highlands (an upper plate margin in the sense of Lister ef al. 1986). The
consequence of this process was production of a thermal anomaly beneath the upper
plate margin with massive crustal underplating and replacement of the lower lithosphere.
Thermal uplift associated with rifting of the continent would be expected to decay with
time resulting in elimination of any thermal uplift up to 50 Ma after the rifting event.
In the model of Lister er al. (1986), however, crustal underplating thickens the
lithosphere and thereby provides a mechanism whereby the uplift is maintained over a
much longer interval.

In the study area, the coastal escarpment is the best manifestation of the uplift.
The escarpment is an erosional feature, and its present location is not a fault line scarp
(Ollier 1982). Kooi and Beaumount (1994) presented a model for the formation of high
elevated rifted margins. In this model, the formation of escarpments is partly related
to the existence of an erosion-resistant caprock, which in this case, is the thick
competent Hawkesbury Sandstone. The NE direction of the lllawarra Escarpment, which
is parallel to the coastline, and the trend of the continental shelf margin, formed by
Tasman Sea rifting, suggests that the initial location of the escarpment, to the east of

the present coastline, was controlled by a pre-existing discontinuity (Ollier 1982).
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6.4 SYN-DEPOSITIONAL STRUCTURAL MODEL FOR THE SOUTHERN
COALFIELD

Development of syn-depositional structures, such as northwesterly plunging minor folds,
have been related to either syn-depositional subsidence (Wilson 1969; Cook & Johnson
1970; Bowman 1974) or short-lived compaction and erosion (Shibaoka & Bennett 1975,
1976).

Owing to thicker sedimentation in the troughs of synclines, it has been concluded
that the NW plunging gentle folds of the Southern Coalfield were active during Late
Permian sedimentation. For example, Cook (1969), using trend surface analysis, was
able to show that the Bulli Coal is thicker in the troughs of the northwesterly plunging
synclines. Bunny (1972) showed that this relationship also occurs in the overlying
Triassic sequence. Jakeman (1980), using regression techniques, demonstrated that
during deposition of the Permian-Triassic sequence in the Southern Coalfield,
sedimentation was controlled by contemporaneous basement subsidence rather than
subsidence by compaction. It is concluded that the short-lived compaction-induced
subsidence is not a controlling factor for the formation of structures in the southeastern
Sydney Basin.

The mild gentle folds formed during deposition of the lllawarra Coal Measures
have been attributed to compression (Wilson et al. 1958; Bowman 1974). A 2%
lengthening has been measured for an area along the coast, between Coalcliff and
Scarborough (Figure 4.2). Both the lengthening of the strata and syn-depositional
normal faulting indicate a mild extensional deformation, rather than a mild compression,

during the Late Permian.
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Quasi-extensional model
In the eastern part of the Southern Coalfield, the development of a series of
southeasterly oriented normal faults (grabens) and similarly oriented gentle folds, all
bounded by marginal monoclines, forms a zone of collapse (Figure 1.7). At least some
of these SE trending fractures are growth faults (see Chapter 4).

Growth faults are common in deltaic successions, where they are listric and
normally accompanied by rollover anticlines (Miall 1990). These fai]u;e surfaces
developed as a result of sediment loading and basinward creep of the sediment pile
(Crans et gl. 1980). The thickness affected by these faults is often 1-7 km and throw
can be as much as 1 km (Reading 1986). Displacement changes from almost zero at
the top of the fanlt to a maximum at some mid-point at depth.

Typical deltaic growth faults, as occur in the Niger Delta (Reading 1986; Miall
1990), have limited lateral persistence, are curved in plan view (concave seaward) and
develop parallel to the shoreline (Weber & Dakoru 1975). In contrast, the SE striking
growth faults of the fluvial-deltaic Illawarra Coal Measures are long, straight, and form
as narrow grabens oblique to the shoreline.

In the southeastern Sydney Basin, simultangous faulting and sedimentation has
resulted in thicker sedimentation in the hanging wall of the faults. Anticlines are fault-
forced folds, formed by rollover of strata on the downthrown side of two inward dipping
listric faults which bound the narrow grabens (Figures 6.3, 6.4; see also Mitra 1993,
figures 15b, c).

The exact nature of monoclines, which developed along the edge of the basin,
1s uncertain (Lohe er al. 1992). The Illawarra Coal Measures thins out in the vicinity
of these monoclines {(Bowman 1974). All the monoclines in the Southern Coalfield
have central limbs dipping towards the centre of the basin, in the southern monoclines

these limbs dip to the NE and in the western monoclines they dip to the east (Figure
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1.7).

A SE-NW extension (or a tension from the NE), active at the time of deposition
of the Illawarra Coal Measures, and presumably the Narrabeen Group, accounts for the
formation of southeasterly oriented normal faults and grabens. In this model, anticlines
formed inside the narrow grabens, synclines developed between widely spaced grabens
and monoclines formed above buried normal faults. The comresponding detachment for
listric faults in the southeastern Sydney Basin, was not necessarily located at the
boundary between basement rocks and the cover sequence. Each of the several thick,
fine-grained units of the Shoalhaven Group could have served as detachment horizons
(Figure 6.5).

Recent laboratory modelling has shown that extensional forced folds, ie.
anticlines and monoclines, can form above underlying master normal faults (see Mitra
1993, figures 4b, 9b). In these experiments, narrow graben developed near the axial
surfaces of the induced anticlines (Patton, 1984; Vendeville 1987; Withjack er al. 1990).
Similar conditions have been reported from the field and inferred from seismic data, for
example, in the Haltenbanken area of offshore Norway, seismic data reveal forced folds
above master normal faults (Figure 6.6). Withjack et al. (1990) have found narrow

graben developed near the axial surfaces of some of these anticlines (Figure 6.6).

Origin of extensional stress: The special pattern of structures in the southeastern
Sydney Basin is related to a minor extensional stress field developed during uplift
formed away from the loaded area of the subsiding foreland basin (see Molnar & Lyon-
Caen 1988; Plint et al. 1993). Because of the elastic properties of lithosphere, the load
stress of the mountain belt produces a depression that exiends beyond the limits of the
mountain range itself. The elastic upbending at the edge of the depressed part produces

an uplift at the margin of the depression (Walcott 1970; Miall 1990). In a foreland
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basin, such as thé Sydney Basin, as the underthrusting plate bends downward, the outer
arc of the elastic portion of the plate is extended (Figure 6.7) (Molnar & Lyon-Caen
1988; Coward 1994). This deflection is called a forebulge, foreswell, flexural bulge,
flexural upwarp and/or peripheral bulge (Figure 6.7). Development of a forebulge
produces tangential longitudinal strain along the outer arc of the bulge and a quasi-
extensional stress field is locally formed in the foreland regime.

Sedimentological evidence supports identification of the northern part of the
Southern Coalfield as a forebulge. Bunny (1972) identified the Woronora Anticline
(Figure 1.7) as a depositional hinge. North of this structure the Bulli Coal loses its
identity, and the sedimentary sequence thickens. This anticline, together with the
continuing southeastern structure, the Bulli Anticline, are regarded by Bunny (1972), as
the most significant structures in relation to deposition in the southern part of Sydney
Basin. This hingeline effectively separates shelf and trough areas of the basin, with
more rapid subsidence to the northeast of the structure (Bembrick et al, 1973; Bamberry
1992: Lohe er al. 1992). In the Southern Coalfield, the direction of the forebulge is
ESE, which differs from the anticipated N-S direction of a forebulge for the whole
Sydney-Bowen Basin System. The anomalous structural pattern of the Southem

Coalfield thus related to the local orientation of the forebulge in this part of the basin.

The effect of basement structures: Tangential longitudinal strain developed normal
to the trend of the forebulge may have reactivated appropriately oriented pre-existing
faults in the basement.

The structural fabric of the sedimentary sequence of the southern Sydney Basin
is frequently related to configuration of the basement (Cook 1969; Jakeman 1980; Gray
1582; Mauger er al. 1984; Shepherd 1990; Hutton er al. 1990; Lohe & McLennan

1991). Details -of this pattern are not well documented, because of the inaccessibility
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of these structures. The study of lineaments and fracture zones in adjoining Palacozoic
rocks of the Lachlan Fold Belt, which forms the basement of southern Sydney Basin,
is ome approach that may indicate the orientation of structures beneath the basin.

Studies by Mauger ef al. (1984} and Lohe er al. (1992) have shown that ESE-
SE lineaments in the southern Sydney Basin are continuous with lineaments in the
Lachlan Fold Belt, thereby indicating that they originated from the basement structures
(Figure 6.8). Clark (1992) used aeromagnetic data to argue that basement faulting with
normal slip had effected the succession during deposition. Powell et al. (1985)
reported a group of ESE megakinks in basement rocks of the Lachlan Fold Belt, to the
west of Sydney Basin. These structures, which have nucleated along strike of pre-
existing ESE lineaments, most probably continue eastward into the basement rock under
the Sydney Basin (Figure 6.8; C.McA. Powell 1994, pers. comm.).

One of the major lincaments of the Lachlan Fold Belt is the ESE Lachlan River
Lineament, which extends from the Darling River to the coast (Scheibner 1974). One
segment of this fracture zone runs through the centre of the Bathurst Granite, before
entering the Sydney Basin and finally cuts the coast in the vicinity of Botany Bay
(Figure 6.8). Another segment runs through the Tertiary Canobolas volcanic complex
(Figure 6.8). The Cainozoic volcanic activity at Mt Canobolas and the emplacement
of the Late Carboniferous Bathurst Granite along the Lachlan River Lineament indicate
that these lineaments may have controlled Late Palaeozoic and younger features.

Qlder faulting along these ESE lineaments has been documented in the Lachlan
Fold Belt, at their NW termination in the Cobar region, 500 km NW of the southem
Sydney Basin. Here, the ESE-SE Crowl Creek (Scheibner 1974), Buckambool and
Winduck Lineaments are basement faults, which were active in the Devonian and then
reactivated in the Carboniferous (Glen 1987). These, and similarly crienied lineaments

are segments of the Lachlan River Fracture Zone (Scheibner 1974). Thus it appears that
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this zome of lineaments has been active from the Devonian onwards and could
conceivably have been reactivated in the Late Permian to form the anomalous ESE-
SE trends of structures in the southeastern Sydney Basin.

The ESE basement faults, which were active since the Devonian, are subparallel
to the normal faults, grabens and the southern group of monoclines in the Southern
Coalfield (Figures 1.7, 6.8). These basement faults were reactivated due to upward
flexing of the forebulge of the Sydney Basin during the Late Permian. The immediate
result of this reactivation was the formation of broad synclines above basement grabens
(Figures 6.4, 6.6). The normal faults, which bound the narrow grabens, were not
necessarily the continuation of basement faults (Figures 6.4, 6.5, 6.6). Downwarping
of synclines, imposed some tensions on neighbouring areas. These tensions were
responsible for the initiation of growth faults and grabens in the elevated parts of the
cover (Figures 6.4, 6.5, 6.6). Anticlines formed by rollovers as a result of the listric
movement of these growth faults, and finally monoclines either originated above
peripheral buried normal faults or were the result of rollover along listric normal faults

(Figures 4.10, 6.4).

6.5 POST-DEPOSITIONAL STRUCTURAL MODELS FOR THE SOUTHERN
COALFIELD

Mesozoic-Early Tertiary extensional episodes

Sets of joints and dykes, as well as normal faults, formed during the Mesozoic time.
In the southeastern Sydney Basin, all systematic joints originally formed as extension
fractures.  Extension joints have been reported to form in response to different
processes, such as earth tides, seismicity, desiccation, uplift, erosional unloading, thermal
contraction, high pore pressure, chemical weathering, regional extension and variation

of unconsolidated or semi-consolidated materials over uneven basement blocks (Prost
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1986). Formation of extension joints begins early in the history of a basin and
continues through uplift and unloading (see Engelder 1985).

In the southeastern Sydney Basin, jointing has been previously considered to be
contemporancous with sedimentation (Cook & Johnson 1970; Moelle 1977) or folding
(Bowman & Mullard 1986). The present study indicates that the systematic joints in
southeastern Sydney Basin are post-depositional (see Chapter 2). Bowman (1974)
reported four sets of joints with mean directions at 005°, 055°, 105°, and 155° for this
part of the basin. He arranged these four sets in two systems, each with two sets- at.
near right angles to each other and concluded that they are parallel to and perpendicular
to prevailing fold axes in the southern Sydney Basin (bc and ac respectively), which
strike N-S and SE-NW. Joints sets that symmetrically enclose fold hinge lines are not
necessarily related to folding, and in the southeastern Sydney Basin, these sets are pairs
of unrelated extension joints (see Chapter 2; see also Engelder & Geiser 1980). The
present study indicates that minor northwest plunging folds in this part of the basin are
not compressional features, as previously proposed (e.g. see Bowman & Mullard 1986).
Small strain due to mild warping is unlikely to be responsible for the formation of a
well developed conjugate joint sets. Furthermore, the northeast plunging folds originated
syn-depositionally, whereas the systematic joint sets are post-depositional.

The exact time and depth of formation of Group I regional joints is not
completely understood. These joints must have developed after the mid-Triassic as they
occur in strata of Late Permian to mid-Triassic age. Cross-cutting relations of these
joints with other fractures (Chapters 2 & 5) indicate that Group I regional joints predate
the post-Early Tertiary compressional events and the dykes which precede these
compressional events. Maximum burial of the Illawarra Coal Measures probably
occurred during the Late Triassic-Jurassic and this is tentatively regarded as the time of

formation of the Group I regional joints. Therefore, the timing of formation of the
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Group I regional joints, in addition to their general characteristics (see Chapter 2}, are
consistent with them being burial joints in the sense of Bahat (1991).

The broad, N-S trending Camden Syncline is not necessarily the result of E-W
compression as reported in the past (e.g. Gray 1982; Bowman & Mullard [986). No
convinecing evidence has so far presented to support formation of this syncline during
Late Permian deposition. Another alternative i1s that the Camden Syncline is post-
depositional and probably related to the uplift of the Illawarra Escarpment. The
parallelism of the axis of this structure with the general trend of the escarpment supports
this idea.

The present study indicates post-depositional formation of N-NNE faults (see
Chapter 4). During the Mesozoic, especially in the Late Cretaceous-Early Tertiary
Tasman Sea extension and rifting, more normal faults may have formed in the SE
direction and pre-existing faults may have been reactivated. Normal faults and dykes
with other orientations, have also been also correlated with this event (Lohe et al. 1992).
In the Southern Coalfield, dykes are mostly ESE-SE, or NNE-NE. Cross-cutting
relations, between dykes, dyke-related joints and other fractures, indicate that these
structures were mostly formed in between Group I and Il regional joints. Initiation of
most of the dykes is correlated with the Late Cretaceous-Early Tertiary Tasman Sea
rifting (Carr & Facer 1980; Branagan 1985), which was active between 95 and 57.5 Ma
ago (Jones & Veecvers 1984).

Zones of N-NNE trending normal faults and dykes, in the northern part of the
Southern Coalfield (Figure 1.7, see also Chapter 4), are broadly parallel to the Tasman
Sea rift margin, and oblique to the NE direction of the Tasman sea extensional
tectonism (Figure 6.9; Lohe ef al. 1992).  Pre-existing N-NNE discontinuities in the
crust, similar to the Coastal Lineaments (Scheibner 1974) and the Helensburgh

Lineament (Mauger et al. 1984), have been suggested to have influenced the location
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and orientation of the rift zone (Lohe ef al. 1992), as well as formation of zones of N-
NNE faults and dykes in the cover sequence (Figures 1.7, 6.9; Rixon & Shepherd 1988).
NNE fault zones and lineaments are also generally parallel to the coastline, and the
trend of the continental shelf margin generated by the Tasman Sea rifting (Lohe er al.
1992). It is conceivable that rather than controlling the NNE trend of the initial rift
system, these structures were actually generated during the rift itself, perhaps utilising

the N-NNE regional joint set.

Late-stage compressional events
Group 1I regional joints were formed by compression. In this study, three late-stage
compressional events are recognised, during post-early Tertiary time, with NNE-SSW,
E-W and SSE-NNW directions for ¢,. The most important effects of these compressions
in the study area are the recracking of joints and formation of faulted joints (See
Chapter 5), as well as displacement along pre-existing normal faults and dykes. The
anomalous dip of strata away from the faults on the footwall side (see Figure 4.5 point
c), is regarded as an indication of the subsequent very mild inversion of these faults.
Cross-cutting relations between fracture sets indicate that these compressional
events postdated formation of normal faults, monoclines and dykes. Hence, the
compressional events are considered to have post-dated rifting in the Tasman Sea. The
compressional events are the youngest deformations recorded in the studied sequence.
The relative age of these compressional events are not yet established, although, cross-
cutting relationships suggest an older age for the NNE-SSW compression relative to
the E-W one (see Chapter 5). Nonsystematic joints of the study area are classified as
unloading joints. These joints formed due to thermal-elastic contraction developed
during uplifi and erosion (see Engelder 1985). The nonsystematic joints postdated the

formation of Group II systematic joint sets.
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Origin of compressional stress: Lohe et al. (1992) discussed the late stage N-S and
E-W compressional events in the Sydney Basin which they tentatively dated as
Oligocene-Miocene and Miocene-Holocene, respectively. Blayden (1971) suggested that
the folding event that formed the Macquarie Syncline, in the northern Sydney Basin,
occurred in the Tertiary. Compressional forces, active after the cessation of extension
in the Late Cretaceous-Early Tertiary, have been reported from other parts of eastern
Australia (e.g. sec Hoffmann 1989; Lohe et al. 1992)

The collision between the Indo-Australian and Pacific Plates in the Tertiary
generated an anticlockwise motion of the Australia relative to the rest of the enclosing
plate and was responsible for the development of dextral shear at the edges of the
continent (Veevers & Powell 1984). The effect of this deformation, which started no
earlier than 30 Ma ago, has been reported from a few places along the margin of the
Australian continent. The direction of E-W echelon folds and faults in Neogene
sediments of the Gippsland Basin (Davidson 1980), at the southeast margin of the
continent, is consistent with dextral or anticlockwise motion of Australia at this time
(Figure 6.10). At the northeastern margin of the continent, in the Carnarvon-Dampier
Basin, Miocene and younger NE trending en echelon folds, were formed by dextral
shear (Evans 1981, 1982),

In the Illawarra region, the dextral shear developed parallel to the continental
margin and generated a NNE compression direction. This is consistent with the stress
field associated with the most pronounced recracking event established during the present
study (Figure 6.10). If this model is correct, then the NNE compression in southeastern

Sydney Basin is post-Oligocene.
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6.6 DEFORMATION HISTORY
The following scenario is established for the sequence of formation of the major
structural features of the southeast Sydney Basin.

1. Late Permian-Early Triassic: ESE-SE normal faults and similarly oriented
fault-forced folds were initiated during the deposition of the Illawarra Coal Measures
and the Narrabeen Group.

2. Jurassic-Early Tertiary: Group I regional joints, striking N-NNE, NE and SE,
were formed in three separate events. These fractures are classified as burial joints.
NNE and more ESE-SE normal faults and dykes were developed. Local joints, which
are mostly related to dykes also formed during this stage. It is assumed that this
cpisode was terminated at the end of extension related to opening of the Tasman Sea.

3. Post-Early Tertiary-Present: Pre-existing fractures were recracked and slipped
along their strike, due to 3 compressional events, namely NNE-SSW, E-W, and SSE-
NNW. Group II extension joints, were formed. Monoclines and SE trending folds were
reactivated. Finally, nonsystematic cross joints were formed and opened fractures were

widened due to unloading, weathering and surficial movements.

6.7. CONCLUSIONS

Incipient extension was responsible for formation of SE trending anticlines and grabens
during deposition of the Hlawarra Coal Measures and the lower part of the Narrabeen
Group. A Late Permian-Early Triassic quasi-extensional stress field was developed by
formation of a forebulge in the northern part of the Southern Coalficld. This stress field
may have reactivated appropriately oriented basement faults. Downwarping of the
sedimentary sequence occurred above basement grabens, generating tension in
neighbouring areas, and propagating grabens. Anticlines are mostly the result of rollover

on the downthrown sides of inward dipping growth faults. Major normal faults which
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bound the grabens, are not necessarily the continuation of basement faults. Detachment
horizons for these listric faults may be located in fine-grained units of the Shoalhaven
Group.

Joints are post-depositional and cumulatively formed during burial, uplift and
unloading. Group I regional joints, formed during burial and show no apparent genetic
relation with SE trending minor folds. Additional normal faults and related dykes were
formed during the Mesozoic, and probably developed during extensional events related
to the Late Cretaceous-Early Tertiary rifting of the Tasman Sea. Structures such as
Camden Syncline are most probably post-depositional and probably related to the uplift
of the Jllawarra Escarpment.

The only compressional events recorded in this part of the basin, are post-early
Tertiary in age. All lateral displacements recorded in the study area are interpreted as
related to three compressional stress fields namely: (1) NNE-SSW, (2) E-W, (3) SSE-
NNW. Group II regional joints were formed during these compressional events. These
events are also responsible for formation of N-NNE and ESE strike-slip faults, very mild
inversion of pre-existing normal faults and development of thrust faults of the Southern
Coalfield.

Tentatively, the NNE compression is related to the collision between the Indo-
Australian and Pacific Plates, which generated an anticlockwise motion of Australia
relative to the rest of the enclosing plate. In the Illawarra region, this dextral motion
generated a NNE compression direction. The E-W compressional event most probably
postdated the NNE event. The SSE compression is less pronounced and its relative age

i1s not established.
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CHAPTER 7
SOME GEOMORPHOLOGICAL AND ENGINEERING IMPLICATIONS
OF ROCK FRACTURING

7.1 INTRODUCTION

Discontinuities in a rock mass usually control its overall behaviour. Rock mass
deformability, stability of underground excavations and flow of fluid depend significantly
on the intensity, the degree of interconnection, and the characteristics of the fracture
network (Ghosh & Daemen 1993).

In this chapter, the relation between rock fracturing and the development and
geometry of rock platforms is discussed for the Wollongong-Coalcliff area. Relaxation
of the rock mass, due to unloading and relief from high horizontal stress, has played
a notable role in the opening of fractures. Excessive pore water pressure, developed
after heavy rains, as well as the mechanical behaviour of claystone and talus materials,
are reported to be the main causes of instability along the slopes of the Illawarra
Escarpment (Bowman 1972; Chowdhury & Young 1987). The present chapter also
discusses the previously underestimated role of fracturing of underlying rock masses in
developing landslips on talus materials in the Coalcliff and Scarborough area. The latter
part of the chapter presents a technique for predicting the occurrence of dykes in either

underground coal mining or civil engineering works.

7.2 THE FORMATION AND RECESSION OF ROCK PLATFORMS

The eastern Australian continental margin has several unusual characteristics, including
an exceptionally narrow continental shelf and coastal lowlands backed by the Great
Escarpment (Jenkin 1984). In the southeastern Sydney Basin, the coastline is composed

of horizontal strata (normally less than 5° dipping) forming rock platforms, separated
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by embayments and narrow beaches. Platforms are normally backed by a cliff or
headland, and have a break at their seaward edge, called the ‘low tide cliff’. Rock
platforms are more frequent in the central and northern parts of the study area.
Platform length ranges from 100 to 1250 m, with widths ranging between 20 and 200
m. Some platforms are partly covered by coastal sediments. The size and shape of
sediment accumulation changes through the year.

Although the strata are subhorizontal and the geology is simple, slight changes
in geological conditions have a pronounced effect on formation and recession of
platforms. Rock platforms occur above mean tide level (MTL) and their mean frontal
elevation ranges between O and 1.5 m above Australian Height Datum (AHD; Brooke
1993). The changes in -height are mostly related to geological conditions, such as rock
type and faults. Platform surfaces normally follow bedding. In some platforms, such
as at Qutcrops 1 and 2 (Figure 7.1), the frontal height changes from north to south,
while in others (e.g. Outcrops 12, 13) it is almost uniform. The depth of water in front
of the low tide cliff relates to the thickness of strata capping the platform, with greater
depths in front of thicker beds (Outcrop 2, Figure 7.1; Brooke 1993). A thin layer of
water covers most of the platforms at high tide. Some platforms, such as Qutcrops 4

and 7, are only exposed at low tide.

Development of rock platforms

The coastal zone is the product of interaction between marine and terrestrial processes.
In the southeastern Sydney Basin, where the sub-horizontal sequence is composed of
alternating soft and hard rocks, platforms have formed where competent, mostly
sandstone, beds crop out above sea level. For some platforms, this sitnation developed
due to tilting of strata by faulting. Major faults in the study arca are sub-normal to the

coast and are usually clean breaks that lack thick gouge or fault breccia (see Chapter
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4). Due to the listric nawure of these growth faults (see Chapter 4), strata dip toward
the fault plane on the downthrown side. In contrast, strata dip away from the fault on
the upthrown side which reflects slight inversion of the faults in the Tertiary (see
Chapter 6). The mismatch of dip on either side of the faults, plays an important role
in the development of rock platforms. Platforms develop where the tilted sandstone
beds are exposed at sea level. Examples of this relationship are: Outcrops 1 and 2 and
the Harbour Fault (Figure 7.1), Outcrop 8 and 9 and the Scarborough Fault, Qutcrops
21 and the Bulli Pass Fault, and Outcrop 25 and the Woonona Fault (Figure 1.4). The
fault related platforms are relatively short and their length is less than 400 m.

Embayments or beaches have formed between platforms, where either incompetent
beds occur at sea level (Figure 7.1), or erosion was facilitated by intense fracturing.
An example is the embayment between Outcrops 4 and 5, which is controlled by a
major 015° open fracture.

Between Wombarra and Austinmer {Qutcrops 10-19), platforms and adjacent
headlands consist of alternating thin beds of sandstone, siltstone and mudstone of the
upper Wilton Formation. In this area, where the strata are horizontal and no fault-
related tilting has occurred, platforms are long. Examples are a 1250 m long plarform
at Wombarra (Outcrops 11, 12), and a 850 m iong platform at Coledale (Outcrops 13-
15). In the same area, where the strata are locally tilted, platforms are either short or
suddenly truncated. The short platform at Brickyard North is terminated at its southern
side by the sudden southward descent of strata caused by a small monocline (Figure
4.9). Similarly, the platform at Bell Point (Austinmer, Outcrop 18) is relatively short

due to tilting of strata caused by few SE trending normal faults (Figure 4.5).

Platform recession

Platforms erode when the assailing force of waves exceeds the resisting force of rocks
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(Sunamura 1992). The study area experiences a low tidal regime, moderate swell
conditions and infrequent storms (Brooke 1993). Tides are mostly about 1 m and rarely
exceed 2 m.

Platform width is mainly controlled by relative rates of recession of seaward and
backward cliffs (Trenhaile 1987). In the study area, platform widths change
considerably in short distances (e.g. Brickyard Point), suggesting that wave energy is not
the only factor influencing the ercsion of platforms (see also Sunamura 1992). In
addition to waves and tides, other factors influencing erosion and recession, as well as
the height, of platforms are: rock type, geological structures (such as bedding planes,
faults, folds and joints), susceptibility to weathering, degree of exposure to wave assault,
availability of abrasive tools and possible minor relative changes in land and sea level
(Gill 1972; Hills 1972; Kirk 1977; Sunamura 1992). Erosion can take place along low
tide cliffs, surfaces of platforms, as well as at the base of the headland at the back of

platforms.

Surfacial Erosion: Weathering as well as the wearing effect of sediments transported
by waves, gradually erode the surface of platforms. The surfacial downwearing for
platforms at Austinmer and Wombarra is measured from the wearing down of artificial
features to be about 0.15-0.19 mm per year (Brooke 1993).

Geological defects facilitate downwearing (Figure 7.2a). In an area between
Wombarra and Austinmer South (Qutcrops 10-19), where the platforms consist of
alternating thin beds of sandstone, siltstone and mudstone, commonly a stepped
topography has developed (see also Brooke 1993), due to the combined effect of vertical
joints and thin bedding (Figure 7.2b). In platforms with thicker capping sandstone beds,
such as Outcrops 1, 2 and 21, vertical open joints are widened, up to 30 cm, mostly

due to weathering and wave action (Figures 7.2c, 5.15). In general, surface
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downwearing is slow, but major fractures, dykes and faults erode more casily and form
narrow channels on the surface of platforms (Figures 3.1, 7.2b). Closed joints might

resist erosion, leaving a raised joint infilling (Figure 7.2d).

Recession of low-tide cliff: Geology, in addition to wave and tides, controls the rate
and shape of recession of the low tide cliff (Sunamura 1992). Due to the alternating
competent and incompetent nature of the horizontal sequence, undermining of the
stronger rocks is the dominant erosional mechanism. The combined effect of the
conjugate pattern of vertical joints and bedding planes forms cubical, platy or
rhombohedral blocks of various sizes, which either topple or are washed away upon
undermining (Figure 7.3a). At Coalcliff (Outcrop 2), the zig-zag edge of the platform
is dictated by 010° and 045° striking joints. Similarly at Womb-a.rra and Brickyard
Point, the platform geometry is controlled by jointing (Figure 7.4). Due to variations
In wave energy and geological conditions, the rate of recession is not uniform even in
a single platform. An example is Outcrop 2 at Coalcliff, where the southernmost part
of the platform is receding much faster than the other parts (Figures 7.1, 7.3a).

Recracking of joints and strike-slip movement along them (see Chapter 5) formed
a network of interconnected open joints. Weathering and wave action widened these
open fracturcs and minimised cohesion between adjacent blocks. These blocks are casily
detached from the rest of rock mass upon undermining (Figure 7.3).

The depth of water in front of platforms with thicker undermined caprock, is
more than the thickness of thin-bedded units. An increase in depth raises the assailing
force of waves (Sunamura 1992). In some places, such as Outcrops 1 and 2, blocks of
rock, have been separated from the edge of the low tide cliff and transported back to
the surface of the platform by occasional high energy waves (Figure 7.1; Brooke 1993).

At the intervening embayment, composed of less competent materials, the locally derived
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smal] deposit of shingles has developed a gentle slope occasionally covered by boulders

(e.g. between Outcrops 4, 5; see also Figure 7.5a).

Erosion of headlands: The accumulation of talus deposits at the toes of some headlands
and cliffs, parallel with thin layers of coastal sediments covering parts of platform,
suggests that erosion of the headland is not due to marine process (Figure 7.5). From
observations over three years in the study area ( 1991-1994), it appears that where
erosion and recession of the seaward edges and surface of the platforms is noticeable,
the marine erosion of the toe of adjacent headlands is not significant. This is in
accordance with similar observations by Brooke (1993). As the low tide cliff of these
platforms appears to be eroding faster than the landward headland, it seems that the

platforms are gradually eroding away.

Age of rock platforms

Five levels of relict rock platforms 2-30 m above present sea level, have been reported
for the coast to the south of Sydney, and dated to be Late Quaternary to mid-Tertiary
in age (Bryant e al. 1992; Young & Nanson 1982). For the southern Sydney Basin,
which is tectonically stable, these levels appear to be eustatic (Young 1993). The [atest
rise is related to the Holocene transgression, which reached its maximum height 1 m
above present sea level at about 6500 years before the present (Sunamura 1992; Bryant
et al, 1992).

The relative rate of erosion of cliffs at the back and front of platforms indicates
whether they were formed by present sea level or are the relict of an older higher sea
level (Sunamura 1992). In most of the studied platforms, the erosion and recession of
the low tide cliff is evident, while the landward cliff shows no signs of current marine

erosion (Figure 7.5). This observation suggests that the headlands are the product of
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the higher Pleistocene sea level.

7.3 BEDROCK FRACTURES AND INSTABILITY OF TALUS SLOPES

Mass movement is regarded as the most severe geological hazard in the northern
[llawarra region of the southeastern Sydney Basin (Bowman & Mullard 1986).
Numerous historic and recent landslides, rock falls and mud flows have been recorded
for this arca. It has been estimated that over 150 major slope failures occurred between
Wollongong and Stanwell Park during the present century (Young 1978; Bowman &
Mullard 1986).

In the coastal plain between Coalcliff and Wollongong, instability is related to
residual soil, talus materials, as well as the Late Permian strata of the Sydney Subgroup
of the [llawarra Coal Measures which underlies most of the foothill ridges. Higher risks
occur at Mt Qusley Road, Bulli Pass and in the Austinmer-Coledale area. For example,
after the heavy rains of 1973-74, frequent failure occurred and 11 houses were destroyed
and at least 12 others were damaged in the Austinmer-Coledale areca (Young 1978).
Towards the north, where the high cliffs meet the sea, the instability is mostly related

to talus and the Early Triassic strata of the Narrabeen Group.

Illawarra Escarpment

The most important physiographic feature of the study area is the Illawarra Escarpment.
At Coalcliff, where the escarpment meets the sea, its height 1s 350 m. Towards the
south, the distance between the escarpment and the sea increases, and a narrow coastal
plain is developed. Very steep slopes exist along the coastline and the Illawarra
Escarpment. Thick beds of the resistant Hawkesbury Sandstone which cap the
escarpment (Figure 7.6), are underlain by alternating sandstone, siltstone, mudstone and

claystone of the Narrabeen Group (Table 1.3). Two major terraces exist near the base
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of the Narrabeen Group. The upper terrace formed on the Stanwell Park Claystone and
the lower on the Wombarra Shale (Figure 7.6). These benches are poorly drained and
crossed by many small wandering shallow channels (Young 1977, 1978). Benching of
the escarpment is related to differential erosion. Shale weathers faster and develops
gentle slopes, whereas sandstone, especially thick units, break along joints and form sub-
vertical cliffs. Landslips and rock falls from these cliffs are a major threat to the
railway line and road in the northern part of the study area.

Materials transported from the upper cliffs generally cover the more gentle slopes.
Weathering of these materials, as well as the upper part of the bedrock, forms a talus-
type soil which is thicker above less resistant strata (Young 1977). Talus is composed
of sandstone blocks in a matrix of fine-grained, mostly clayey, soil. The ratio of clay,
silt, sand and coarser sized particles in talus changes from place to place (Chowdhury

1976).

Factors effecting slope instability: Surface and groundwater as well as rock type, and
its weatherability, are the major factors controlling the instability of talus along the
slopes of the Illawarra Escarpment. Vertical open fractures in the underlying rock mass
and the existence of high horizontal stresses are other factors that contribute to slope
instability.

A close relation exists between rainfall and slope failure. The Illawarra region
has a moderate climate and the average annual rainfall is about 1200-1400 mm, with
no distinct wet or dry season. A peak rainfall of 800 mm in 48 hours has been
reported for this area (Young 1978). Slope failures occur immediately after extensive
precipitation, but are not related to a particular season.

The distribution of the landslips of the Illawarra Escarpment is also closely linked

to changes in topography and rock type. Mudstone, claystone and coal weather more
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rapidly than sandstone and siltstone. Weathering of less competent claystone and
mudstone units undermines overlying sandstone beds. Where sandstone is thick bedded
and intact, the overhung part is stable. An example is an up to 3 m overhung part of
the Coal Cliff Sandstone at Clifton (Outcrop 4). Along the escarpment, overhanging is
frequent at the contact between the Wombarra Shale and the Scarborough Sandstone,
and also between the Stanwell Park Claystone and the Bulgo Sandstone.

Finally, a close relation exists between faults, faulted joints, jointed faults and
ground instability. Examples are slumps which developed adjacent to the ESE trending
Harbour, Jetty and Clifton Faults, or frequent failures of undermined sandstone blocks
along the vertical open joints. Weathering enlarges fractures by dissolving the wall
material in percolating water or by the presence of expanding clays and/or tree roots

growing in fractures.

Contemporary stress: The study area is under a relaiively high horizontal siress. The
direction of contemporary horizontal stress can have a considerable effect on engineering
structures, because extra measures have to be taken to overcome or relief the stress or
the resulting strain effects (Gray 1982). High horizontal stress has been responsible for
many gas outbursts in underground coal mines of the Southern Coalfield (Shepherd &
Creasey 1979; Shepherd & Gale 1982; Shepherd et al. 1981a, b; Hanes et al 1983).
A ratio of 1.6-2 to 1 has been reported for the horizontal stress components (Enever
et al. 1989).

Two stress measurements, at the Corrimal and Coal Cliff Collieries, indicate a
general N-S to NE-SW maximum horizontal stress along the coast (Worotnicki &
Denham 1976), while another study by Enever et al (1989) suggested a NE to E
direction for o,.

Fault orientation and occurrence of fractures and gutters are used to infer the
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contemporary stress field in the collieries of the Southern Coalfield (Shepherd &
Huntington 1981). In several collieries, guttering and roof failure is found to be more
frequent in roadways driven in particular orientations. It is empirically established that
the drivages parallel to o, have less failure problems compared to those which occur
normal to the direction of maximum horizontal compression. Similarly in boreholes,
swelling and failure has been reported in a direction normal to G Based on these
observations, it has been inferred that G, is generally N-S at Coalcliff Colliery and E-
W in the Westcliff Colliery (Peter Lamb 1994, pers. comm.).

In-situ measurements, seismic studies of recent earthquakes (Robertson 1961,
Burrarorang 1973), as well as geological observations on dam sites and coal mines
suggest a high component of horizontal stress, striking either N-8, NE-SW or E-W for
the Southern Coalfield (Cleary 1963; Doyle et al. 1968; Gray 1975, 1976; Worotnicki
& Denham 1976; Scheibner 1976: Mills & Fitch 1977; Denham er al. 1979; Fitch 1976;
Denham 1980; Shepherd & Huntington 1981; Gray 1982; Enever er al. 1989). These
differences, reported for the contemporary stress directions, either are due to local
changes in the stress field or reflect the inadequacy of the data base.

Faulted joints are presently open. In the northern part of the study area, open
fractures mostly strike N-NNE or NE, which is broadly parallel with the direction of
the Illawarra Escarpment. These openings can be partly related to stress release caused
by unloading due to receding of the escarpment. A similar situation has been reported
from North America, where the E-W trending Niagara Escarpment in western New York
and southern Ontario is capped by flat-lying strata of the Palaeozoic Lockport Dolomite.
Four vertical joint sets are developed in this unit (Memarian 1975; Williams et al.
1985, Gross & Engelder 1991); among them one set, strikes ESE and is sub-parallel to
the Niagara Escarpment. The frequency of ESE joints increases toward the escarpment.

These joints are neotectonic (in the sense of Hancock & Engelder 1989) and appear to
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have formed near the Earth’s surface in response to low tensile stresses developed in
bedrock adjacent to the retreating escarpment {Gross & Engelder 1991).

In the southeastern Sydney Basin, the N-NNE and NE regional joints, are
subparallel to the Illawarra Escarpment. The opening of these joints is normally more
than SE striking joints. Elimination of high ¢,, caused by cliff cutting, and the
westward recession of the escarpment, is partly responsible for the present day openings
of those fractures, which are subparallel to the cliff face. Widening of open fractures

is also related to wave action and weathering.

Major recent landslips

The section of the Lawrence Hargrave Drive and railway line between Coalcliff and
Scarborough, has had a long history of slope instability. The road is founded on the
Wombarra Shale, which is normally blanketed with a few metres of talus. The
instability of this part of the road goes back to the last century when the railway track
was situated along the present road. In 1920 the track was moved uphill, to its present
site, partly due to frequent rock slides and landslips (Hanlon 1956a, b, 1958). During
the period 1950-51 the road was severely damaged by numerous slides that occurred
immediately after heavy rainfall.

The landslips along the Lawrence Hargrave Drive have been mostly related to
lubrication of the talus/bedrock interface and saturation of overlying talus and soil (e.g.
sce Bowman 1972; Bowman & Mullard 1986). The higher areas of the escarpment act
as catchment, leading water to the lower parts (Amaral 1975). The talus blanket, which
is more permeable than the underlying mudstone bedrock, develops perched water tables
after heavy rains, rather than being influenced by a rise in the regional water table
(Young 1978, 1983). The increase in pore water pressure reduces the shear strength of

the talus material.
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The most recent major slides, along this section of the road, occurred after the
heavy rainfall in late April 1988. One of these slides developed to the east of the road
at Moronga Park (Figures 7.7, point 2 & 7.8a). Hutton et al. (1989) described it as a
composite slide comprising a slump and two earth flows. This slide has remained
active. Within a week after the heavy rain, the main scarp was 1-2 m high. Three to
four weeks later it was 4-5 m high and ten months later it was 10 m high (Hutton et
al. 1989). The main scarp is presently about 12 m high. The slide deve_lopcd in talus
that rested on the Illawarra Coal Measures. The basal shear surface of the slide occurs
along the top of a sandstone unit (Figure 7.9a). Material at the base of the slide
dropped over the edge of the resistant sandstone to the platform below, where finer
particles were subsequently washed away by wave action.

The northern flank of the slide partly coincides with the ESE trending Clifton
Fauit, which is steeply dipping to the north (Figure 7.8). Uphill and farther west of the
main scarp, zones of en echelon tension fractures developed aligned with the direction
of the Clifton Fault (Hutton et al. 1989). These tension fractures formed from dextral
shear and indicate that the zone of instability extended above the main scarp of the
slide.

Alr photographs taken one month after the slide incident shows that the crest line
of the slide at Moronga Park is straight and strikes 015° (Figure 7.9a). The crest line
coincided with an open fracture in the bedrock which is traced south into the lower
parts of the cliff (Figure 7.7).

At 500 m north of the Moronga Slide, the road was undercut and collapsed by
a 50 m long slide (Figures 7.8, point 1 & 7.9b).  Air photographs taken shortly after
sliding showed that the main scarp of the slide, located along the road, was composed
of straight segments striking 015°. The main scarp also coincided with a very long

open fracture, which is followed along the coastal rock platform to the south {Figure
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7.8).

A third slide developed to the south of the Moronga Park slide, 100 m south of
the Clifton Hotel (Figures 7.7, point 3 & 7.9¢, point 3). This slide is about 50 by 50
m in area, and developed in gently sloping talus materials along the road. The slide
crest is located near the contact between the Wombarra Shale and the Scarborough
Sandstone, and its base is truncated by the Coal Cliff Sandstone. Water seepage occurs
at the base of the slide which is still active. In June 1993, the recently paved road
was fractured and vertically displaced 3 cm along a 018° striking fracture. The northem
end of this fracture curved clockwise and then bifurcated, before it terminated. Towards
the south, the fracture passes below the only house on this part of the road and then
forms the edge of the lower cliff.

The 1988 slide, south of the Clifton Hotel, is in fact the relict of an older slide.
Chowdhury and Young (1987) presented data for the previous activity of this, and two
other slips which were initiated through the development of a series of cracks along the
350 m length of the road between the Clifton Hotel and Scarborough (Figure 7.9¢).
These slides, were investigated during 1984, using both site and laboratory technigues.
Site work included geological mapping, seepage observations, seismic runs, drilling of
15 boreholes and the installation of standpipe piezometers. Laboratory work consisted
of classification, Atterberg limits and triaxial testing to determine shear strengths, The
depth of talus mantle is less than 8 m, and the contact between bedrock and the talus
mantle v.vas shown to be the slip surface. Tension cracks developed along the road,
represented the crests of these slides and strike 015-020°. These tension cracks also
coincide with fractures in the underlying bedrock (see Chapter 2).

For rectification of these slides, a series of subsoil drains have been positioned
to lower the water table by 4-5 m. Also a few trenches were dug and covered with

geotextile and filled with slag. Piezometers and alignment/settlement stakes were the



136
major methods recommended for continuous monitoring of the slides. The remedial
works have not stabilised the slope totally (Figure 7.9¢c, poiat 3).

All the studied landslips occur in talus and immediately followed heavy rains.
Tension cracks developed at the crest of these slides were straight and strike 015-020°,
which coincides with the direction of the NNE joints in the bedrock (Figure 2.6b).
Frequent rock falls, which occur along the Lawrence Hargrave Drive, are also partly
controlled by rqck fractures. An example is a larg¢ (500 tonnes) rock fall which
blocked the road after the heavy rain of April 1988 (see the road on the lower part of
the Figure 7.1). This fall was composed of slabs as large as 2 m in diameter along
with smaller blocks and weathered rock and clay particles mainly detached from the cliff

face (Hutton et al. 1989). The sources of these falls are thick-bedded sandstones.

Vertical fractures, and release joints control the size and shape of blocks.

Bedrock fractures and talus failure

In the Coalcliff-Scarborough area, crests and main scarps of slumps are paralle] to and
coincide with vertical open fractures in underlying bedrock. There are 2 options to
explain why the bedrock fractures have controlled the location and orientation of the
slumps. The slumps have formed either by: (1) a slide surface developed at least partly
in bedrock (Figure 7.10a), or (2) the slide surface occurs along the contact of the talus
with the bedrock (Figure 7.10b). In both cases, opening or movement of 015-020°
striking vertical fractures in bedrock stretched overlying talus, forming cracks which
mark the crests of slides. Although the rock experiences a high horizontal stress, the
faults and fractures are not active, and no earthquakes have been reported to be related
to any of the faults of the study area. Hence, any movement along fractures must be
purely gravitational.

It is possible that at least some segments of a rupture surface may pass through
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the upper part of the bedrock, which is generally weathered and has a relatively lower
strength than intact bedrock. Slight lateral spreading of blocks of bedrock along
lubricated bedding planes, can widen bedrock fractures at the back of blocks, which in
turn stretches the overlying soil and forms tension cracks at the surface {Figure 7.10b).
Downhill movement of blocks of rock is caused by forces exerted by expanding clays,
which fill these open fractures, as well as a sudden rise of cleft water pressure after
heavy rains.

More frequently, the slip surface is the contact between bedrock and talus
(Bowman 1972; Chowdhury & Young 1987). The step-like topography of the bedrock,
with steps dropping at vertical fractures, form wedges of talus soil (Figure 7.10). The
base of a wedge has a general downslope dip and the back of it is marked by a fracture
wall. In dry seasons water, which flows along the contact between talus and bedrock,
drops at the steps and washes away finer grains, reducing the cohesion between the soil
and the bedrock.

After a heavy rain, the water table rises sharply, reducing the shear strength of
the talus material. The weight of saturated soil has a downhill component. Slight
downhill movement of soil can develop a tabular gap at the back of wedge which in
turn stretches the overlying soil. The resulting cracks mark the crest of landslip (Figure

7.10).

7.4 DYKE PREDICTION IN UNDERGROUND MINING

Dykes are readily recognised at the surface, because the physical characters of dykes are
rarely identical with the host rock. This difference is magnified by subsequent
weathering and alteration. Dykes that are softer than the host rock produce negative
features, while a harder dyke stands higher in outcrop. This is not the case in

underground mining, where dykes are unpredictable and encountering a dyke might be
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troublesome. Large dykes can significantly change the host rock physical characters,
which in case of coal seams can be disadvantageous or costly in terms of providing
proper support for weakened areas. Dykes can also cause water inrushes into
underground workings. Geophysical surveys or exploratory holes are among techniques
currently used, where the prediction of dykes is needed. Most of these techniques,
although accurate, are time consuming and costly.

Rickwood (1985) proposed the following features as signs of increasing proximity
to an igneous intrusion in underground coal mines: coking or cindering of coal and
localised hardening or bleaching of shales; abnormal hardening, fracturing, weathering,
columnar jointing or iron oxide filling of joints in sandstone; and finally, abnormal flow

of water to subsurface excavations, which is usnally related to abnormal fracturing,

Adjacent joints and dyke prediction

Where dykes are formed by magma pressure and hydraulic fracturing of bedrock, a set
of adjacent joints is developed parallel to the dyke (Figure 7.11a, also see Chapter 3).
The spacing of these joints systematically decreases towards the dyke (see Figure 3.6).
Where the rock is competent and capable of jointing, adjacent joints are well developed
up to 100 m away from the dyke. Adjacent joints can be used to predict dykes in
places where the ground surface is partly covered by water or overburden or the dyke
is not exposed at the surface.

Figure 2.23a demonstrates joint orientation along the Scanline 11-HH’, at
Wombarra. Here, the systematic joints sets strike 015°, 040°, 110° and 125°. From the
230 m mark, a fifth set striking 155°-160°, is introduced. The spacing of these joints
is more than 3 m, where they commence, but decreases to about 1 m at the end of the
scanline. This scanline is terminated at the seaward edge of the platform. The

unexpected introduction of 160° joints, with increasing frequency toward the edge of the
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platform, and the absence of similar joints in other parts of this platform or the
neighbouring outcrops, suggests that a dyke may be expected, not far from the edge of
the platform.

Figure 3.5 is another example showing the joint pattern along Scanline 19-EE’.
The dominant set in this scanline is 040°, Two dykes, striking 040°, are encountered
at the 28 and 35 m marks. Adjacent joints are developed parallel to dykes with
decreasing spacing toward each dyke (Figure 3.5). Between the 60 and 63 m marks,
the frequency of adjacent joints is abnormally increased, developing some joint zones.
These small joint zones most probably are developed ahead of some propagating dykes,
which did not reach the present elevation of the platform. Existence of a similar joint
zone, beyond the termination point of the dyke at the 28 m mark, supports this
hypothesis.

In conclusion, adjacent joints can be used as a tool for the prediction of the
location of dykes, both at the surface and underground. At the surface, this technique
is especially useful, where the dyke is buried under soil, water or bedrock, or where
application of geophysical methods is not feasible. Dykes in the [llawarra Coal
Measures are usually weathered to clay materials, which do not respond efficiently to
the magnetic method.

In underground coal mining, or civil engineering practice, a routine scanline
survey along a progressing tunnel or working face, and plotting the results on a scanline
chart, should show the introduction of any new group of joints. Where the spacing of
a newly introduced set is decreasing, a dyke with a similar orientation, can be
anticipated farther ahead. Introduction of a new joint set in a scanline may also be
related to other structures, such as monoclines. In the latter case, spacing of the newly

introduced joint set should not be reducing systematically (Figure 7.11b).
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CONCLUSIONS

Between Coalcliff and Wollongong, rock platforms formed where more resistant beds,
especially sandstone, emerged above sea level. Movement along listric normal faults,
and related tilting of strata, frequently control the exposure of competent rocks at sea
level. The length to width ratio of platforms, containing tilted strata, is between 1 and
4. In contrast, those platforms which are not structurally controlled, have a uniform
frontal height and the ratio between their lengthl to width is between 5 and 15.

Joints, and other fractures, control the present geometry of platforms. Platforms
recede from their low tide cliff, by undermining of vertically jointed sandstone or
siltstone.  Surfaces of platforrns are gradually worn down by wave action and
weathering. The effect of present marine processes in recession of headlands is less
significant. Platforms formed before the present sea level was established and are
currently eroding away.

Vertical open fractures play an important role in formation of both rock falls and
landslips. In a section of the Lawrence Hargrave Drive, between Coalcliff and
Scarborough, cracks formed at the crest of landslips are straight and strike 015-020°.
Surfacial cracks in talus are normally located above vertical open fractures in the
bedrock.

Relaxation caused by the removal of the high contemporary o, due to cliff cutting
and erosion of the escarpment played an important role in opening of those fractures
which are subparallel to the escarpment. Slight outward spreading of jointed blocks,
caused by excessive cleft water pressure, which developed after heavy rains, or forces
exerted by expanding clays, as well as the step-like surface of the bedrock contribute
to the development of tension cracks in overlying talus mantle and its subsequent slip.
The role of bedrock fractures in propagation of talus slumps, must be considered in any

future planning for rectification or monitoring of the rock mass in this area.
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In underground coal mining, dykes might be hazardous as they may cause
instability problems as well as inrush of water into the working area. Adjacent joints
can be used as a tool for predicting approaching dykes. Routine scanline survey of the
joints of a progressing tunnel or excavation can indicate the introduction of a new set
of joints. Where the spacing of these joints is systematically decreasing, a dyke is

expected further ahead.
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CHAPTER 8

SUMMARY OF CONCLUSIONS

8.1 JOINTS
Frequent plumose structures and lack of original shearing demonstrate that almost all
joints of the Illawarra Coal Measures originally developed as extension fractures (mode
I). Conjugate joint sets are the result of two separate fracturing events of different
orientations. The fracture pattern has formed cumulatively from the Late Permian to
the Present.

Two distinct groups of regional joints occur in this area. Following deposition
and lithification of the Illawarra Coal Measures, the region was fractured repeatedly
forming N-NNE, NE and SE, joint sets (Group I regional joints). These joints are
vertical, straight, long and segmented. Each joint set was sealed and filled with calcite
or siderite following its formation. Group I regional jeints never interfere with each
other. Cross-cutting relations show that Group II regional joints were formed later in
the history of the region. These joint sets, which strike NNE, E and SSE, are less
frequent, straight to slightly curved, short, mostly closed and fine. Local joints are
related to other structures, such as dykes or monoclines. Regional and local joints are
often parallel or subparallel to each other, even in a single outcrop. Nonsystematic
fractures (cross joints) formed mainly normal to the NE joints.

Competent rocks like sandstone, laminated siltstone and some mudstone are
Jointed, while relatively less data were obtained from claystone or coal. The orientation
and frcquency of a joint set may change, even in a single outcrop, mostly due to
changes in rock type. More joints formed in thinner beds. This relation could not be
quantified due to the effect of other influencing factors, such as rock type. Each

fracture set in a given 1ock type may have a different spacing-bedding thickness
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relationship.

Extension joints develop in mechanical units of varying shape and size, defined
here as jointing units. Boundaries between jointing units are at changes in mechanical
properties, which are mainly related to changes in rock type, or marked by a pre-
existing open fracture. The major factors defining the pattern of extension joints in a
unit are the mechanical properties of the rock mass and the loading history. In the
southeastern Sydney basin, Group I regional joints normally nucleated in the middle of
each mechanical unit and propagated horizontally. The spacing of these joints is
frequently more than the thickness of the jointed unit.

Gradual changes in thickness or rock type, account for the formation of joint sets
with curving strike. The strike of a set of joints may differ in two adjoining mechanical
units. Where the strike differs sharply at the interface, joints in each unit were formed
independently, each with nucleation points located away from the interface. Where the
Joints have extended vertically from one unit to the other, the main joint face has
slightly twisted, then segmented and formed an array of en echelon fractures, with

nucleation points at the interface.

8.2 FAULTS AND DYKES
In the southeastern Sydney Basin, faults are generally normal and strike ESE-SE and
N-NNE. The ESE-SE faults are either major and consist of a single break or are minor
and zonal. Their throw decreases rapidly both horizontally and vertically. The
downthrown block is either to NE or SW. A notable characteristic of these faults,
consistent with a listric geometry, is the dip of strata, which is towards the fault plane,
on the downthrown side.

The N-NNE faults occur mainly in the northern and central parts of the study

area.  Their characteristics include: a strike of 000-025°, a dip between 70-90°,
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downthrow either to the east or west, occurrence in groups of subparallel fractures, small
normal components and an associated parallel set of joints. In more brittle rocks, like
sandstones, these faults arc subvertical faulted joints while in more ductile rocks fault
dip is less. Although lateral movements are frequent, no strike-slip faults developed
initially in the study area.

In the Southern Coalfield, most of the dykes strike ESE (100-120°) with another
regional set with a NE strike. NNE striking dykes are developed locally in the
northeastern part of the coalfield and are paraliel to N-NNE normal faults. Dykes were
mostly injected through fractures which were propagated by magma pressure. Tension
responsible for dyke formation, usually propagates a joint zone with one of its central
members intruded by magma. The spacing of these adjacent joints decreases away from
the dyke. Where magma intruded along a pre-existing open fracture, adjacent joints did
not develop. Orientations of dykes that are not injected into pre-existing fractures

reflect the prevailing contemporary stress field.

8.3 FAULT-FORCED FOLDS

In the southeastern Sydney Basin, NW plunging gentle folds are generally fault related.
ESE-SE striking normal faults are mostly concentrated around anticlines, forming
grabeps, while synclines lack major faults. Synclines are much wider than the fault-
bounded anticlines. Anticlines formed by rollover on the downthrown side of the
inward dipping listric normal faults. Monoclines are also the result of rollover
developed in the downthrown side of major faults, or are forced folds formed above

buried normal faults.

8.4 FAULTED JOINTS

Joints and faulted joints occur parallel with each other. All measured strike-slip
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displacements are the result of recracking of pre-existing joints, faults and dykes.
Faulting commenced with recracking (jointing) and continued by lateral slip. A
recracking front might have: (1) continued to grow beyond the tip of the parent joint
without any deviation, (2) terminated, or (3) tilted and twisted away from the host
fracture. Recracking grew horizontally by the connection of joint segments. En echelon
arrays are the result of vertical propagation of faulted joints into neighbouring
mechanical units. A fracturing front terminated at an intersection with an open joint.

Lateral movements along recracked joints have produced systems of conjugate
pairs of faulted joints. Slip along a faulted joint mught be dextral, sinistral or both.
Displacement is generally proportional to the length and continuity of the faulted
segment. Some long faulted joints, which demonstrate small displacements, have been
affected by more than one episode of lateral displacement, acting in opposite directions.

Recracking of rock also formed a new set of short secondary cracks which are
developed either at the tip, at the sides or in between pre-existing fractures. Secondary
joints are straight to slightly curved and relatively short, and form sets of relatively
short dilatant joints which are systematic and regional. They may be opened but show
no sign of subsequent shearing. In the southeastern Sydney Basin, secondary joints,
strike NNE, E and SSE, and form the Group II regional joints.

Conjugate sets of recracked joints as well as the orientation of secondary cracks
over the study area are readily interpreted as related to 3 compressional stress fields
namely: (1) NNE-SSW, (2) E-W and (3) SSE-NNW. During each compression, suitably
oriented fractures recracked and had lateral slip along them. Additionally, a set of
secondary cracks formed aligned with ©,. The consistent orientation of secondary cracks
over the study area, signifies that the stress field was approximately uniform for each
compressional event.

Faulted joints are hybrid fractures, resulting from recracking and lateral slip along
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those pre-existing joints which formed a 10-30° angle with contemporary G,. Suitably
oriented faulted joints have been reactivated by subsequent compressions. The angle
between the direction of the later compression and the strike of pre-existing fauited
joints could be more than 30°, which is the limit for the initial recracking of a closed
joint. The outcome of multiple recracking of conjugate set(s) of joints is a network of
connected open fractures which accommodate shear displacement caused by
compressional events.

Factors such as strength of infilling materials, angie between fractures and o,, and
the number of compressional events imposed on each fracture, control the intensity of
recracking and the amount of lateral slip. Group I regional joints formed without
interfering with each other. The small deviatoric stress responsible for the formation
of these joints could not overcome the strength of fracture infillings along pre-existing
joints. The deviatoric stress developed during the compressional episodes was high, as
it could overcome the strength of fracture infillings and recracked them. Group Il
regional joints interacted with those members of Group I regional joints that had been

previously recracked.

8.5 RELATIVE AGES OF STRUCTURES

Although it is possible to assign a relative age for each joint set at a particular location,
it is difficult, and probably unwise, to generalise it regionally. Most of the Group I
joints have lost their morphological features due to subsequent deformation, which
usually has enlarged them dramaticaily, both horizontally and vertically. Subsequent
deformation has also destroyed cross-cutting relations that presumably existed between
neighbouring fractures. Preserved cross-cutting relationships, presently observed between
fracture sets, mostly developed in succeeding deformations. Joints fonmed during burial,

uplift and unloading of the Late Permian sequence. Group I regional joints, formed
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during burial and show no apparent genetic relation with SE trending minor folds.
Locally developed systematic joints were formed mostly in the time span between the
Group I and Group II regional joints. Nonsystematic joints (cross joints) are the
youngest natural fractures and formed after Group II joints.

The only fractures which formed during deposition were local normal faults. For
example, several small normal faults with displacements up to 5 ¢m occur in the Coal
Cliff Sandstone adjacent to the Clifton Fault. They have an identical orientation to the
Clifton Fault, Microscopic study of these fault surfaces shows no brittle deformation
of sand grains and indicates that the faults affected unlithified strata. This is confirmed
by the presence of growth fault controlled deposition with thicker strata preserved in the
downthwown blocks.

ESE-SE normal faults have increased, both in size and number, during the
younger extensional episodes, which were active up to the Early Tertiary. The present
study also shows that the N-NNE faults are post depositional and postdated development
of similarly oriented joints.

Cross-cutting relationships indicate that all dykes are post depositional and
developed after the formation of regional joint sets and most of the normal faults of the
study area. In the Southern Coalfield, igneous activity was active from the Late
Mesozoic to Early Tertiary. No dykes formed after the commencement of the
compression in the Tertiary.

Recracking with strike-slip movements along pre-existing fractures and the
formation of secondary joints developed from compressions which are the last significant
deformation events in this part of the basin. Cross-cutting relations between fracture
sets indicate that these compressional events postdate formation of dykes. Cross-cutting
data suggests that the E-W compressional event most probably postdated the NNE event.'

The SSE compression is less pronounced and its relative age is not established.
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8.6 TECTONIC HISTORY
The following scenario is established for the sequence of formation of the major

structural features of this part of the basin:

(1) Early quasi-extensional regime (Latc Permian)

This episode is marked by the initiation of ESE-SE normal faults and similarly oriented
minor folds during deposition of the Illawarra Coal Measures and the Narrabeen Group.
A quasi-extensional regime was responsible for the formation of these structures. This
stress field was developed by formation of a forebulge in the northern part of the
Southern Coalfield, and may have reactivated suitably oriented basement faults.
Downwarping occurred above basement grabens, generating tension in adjoining areas,
which in turn propagated grabens in the sedimentary succession. Mild anticlines (warps)
are fault-forced folds and are mostly the result of rollover on the downthrown sides of
inward-dipping listric faults. Normal faults are not necessarily the continuation of
basement faults. Fine-grained units of the Shoalhaven Group may have acted as

detachment horizons for these listric faults.

(2) Intermediate regime (Mesozoic-Early Tertiary)

Group I regional joints were formed during this time. Additional normal fault and
related dykes, monoclines and local joints were also formed during the Mesozoic,
especially during extensional events related to the Late Cretaceous-Early Tertiary rifting
of the Tasman Sea and the rifting between Australia and New Zealand. Structures such
as Camden Syncline are most probably post-depositional and probably related to the
uplift of the Illawarra Escarpment. This episode was possibly terminated at the end of

extension related to the opening of the Tasman Sea.
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(3) Late compressional regime (Post-Early Tertiary-Present)
Recracking of pre-existing fractures with lateral slippage along them, and formation of
Group II extension joints, are the major products of this episode in the study area.
Compression would not be expected during Tasman Sea rifting (95-55 Ma) and hence,
the late compressional episodes are probably post-Tasman Sea formation or post-earliest
Tertiary. The NNE compression is tentatively related to the collision between the Indo-
Australian and Pacific Plates. Due to this collision, Australia rotated anticlockwise
relative to the rest of its enclosing plate. This dextral motion generated a NNE
compression direction in the Illawarra region.

Formation of non-systematic cross joints and widening of open fractures, as well
as formation and recession of coastal platforms and headlands, are due to unloading

and more recent weathering, wave action and surfacial movements.

8.7 IMPLICATIONS OF ROCK FRACTURING
In the southeastern Sydney Basin, coastal platforms formed when the competent
sandstone beds emerge at sea level. This frequently happened due to tilting of strata,
caused by movement along listric faults (see above). Platforms containing tilted strata
are relatively short, in contrast to the longer platforms with almost horizontal strata.
Rock platforms were formed at a higher sea level, and vertical fractures are one of the
prime factors which control their present geometry. Platforms receded from their low
tide cliff, mostly by undermining of jointed blocks. Surfacial erosion and weathering
widens open fractures and develops channels. As marine erosion of headlands is not
significant, rock platforms are gradually eroded away.

Frequent landslips, which occur along the slopes of the Illawarra Escarpment, are

related to heavy rains and the mechanical behaviour of both talus material and
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underlying bedrock. The present study shows the relation between landslips and bedrock
fractures. Along the Lawrence Hargrave Drive, landslips were found to contain tension
cracks developed at their crests that are aligned with open fractures in underlying
bedrock.

Due to alternating hard and soft strata, bedrock topography is step-like. After
heavy rains, slight downhill movement of a wedge of soil in front of a step section of
a step, forms a tabular gap at the back of a wedge, which in turn generate tension
cracks in overlying talus. Where the slip surface is inside the bedrock, cleft water
pressure or forces exerted by expanding clays filling fractures, slightly moves the block
of rock downhill. Opening of the fracture at the back of block, stretches the overlying
talus and forms tension cracks, which mark the main scarp of the immediate slide.

Dykes cause problems in underground coal mining and civil engineering practice.
Adjacent joints are a useful tool for predicting the location of dykes in progressing
tunnels or working faces. Continuous fracture mapping and plotting of the results on
a scanline chart can reveal any newly introduced joint sets. Where the frequency of

these joints increases a dyke might be expected ahead.
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Figure 1.6 Scanline chart of rock fractures, for scanline 14-I’, at Coledale, with 200
m length and a 010° trend, The following are some information which can be
extracted from this chart. Of three systematic N, NE and SE sets, the latter is more
frequent and less scatiered. Surprisingly, this set is not developed between the 10
and 100 m mark. The N joints (175-180°) are the least frequent. The NE joints are
divided into two subsets, striking 040° and 030°, especially after the 100 m mark.
The true spacing of each set (sp), is easily calculated from this chart, using the
following simple formula:
sind=sp/a (1.1

where d is the difference between the orientation of scanline, here 10°, and the strike
of the chosen set (when d is bigger than 90° it should be subtracted from 180°), and
a is the average spacing of the same set measured from the scanline. The spacing of
the NW (120°) set, between the 122 m and 152 m marks is 3.1 m (sin 180-110° =
sp / 3.3).
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Figure 1.7 Major structural elements of the southeastern Sydney Basin, mostly based
on mining data (Rixon & Shepherd 1988; Lohe et al. 1992).
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Figure 2.1 Vertical propagation of joints in one or more beds. (a) Long 033° joints
and some slightly curved 022° fractures developed in fine-grained sandstone. The
lower mudstone bed (foreground) is joint free, except for one major 033° fracture
which cuts through it (Qutcrop 8, looking towards the south). Hammer 33 cm long.
(b) Remnants of two beds of medinm-grained sandstone, 40 cm thick, with 3 vertical
joint sets striking 000, 055, 135°, above a joint free, laminated siltstone and
mudstone (Outcrop 1, bar scale - 10 cm). (¢) Conjugate joint sets, striking 000 and
045° in a 1 cm thick sideritic mudstone band overlying the thick sandstone beds of
Outcrop 2 (point i of Figure 2.3e¢). The nonsystematic joints are subnormal to the
NE joints. Arrow 5 cm long. (d) 020° joints developed in 2 cm thick grey
siltstone beds, interbedded with joint free fine-grained sandstone and siltstone beds
with a red weathered surface. The spacing of the 020° joints is 10 ¢cm. Few of
these joints penetrate into the neighbouring beds (Qutcrop 6 at Scarborough).
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sandstone beds of the lower part of the Coal CLff Sandstone. The joint is
terminated at the top by a thin shale bed and at the base by the Bulli Coal. The
axis of the plumose marking is parallel to bedding. The sandstone vnit is S m thick.
(b) A set of 020° joints developed in sandstone beds of different thickness,
interbedded with mudstones. Note the closer spacing of joints in thinner sandstone

beds (Outcrop 6, Scarborough). Hammer 33 c¢cm long.
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Figure 2.3 Open NNE (a) and NE (b) joints forming a conjugate pattern (d) in thick
sandstone beds, at Coalcliff (Outcrop 2). The NE joints are slighty concave towards
the SE. Nonsystematic joints are sub-narmal to the NE joints (). Long NNE and
NE joints cross the elongated conglomeratic units (¢) with minimum deviation in
their strike (a)-(b).
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Figure 2.4 Fracture pattern of a 1 cm thick sideritic mudstone band (Figure 2.1c),
exposed at point i on Figure 2.3e. The conjugate sets are identical to joints
throughout the platform (cf. Figure 2.3d). The NNE (a) and NE (b) sets show
similar characters, except the NE joints which are slightly concave towards the SE.
Nonsystematic joints (c) are mainly sub-normal to NE joints. North arrow scaled in

centimetres.
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Figure 2.5 Horizontal and vertical traces of the SE joints. (a) Hair like and closed
joints (Coledale). (b) Segmented and overlapped joints sealed with less than 1 mm
of calcite (40 m mark of Scanline 11-HH’ at Wombarra). (c) Joint with two orders
of segmentation and overlap (Scanling 11-HH’ at Wombarra). (d)} En echelon traces
(7S m mark of Scanline 17-AA’ at Brickyard Point). (€) A very long (more than 20
m), open (up to 5 mm) joint at Bulli (Scanline 22-CC’ at Bulli). (f} Vertical extent
of segmented SE joints in laminated siltstone and their termination at the interface
with medium to coarse-grained sandstone. Locally, the joint slightly (1-3 mm)
penetrates to the other side of the interface before termination (Scanlines 13-FF &
14-1I" at Coledale).
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Figure 2.6 Orientation of systematic joints in southeastermn part of the Sydney Basin.
(a) Rose diagram of 6967 joints measured in this part of the basin with three
dominant sets (NNE, NE and SE), as well as three less frequent sets (NNE, E and

SSE). (b} Jointing of the northern zone, which comprises the 9 ouicrops to the north

of the Scarborough Fault. (c) Jointing of the 10 central ouicrops. (d) Jointing of

outcrops' south of the Thirroul Fault.
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Figure 2.7 Regional and local joint sets of 9 outcrops to the north of the
Scarborough Fault. Outcrops 1 and 2 consist of the Coal Cliff Sandstone of the
Narrabeen Group, while the rest are part of the upper Ilawarra Coal Measures. The
combined fracture pattern of these 9 outcrops is shown in Figure 2.6b.
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| 1 |
(10-12) (13-15) N (16)
N=571 N=314 N=654 |

Figure 2.8 Orientation of joints in the central zone (Outcrops 10-19). The combined

fracture pattern of this zone is presented in Figure 2.6c.
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Figure 2.9 Fracture sets of the outcrops to the south of the Thirroul Fault (Outcrops

20-30). The overall fracture pattern of this zone is presented in Figure 2.6d.
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Zone 1 (outcrops 1-9)

180

140

Figure 2.10 Histograms of joint orientation in northern (a), central (b) and southern
(c) parts of the study area. Six set of regional joints (black) are recognised in each
of these zones. The rest of the joints (grey) are local or unidentified. Local joints
are related to either dykes (e.g. 140° of zone 2) or a monocline (e.g. 053° - zone 2).
Note that both regional and local joints are developed in N-NNE direction. The data
for all the 30 outcrops is presented in (d).




Figure 2.11 Nonsystematic cross joints. (a) NE extension joints and a set of
nonsystematic cross joints in a 2 cm thick ironstone band at the southern most part
of Outcrop 2. (b) Cross joints developed in a siltstone layer, normal to a 020° joint

set at Scarborough (north arrow is scaled in centimetres).




Figure 2.12 (a) A 045° vertical jéint, cuts pebbles of a conglofnerate at Coalcliff
(Figure 2.3¢). The joint, which is filled with 2 mm of calcite, has cut clasts which
show no sign of lateral shearing. North arrow is scaled in centimetres, (b) A NNE
vertical fracture with a double phase of calcite infilling. Calcite crystals, which grew
away from the joint walls, show no sign of shearing or lateral displacement. Pen tip

(5-cm long) points to north (Outcrop 2).




ined sandstone’

55 cm

——
Medium-grain

. Main joint face

. Shoulder

. Fringe zone (twist hackle fringe)
. Plume structure (plumose marking, hackle plume or barbs)

. Plume axis

. Arrest line

. Twist hackle face (f-joint) with second order plumose marhing
. Twist hackle step (c-joint)

. Direction of joint propagation.

Tl SN N WL R R

Figure 2.13 Photograph (a) and sketch (b) of surface marking on a 032° striking
joint developed in a medium-grained sandstone bed of the Kembla Formation at
Scarborongh. The sandstone bed is overlain by a grey mudstone and underlain by
laminated mudstone and fine-grained sandstone. The main joint face is terminated
by a 3 mm thick claystone band occurring in the upper part of the bed. The lower
two thirds of the sandsione bed contains flat laminations of carbonaceous material.
The joint surface is iron stained (see text for more explanation). Hammer 33 cm
long.
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Figure 2.14 Photograph (a) and sketch (b) of an elliptical vertical joint developed in
the lower two thirds of the medium-grained sandstone in Figure 2.13. This joint
strikes 005° and has propagated bilaterally both to the left and right of its nucleation
point. Hammer 33 cm long. (c¢) Relative location of joints in Figures 2.13 and
2.14a, b.



Figure 2.15 Fracture pattern resulting from a dynamite explosion in shallow vertical
holes at Brickyard Point (5 m mark of Scanline 17-¢c’). Note the termination of
extension fractures along the sides of an open 040° fracture at the bottom left of the
picture (north to the right). Hammer 33 cm long. |



010°

46°

Figure 2.16 Relation between rock type and fracture pattern. (a) Simplified fracture
pattern of Outcrop 1, at Coalcliff. (b) Subhorizontal thick sandstone beds occur in
the northern (1) and southern (3) parts of this platform, while the central part (2) is
made of thin beds of siltstone and mudstone. (c) Joint rosetie for the platform.



198

Strike

Strike

Sirike

180 g . iy omm ooed @ 96
= 2!

160 ; @

140 1 B a

100 -

60

40 A

20

off mRmy pEOnmm 6
0 10 20 30 40 50 60 70 20 20 100

(Scanline trend: 045 )

180 ] o) EEEJ B g
160 - &
140 @ F &
2] Eﬂl‘ & @ O gf B =
120 B mE Py D @ B B
100 -
80 R, A
60 DEED B @ B @ B g
40 ] =) &
20 A 2 -
0 Qi s L s s O 1M s Ml L .
0 20 40 60 80 100 120
(b) {Scapline trend: 070.)
180 B i i it B eEEmeE | B
160 =
=
B3 B =
& 85 1]
] 0 BE
- B o
e ® B
0 50 100 150 200 250

Distance {(m)

{Scanline trend: 1357




199

Figure 2.17 Scanline charts, demonstrating the influence of rock type on frequency
and orientation of joints. (a) Change of orientation of 000° joints to 005° at 55 m
mark is due to a N-S striking normal fault, with 15 cm of vertical displacement and
downthrown to the cast. Fine-grained sandstone occurs to the west and laminated
siltstone to the east of the fault, respectively (Brickyard Point, 17-DD’). (b) The
change of strike and frequency of a NE joint set (44 m mark) and a SE joint set (37
m mark), are primarily due to normal faults (F), F,) juxtaposing different rock types.
The change of strike from 000° to 175° in the 60-90 m interval is due to the
scanline crossing onto an overlying medium-grained sandstone bed (Austinmer, 18-
CC’). (c) The absence of the joints in the interval between 95 and 131 m is due to
a 10 cm descent of the scanline from a jointed, medium-grained sandstone bed to a
less competent sandstone bed with more clay material (Bulli, 22-AA").
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Figure 2.18 (a) Fracture pattern of Bulli Coal in a vertical exposuie at Clifton
(Outcrop 4). Joints in coal are much more abundant than in neighbouring mudstone
and sandstone. Hammer 33 ¢m long. (b) A 10 cm thick, almost joint free, coal
seam, exposed at Scarborough (Qutcrop 7).
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| 013° 003°
' N
Q
111 120°
, | N=91 N=314
(a) (b) :

Figure 2.19 (a) Fractures in the Tongarra Coal at Bell Point, Austinmer (Qutcrop
18). The dominant set strikes 013°, while a second minor set, strikes 111° (face and
butt cleats respectively, in the sense of Nickelsen and Hough 1967). (b} Rose
diagram of 314 joints measured in Outcrop 18. Note the similarity between joints in
the coal (a) and the rest of the platform (b).

Figure 2.20 Fracture pattern of a silicified plaht fragment at Coledale (48 m mark
of Scanline 13-AA’). The dominant joint set, strikes 135° with a spacing of 1-2
mm. The second set, which strikes 035-040°, is nonsystematic and abuts against the
first set. Coin has 1 ¢m radius.
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Figure 2.21 The effect of bed thickness and rock type on jointing. Photograph (a)
and sketch (b) of long 010° joints in fine-grained sandstone changing to a strike of
005° in an upper medium-grained lensoidal sandstone. Note that spacing has also
decreased from 2 m to about 0.5 m and that all the joints in the lensoidal body are
slightly curved (Outcrop 1). Hammer 33 cm in length. (c) Vertical section of a
coarse-grained, cross-bedded, lensoidal sandstone at Scarborough (Qutcrop 7). Note
the close relation between the thickness of the jointed unit and the spacing. Hammer

33 ¢m iong.
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Figure 2.22 Gradual change in strike, due to an increase in thickness of the jointed
body. (a) Slight bending of traces of the NNE and NE joint sets in an ironstone
intraclast at Coalcliff (Outcrop 2). The intraclast is half-ellipsoidal in shape with an
upper flat surface. Pen tip 5 cm long. Plan (b) and block {c) sketches of the
intraclast. (d) Fracturing of a southeasterly oriented petrified log at Clifton (Outcrop
4). Only one set of 010-030° joints, with spacing between 2 and 5 cm, is developed

in the log. North arrow is scaled in centimetres.
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Figure 2.23 Scanline charts showing the difference in frequency and strike of
systematic joint sets in similar rock types. The values in the right hand column are
the average strike of each set and the range of spacing (sp. = spacing). (a) The
040° joint set is more consistent in strike and more frequent than the 010°and 125°
joint sets. The 160° set is local and occurs only from the 230 m mark onwards
(Wombarra, 11-HH’). (b) 005, 035, 070 and 125° joints with almost similar spacing
and variation around the mean strike (Coledale, 15-1JJ°). (c) The frequency of the
125° joint set is much less than the 010° joints (Brickyard N., 16-CC’). Spacing is
determined using the data on scanlines (Appendix) and the formula presented in
Chapter 1 (Figure 1.6).
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Figure 2.24 The effect of bed thickness on frequency of joints at Coalcliff. (a)
Sandstone beds partly divided by thin bands of shale and ironstone., (b) Termination
of some members of the NNE and NE joint sets due to a gradual increase in
thickness of cross-bedded sandstone, from 2 cm at the front to 50 ¢m at the back of
the block diagram. The spacing is 5-10 cm at the front and increases to about 50

cm at the back.
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Figure 2.25 Hobbs (1967) model for spacing of joints in sedimentary rocks. In a
competent (higher-modulus) bed in between two incompetent (lower modulus) beds,
shear stresses develop along the interfaces, due to layer parallel extension.
Formation of the first joint only releases stress for a short distance (d). The rest of
the layer remains at the stress level close to the fracture stress. The next joint forms
at a distance equal or greater than to ‘d’ from the first joint. This process continues

until the jointed unit is saturated with joints.
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Figure 2.26 Similarity between the orientation of fractures in ironstone intraclasts of
1-40 cm diameter (a) and the enclosing 1-2 m thick sandstone layers (b), in the
Coalcliff-Scarborough area. Not the dihedral angle, which is almost identical in both
cases. These fractures are straight and almost always vertical (¢, d). North arrow is

scaled in centimetre.
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Figure 2.27 Cross cutting relationships between 4 sets of systematic fractures. (a)
50 abutting points (dots) mapped between 10 and 40 m marks of Scanline 15-MM’
at Coledale. (b) A matrix demonstrating the frequency of abutting of fractures
against each other for the same area. The top row and the left hand column show
the mean strike of different joint sets. The other numbers are the frequency of
abutting of a younger set (top right rows) against an older set (bottom Ieft rows).
(For example, the number of 175° striking joints that abut the 030° joints is 6,
while the number of 030° joints abutting 175° is 5.)
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Figure 2.28 Cross-cutting relationships between 6 sets of joints (000°, 018°, 040°,
095°, 125°, 165°) at Wombarra (0-40 m marks of Scanline 12-BB’). (a) Fracture
pattern consist of 44 abutting (dots). (b) The abutting frequency of a younger joint
(top right rows) against an older joint (bottom left rows). Cross-cutting relations
show that the 000° 040° and 125° are older than the 018° 095° and 165° joints.
The number of relations for abutting 000° and 125° joints, are zero and are excluded
from the matrix.
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(c)

Figure 2.29 Change of orientation of one joint set formed in two adjoining

mechanical units.  (a) Joints in each units were formed independently. (b)
Horizontally propagating joint in the lower unit cross the interface, and the en
echelon segments propagated vertically in the upper unit. Dots locate the nucleation
point of joints. (c) An example of independent formation of joints in jointing layers
at the cliff face at Scarborough (Outcrop 7)(cf. (a)).
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Figure 3.1 {(a) Adjacent joints parallel to a 110° striking, partly eroded dyke, at
Wombarra (Outcrop 11). Width of dyke is 40 cm. (b) Profile sketch of dyke in (a).
(c) Plan sketch of dyke in (a). Note that the frequency of adjacent joints decreases
rapidly away from the dyke. These joints cross closed 120-125° regional joints with
no interaction. {(d) Photograph of central portion of sketch in (c). Pen (15 c¢m long)

rests on a 120° joint.
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Figure 3.2 (a)-(b) 120° striking, nearly vertical segmented dykes, in subhorizontal
sandstone layers, at Red Point (Port Kembla). Note the decrease in spacing of
adjacent joints away from the dykes. Dykes are 40-50 cm in width. (c) A
segmented, 023° striking dyke and related adjacent joints at Bulli (Outcrop 22). An
up to 2 cm vertical offset of the dyke and adjacent joints (inset), is due to the dyke
crossing a contact, from a lower layer (1), to an upper layer (2). En echelon gashes,
as well as longitudinal fractures, are filled with up to 3 ¢m of calcite, and indicate

subsequent recracking of the dyke.
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Figure 3.3 Distribution and orientation of dykes in the Southern Coalfield of NSW.
(a) Rose diagram of 64 dykes form a 40 km traverse along the coast, between
Stanwell Park and to the south of Gerringong (AA’). The mean direction of the
main dyke cluster is 106°. (b) Rose diagram of 120 dykes mapped over the
Southern Coalficld of NSW, including the dykes of 3.la. Most of the dykes strike
ESE (100-120°), with a mean direction of 109°. Other significant orientations are N-
S8, E-W, and NE-SW. The class interval for both diagrams is 5°. Data from Harper
(1915), Bowman (1974), and the present study. '
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Figure 3.4 Histograms of the orientation of dykes from the Southern Coalfield at the
level of coal mining (data from Rixon & Shepherd 1988). (a) 347 dykes
encountered at different collieries. (b) 135 dykes of the northeastern section of the
Southern Coaifield (sheet 1 of Rixon & Shepherd 1988). (c) Similar to (a), except
dykes of (b) are subtracted from the data base (sheets 2-5, Rixon & Shepherd 1983).
(d) Cumulative length of 347 coal seam dykes of the Southern Coalfield.
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Figure 3.6 Scanline charts showing the relationship between adjacent joints and the
other local or regional joinis. (a) A 140° striking dyke is exposed at the 50 m mark
of Scanline 19-DD’ at Austinmer S. The frequency of adjacent joints, which start at
the 18 m mark, increase towards the dyke. No interaction was recorded between the
dyke related joints and the 120° regional joints. (b) Adjacent joints developed as far
as 10 m away from two, 023° and 040° striking, dykes, exposed at the 0 and 140
m marks of Scanling 22-BB’ at Bulli. (¢) A limited number of short adjacent joints
developed along some parts of 010° striking dyke at Coledale (22 m mark of
Scanline 13-GG’). Two other joint sets at this locality strike 040° and 160°. The
040° set is regional and formed before magma emplacement as the dyke parily
follows these fractures (see Figure 3.7). The 160° joints are absent in the vicinity of
the dyke, which suggests that they formed later. (d) A 003° dyke exposed at the 18
m mark of the Scanline 17-BB’ at Brickyard point. A set of regional joints occur
parallel to the dyke. As magma has invaded an open regional joint, the adjacent

joints are absent.
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Figure 3.7 A NNE ng vertical dyke follows pre-existing conjogate NNE and
NE joints (Outcrop 13 at Coledale, Figure 3.6¢). The dyke is 150 cm wide and the
dyke has weathered to pale clay. The host rock is laminated siltstone and medium
to fine-grained sandstone of the upper Wilton Formation. A late fault along the
trend of the dyke has had 30 cm of dextral displacement.

{b)
Figure 3.8 Photograph (a) and sketch (b) of the effect of rock type on development
of adjacent joints parallel to a 120° striking dyke at Red Point (Port Kembla).

Adjacent joints are well developed in the upper medium-grained sandstone bed near
the water in (a) and point 2 in (b), while in the lower fine-grained sandstone, these

joints are absent (in the vicinity of the hammer -~ -
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Figure 3.9 Development of adjacent joints. Adjacent joints are absent where magma
invades pre-existing fractures (a), (b) and (c). Adjacent joints are developed where
the dyke cuts intact rock either partially (d) or totally (e) along its length. These
joints also develop ahead of propagating magma in competent layers (f). Adjacent
joints are absent in incompetent layers (see Figure 3.10).
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Figure 3.10 Process of magma injection into a sequence of competent (1, 3, 4, 5, 7)
and incompetent (2, 6) layers. Adjacent joints develop ahead of the propagating
magma in competent layers. This does not occur in layer 4, where the magma

invaded a pre-existing open fracture. The joint zone shown in IIl at the surface is

formed due to the wedging action of the ascending magma.
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Please see print copy for image.

Figure 4.1 (a, b, ¢) Rosec diagrams of fault orientations at the level of the coal
seams, north (a, b) and south (c) of the Bulli Fault (Shepherd 1990). (d) Rose
diagram showing the orientation of faults in the southeastern Sydney Basin (from
Wollongong 1:50,000 geological sheet, Bowman 1974). (e) The fracture pattern for
the southeastern Sydney Basin traced from air photographs (Bowman 1974). (f)
Landsat and air photograph fracture trace trend for the Sydney Basin (Mauger ef al.
1984).
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Figure 4.3 Post-depositional normal slip on the Harbour Fault. (a) Steep, south
dipping fault surface (bottom left of the photo), that crosses the road at
approximately the location of the white car and cuts the southem edge of the coastal
platform in the background. (b) Slickensides on the surface of this fault indicate that
the last movement was pure dip slip, and occwrred in lithified strata (camera cap is
5.3 cm in diameter).
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1. Coalcliff Sandstone

\
2. Bulli Coal
3. Clifton Fault
4. Sea level

Figure 4.4 (a) Soft sediment structures in the Coal Cliff Sandstone, exposed on the
downthrown side of the Clifton Fault, at Clifton (Qutcrop 5). Two sets of conjugate

110° striking fractures occur parallel to the Clifton Fault. The northerly dipping set
is dominant. (b) Magnified sketches of the central part of (a). (¢) The location of
(@) and (b) in respect to the Clifton Fault (see text for more detail).
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Figure 4.5. A group of 120-145° striking and 45-60° dipping, normal faults at Bell
Point Austinmer (Quicrop 18). The throw of these faults rapidly decreases both
along strike and upward. One 140° fault terminates as a 120° joint at (b). The N-
S normal fault at (d) is parallel to a set of joints. This fault is subvertical in
sandstone and siltstone of the Wilton Formation, but its dip decreases upward in the
Tongarra Coal. Both joints and faults have been subsequently slipped sinistrally or
dextrally along their strike (see text for more details).
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Figure 4.6 (a) A set of NNE (020°) vertical joints, some of which show subsequent
normal displacement (Coal Cliff Adit, Outcrop 3). The maximuin normal slip is 100
cm (point 1), and the downthrow is to the east (see also Figure 4.7a). Other
displacements are minor (2-20 mm) and are downthrown to the west. The faulted
joints are open, while those which have no displacement were left closed. (b)
Fractures with normal displacement are frequent in sandstone beds (inset b). (c}
Rose diagram of fractures of Outcrop 3.



Figure 4.7 (a) A 020° striking subvertical normal fault with eastern side (left side)
dropped 1 m in the Coal ClLiff sandstone (point 1 of Figure 4.6). Mr Dehghani for
scale. (b) A 015° striking fault with 50 ¢m of normal displacement (downthrown to
the west - left side). The fault is almost vertical in the upper sandstone beds and
dips 75° to the west, in the lower coal (Scarborough, in gully between Qutcrops 5
and 6). Hammer 33 c¢m long for scale.
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Figure 4.8 Distribution of N-S fractures along a 150 m long and (025° striking
scanline at Wombarra (17-EE’). The platform consists of laminated mudstone,
siltstone and thin beds of sandstone of the Wilton Formation. Some of these joints
have a dip slip component of 10-50 mm, downthrown to the east. To reduce

complexity, the fractures of other directions have eliminated from this scanline.
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Brickyard P.
{outcrop No. 16)

Figure 4.9 A fault related monocline at Coledale (Outcrop 16). The coastal
platform contains laminated mudstone, siltstone and thin beds of sandstone of the
upper Wilton Formation. A set of fractures striking 060° occur parallel to the axjal
trace of the monocline. These fractures terminate north of the anticlinal hinge of the
monocline (north of HH’). Some of these fractures show a normal component and
also a subsequent dextral slip.
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Figure 4.10 A cross section demonstrating the relationship between a small
monocline at Coledale (Outcrop 16) with an assumed underlying normal fault (see

text for more description).



235

{01 X voneragdexa
lestuep) sioe; reuuou Swddip premul Aq papunoq 918 UOMDIS SIYl Ul (pIWRLUN
IEHABM JPID [B0) ‘MIng) ssuyouue mogd (3361
woly eiep} (20D [{NG Y JO [3Ad] AW 1B (L] NSy 4O \VV) PIRYIECD Wrayinog sy
JO u01238 $S0I9 MN-IN (q)
1S0WE 20 BIENS 3Y) 084 [Nyl pue YInoJOQIeIS Y uIIMRg

pue piaydoyg pue woxXry
([eouUap! 2Me Sa[eds [EIUOZMOY PUE [BIILDA) [BIUOZUOY
"PUDUOOM
puE JJO[e0D U3amIaQ SEOD AN SUOlE uoNdAs SSOI MS-EN (¥ 11 Aundy

(@
 tmodonsty ;
0o W o0
0oz- i
d yBneungreay
os51- —— ! sl
u
oD g oot 0
oot PR, ] - P05 001"
AmINEY aumouk 'l mng
05- [ GIZLI .-LGzm uqu_.muhi_.__ulw... 05
"0 E i 0w
113 anaudg 0f
Ting
00l ELITE H amousg QoL
pawrLL{] o)
ocr ]l aw u,"“w_wi M3 Lo
(¥}
Gos w0 f moqrey I AN 4 waymy 4 ySnomqmeos *f Ioouyl g SSed TMOR "] RIOWEAY g BUOUODM
i e / ) o
3 dogu3qrs pURIQWNT \ /
| I —_— ol-
000 7 — 1 IneIEqRg FAUpAS — J_ 13n¥] &9§ —
¢ . |
- H (RN dn e, T3 [ oo
0oL A __ 0 e L I l v ‘oot

N | |

PR

asupnuy




] \ 11 AN

. |
1 7 :

N
1§

| A I =
N :

h

(b)

Figure 4.12 (a) Local variation in dip of ESE growth faults due to differential
compaction of the strata. (b) The post-depositional N-NNE faults follow the pre-
existing vertical joints of similar orientation in competent layers. The dip of these

fanlts is less in adjoining incompetent layers (c=competent, i=incompetent).
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Figure 5.1 (a) Fracture pattern of Coalcliff Sandstone at Coalcliff, NSW (Outcrop

2). (b) Rose diagram of 234 fracwres of this platform (see text).
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Figure 5.2 A 2 mm dextral movement along a 010° faulted joint which has
displaced a 045° joint. The joint infilling is calcite (arrow scale is 5 ¢m and poinis
to the north).

T Bulli 22-A47 .
120° ‘ / 100:/
I - "4/_ — — /
105° — e /
! i |
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100° | 105° :
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! [
|
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Figure 5.3 Structure of a long recracked 120° striking joint at Bulli (Scanline 22-
CC’). The segments are 2-15 m long. Short 095-105° secondary fractures indicate
sinistral shear along the parent fracture. Dextral slip along the dyke at the 54 m
mark displaced the 120° joint for approximatelv S0 ~m
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Figure 5.4 (a) Abutting of a 045° fracture against a 013° fracture, while a sccond
045° joint cuts through the 013° fracture without any interaction (paper pad is 23 cm
wide). (b) Another example of abutting of an 045° fracture against a 013° fracture.
(©) In both of these examples recracking started from the 045° joint and when the
propagating front reached the intersection, it diverted to the 013° joint. Outcrop 2,

Coalcliff (pen is 15 cm long).



(b)

" Figure 5.5 i‘ﬁblﬁbg_fa:i)h (a) and sketch (b) of the termination by branching of a
vertical NE joint after it penetrated about 3 ¢m into the lower conglomeratic bed.
The branches are 20 and 30 cm long and are subparallel to bedding. Both vertical
fracture and horizontal branches are open. Note how the white pebble , to the left
of the pen tip, has fractured without any vertical slip (pen is 15 ¢m).
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Figure 5.6 (a) An open vertical fracture, striking 013°, developed parallel to a
closed joint with a similar orientation. The closed 013° joint, as well as a through-
going 045° joint, show no signs of lawral slip, while the open fracture has a faint
dextral movement {(compass arm to the south). (b, c) Skeiches showing the
development of this pattern (see text). (d) Selective in-plane pepetration of SE joints
from the lower siltstone bed to the upper laminated fine-grained sandstone, due to

subsequent recracking (Qutcrop 7 at Scarborough) (north arrow is 5 cm).
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Figure 5.7 Photograph (a) and sketch (b) of a 025° striking secondary crack formed
at the end of two segments of a NE (043°) faulted joint. One secondary crack
bends abruptly but the other is curved. Another through-going joint, which strikes
NNE (014°), is mostly closed and filled with 5 mm of calcite (compass armi points
to the north). (Outcrop 2, Coalcliff).



Clifton {Qutcrop No. 4)

~—  Closzd joint
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Figure 5.8 {(a) NNE striking horse-tail fractures at Clifton (Quicrop 4). A set of
long 017° fractures which developed in fine-grained sandstones of upper Eckersley
Formation (locality c¢) have terminated dve to the lateral facies change from
sandstone (at f) to mudstone and claystone (at ). (b) Horse-tail fractures that have
formed at the termination points of pre-existing 017° fractures. The average strike of
secondary cracks is 033°, Similar patterns exist at localities ¢ and d.
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Figure 59 (a) A group of 100° striking secondary cracks which developed along
one side of a 128° open fracture. Secondary cracks are straight and 30-40 cm long.
They were subsequently connected with cross joints. The width of secondary
fractures increase toward the through-going fracture, Hammer 33 cm long and
hammer handle to the north. (b) Vertical profile of a set of 025° striking secondary
cracks (at hammer pick), developed along a 040° joint (Outcrop 12 at Wombarra).
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Figure 5.10 Sketches (a) and photograph (b) showing development of a secondary
fracture, striking 022° connecting two segments of a 177° joint and accommodating
dextral slip. The amount of slip is 16 mm, which is equal to the thickness of
calcite, measured parallel to the strike of the faulted joint. Outcrop 2 at Coalcliff.
Arrow scale 18 5 ¢m and points to the north,
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Figure 5.11  Recracking and horizontal enlargement of a segmented NE joint (I).
Due to a NNE horizontal compression one segment started to recrack (II), and
slipped (II). Secondary cracks developed at the tension quadrants of the faulted
segment (IIT} and (IV). The next segments recracked and linked by secondary cracks
and bridge fractures (V).

Figure 5.12 Three dimensional view (a) and photograph (b) of en echelon arrays at
the Coledale (Outcrop 15). A set of 175° fractures, some with up to 3 mm of
dextral slip, occur in the lower sandstone bed. Each of these fractures are overlain
by an array of en echelon cracks formed in the upper sandstone bed. The strike of

en echelon segments are 020-025°,
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Figure 5.13 Development of an armray of echelon fractures due to the vertical
propagation of a recracking front (a). In a two layer sequence, the pre-existing 177°
joint at the lower layer (b) reactivated due to a NNE horizontal compression (Figure
5.12, southwest of Quicrop 15, Coledale). At the interface the edge of recracked
joint was under mode I (opening) and mode I {twisting) (¢). The propagating front
subdivided into blades, and these have twisted and aligned with the direction of
compression, i.e. 022° (d). When the upper bed contains a set of joints (e), each en
echelon segment is bounded by two neighbouring joints (f) and (g). North arrow in

(o) is 5 cm.
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Figure 5.14 (a} A complex zone of secondary fractures developed at the termination
points of two closely spaced 010° joints at Outcrop 1. The zone is in a 5 cm thick,
medium-grained sandstone underlain by a slightly finer grained sandstone. An ariay
of left-stepped en echelon fractures occurs parallel to and in between these joints.
Echelon segments are at a clockwise 10-15° angle with the 010° joints. In the lower
part of the figure, paralle! en echelon cracks abutted against part of the parent joint,
while towards the end of this structure (top of figure) most became progressively

shorter. Some segments are exceptionally longer, partially curved, and resemble
horse-tail fractures. A group of short and open cracks, subparallel with the host
joint, have subsequently connected the en echelon segments. (b) Sequence of
formation (see text for more details).



251

(a) (b)
Figurezs Sketches of the sequence of formation (a) and photograph (b) of the

I - - interaction between two conjugate faulted joints. ~The NNE (010°) fracture. bends. _
where it approaches the through-going NE (045°) fracture. Two short segments of
the NNE fracture are left élosed. Weathering and wave action have dramatically
enlarged the open fractures. The curving perpendicular form of abutting indicates the
sequential nature of recracking. See text for more details.
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Propagation

Throughgoing fracture
(Free face) ~—

Figure 5.16 Secondary crack formed due to the rotation of stress field near a free
surface (Wombarra South, Figure 5.19a). The 095° fracture propagated from left to
right due 10 a compressive far-field stress (1). The propagating front was perturbed
and deflected near the through-going NE fracture and terminated against it at a 90°
angle (Dyer 1988). At the free surface, ¢, was zero and ©; was parallel to the
through-going fractures (5).  Along the path, o, was always normal to the
propagating fracture and o, was progressively decreasing (2, 3 and 4). The curving
perpendicular secondary cracks represent the state of local stress and the direction of

far-field stress, cannot be inferred from them.
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(a)

(b)

Figure 5.17 Classification of secondary cracks. (a) Secondary cracks which indicate
the orientation of far-field stress and the sense of slip along the faulted joints.
Circular inset indicates the E-W direction of far-field compressive stress, responsible
for the sinistral shearing and formation of secondary cracks. (b) Secondary fractures
which form due to the local reorientation of stress field: bridge fractures (cross
joints, 1), curving perpendicular (2) and curving parallel (3) fractures, and interaction
between two segments of a same fracture propagating towards each other (veers in
the sense of Cruikshank et al 1991) (4).

(a) (b) (€ (d) (€) 9

Figure 5.18 Vertical growth of a NE joint (a) across an interface (mechanical boundary)
due to a NNE striking horizontal compression. The recracking might come to a halt
at the interface (b) or cross it for few millimetres to few centimetres before it stopped
propagating (c). The interface might fail and the recracking front bifurcate and become
subparallel with the interface (d). The propagating front might break into segments, and
the growing segments swing and form an en echelon amay of short fractures (¢). The
echelon segments are aligned with the direction of maximum compression. The

recracking front occasionally ignored the interface and fractured intact rock (£).
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Figure 5.19 Multiple slip along faulted joints. (a) Opposite direction of inferred and
measured horizontal displacement along a NE faulted joint. The secondary cracks
along the NE fracture ‘A’ suggest a dextral slip, while a 10 mm sinistral slip is
measured for this fracture (Wombarra South, Scanline 12-GG’, 10-30 m marks). (b)
Opposite direction of displacement along two NE striking faulted joints (Coledale,
Scanline 15-J1°, 120-140 m marks),
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(c)

(d)

Figure 5.20 Development of multiple sets of Secondary cracks along faulted joints.
{a) NNE and E-W oriented secondary cracks formed along a set of NE faulted joint
(Wombarra South, Scanline 12-DD’, 30-50 m marks). (b) 160-180° as well as 090°
secondary fractures formed along adjacent joints of a 140° dyke (Austinmer South,
Scanline 19-EE’, 30-45 m marks). (c¢) - (d) Feather patterns formed by two sets of
090° and 160° secondary cracks near the termination points of fanlted joints.
Southwest comer of Qutcrop 7 at Scarborough (c) and 10-45 m mark of Scanline 12-

AA’ at Wombarra South (d).
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Figure 5.21 Model for development of opposite senses of laleral slip in two

neighbouring, NNE striking, faulted joints at Coledale. 1In the first deformation,

dextral slip along two fractures, A and B (I), has been for 2 and 8 mm respectively
(II). The difference in lateral slip is due to the different lengths of faulted segments
In a subsequent event, both
The

outcome has caused an overall different sense of displacement for A and B, which is

and the variation in strength of infilling materials.
fractures have been slipped sinistrally along their strike for 6 mm (II).

therefore attributed to 2 deformations (IV).
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Figure 522 A 16 cm dextral displacement of a 020° striking vertical dyke at Bulli
(Scanline 22-FF”).
At the

swings back counterclockwise and strikes 100° before it terminates.

Short secondary cracks formed along the sides of a long 120°

joint. 20 m mark the recracked joint swings clockwise for 5 m and then
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Figure 5.23 Rose diagram (5° intervals) with the orientation of secondary cracks in

the southeastern Sydney Basin. (a) Coalcliff (Outcrops 1, and 2), (b) Scarborough
(Outcrops 6-9), (¢) Wombarra (Ouicrops 10-12), (d) Coledale (Quicrops 13-16), (e)
Austinmer (Outcrops 17-19), (f) Bulli (Outcrops 21-22), (g) 430 secondary cracks
measured in Nlawarra Coal Measures and lower Narrabeen Group, between Coalcliff
and Bulii.
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Figure 5.24 Fracture map (a) and photographs (b)-(c) demonstrating the relation
between secondary cracks and lateral displacement in laminated siltstone and fine-
grained sandstone of the Wilton Formation (Scanline 18-BB’ at Austinmer). Short,
slightly curved, 160° striking secondary cracks (insets 1-4 of a and photograph b)
represent the direction of SSE compression which was responsible for the dextral slip
along the 120° joints at this locality (inset 4 of a). Dextral slip on 000-005°
fractures is due to the NNE compression. The amount of lateral slips ranges
between ) and 30 mm. Small rhombohedric cavities are the results of dextral slip
on both sets (inset 3 of a, photograph ¢). Inset 2 of (a) suggests that the slip along
the NNE joints was prior to slip along SE fractures. North arrow in (b) is 4 cm.



 Brickyard Point (17-DD’)

/ 176¢

= Normal fault

Regional joint

Figure 525 A set of N striking regional joints and normal faults both with a
component of dextral slip, along the first 50 m of Scanline 17-DD’ at Brickyard
Point.  Vertical displacement along recracked joints is zero. Fractures with other
directions are not shown on the Scanline.

Figure 526 3 mm sinistral movement along a 140° striking joint, which displaced
the 040° striking dyke parallel joints. This proves that the dyke, and its related

joints, are older than E-W compressional forces responsible for sinistral movement
(Bulli, Scanline 22-BB"). North arrow is 5 cm.
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Figure 5.27 Sequence of deformation events at Wombarra:

(b)

(a) Formation of 040° and 115° fractures (I), sinistral displacement of 040°
fracture due to the NNE-SSW compression (II), healing of the NE fracture (III),
formation of through-going 090° secondary cracks due to the E-W compression (IV)
(Scanline 12-BB’, 20 m mark).

(b) Formation of 015° secondary fractures due to NNE-SSW compression (),
sinistral displacement of 140° fracture due to E-W compression (II) (Scanline 11-
HH’, 210 m mark).
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Figure 5.28 Stress conditions during the formation of fractures in intact rock (after
Hancock 1985, 1986, Dunne & Hancock 1994), (a) Coulomb-Mohr failure envelop
with Mohr circles constructed for dihedral angle (28) of 0°, 45° and 60°.

fractures.

Note that o, is negative for extension and hybrid

T, tensile
strength of rock and ¢ = 30° (b) The relationship between 20, o, g, (0-0y) and T
with three types of fractures.
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Figure 5.29 (a) Alternative recracking of three sets of vertical joints striking 005,
035, and 155° in a 5 cm thick, medium-grained sandstone bed at Qutcrop 1. Each
fracture consist of both open and closed segments. (b) Stages of recracking in the
central part of (a). Recracking was sequential and for a single joint, the propagation
was from either side toward the free surfaces (b). (c) Photograph of (b). North

arrow is 5 cm.
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Figure 5.30 Sequential development of through-going, abutting and offsetting
secondary cracks (Austinmer, Scanline 19-AA’). After formation of 010° joints (a),
the orientation of stress field changed and a new set of extension fractures formed
parallel to the contemporary o, , i.e. 160° (b). Resclved shear stress on 010° joints
recracked one of these joints. Small secondary cracks form parallel 10 ¢, at the
termination point of this joint. Later in the compressional episode, more 010° joints
recracked and sinistral slips along them displaced the already existing 160° joints (c).
Finally, more secondary cracks formed where the faulted segments were under
tension (Austinmer, Scanline 19-AA”).
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Figure 6.1 Sydney-Bowen Basin System and neighbouring fold belts.
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Lachlan  Sydney Basin New England Fold Belt
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Figure 6.2 Schematic cross section of the Sydney Basin and adjacent areas (AA’ in

Figure 6.1). The section is not drawn to scale.
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Coal Cliff
Anticline

(a) (b)
Figure 6.3 Fault-forced anticlines at Coal CIliff (a) and Bulli (b) Collieries (from

Bulli Coal structure map of Rixon & Shepherd 1988). Datum is 10,000 m below
Australian Height Datum.
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Figure 6.4 Syn-depositional structural model of the Southermn Coalfield during the
Late Permian deposition of the Illawarra Coal Measures. Monocline (1), syncline
(2), graben and fault forced anticline (3), basement rock (4), basement normal fault
(5. A SE-NW extension, may have been responsible for reactivation of
appropriately oriented basement faults. Synclines formed above basement lows, while
narrow grabens grew above basement highs. Aanticlines are fault forced folds.
Monoclines mark the edges of the disturbed area and formed above buried normal

faults.

Sw NE

Hawkesbury
Sandstone

Narrabeen Group * .’

— Bulli Coal

Nlawarra

Coal Measures \\\ %
Shoalhaven Group B \ / Shale

Yy 7

Figure 6.5 A model for the formation of fault forced anticlines of the Southem

Coalfield. Movement along two inward dipping listric faults produced rollovers on
the hanging walls, which forms a gentle flai-topped anticline. Fault dip is 60-70° at
the Bulli Coal level. The detachments for these faults occurs in one of the fine-
grained units of the Shoalhaven Group.
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Please see print copy for image.

Figure 6.6 Formation of extensional forced folds and narrow grabens due to
movement on an underlying normal fault. Note that the normal faults in the cover
sequence are not necessarily the continuation of the basement fault. (a) Experimental
laboratory model. An upper layer of homogeneous dry sand represents brittle
sedimentary rocks and a lower layer of silicone putty represents ductile sedimentary
rocks (Vendeville 1987). (b) Interpreted line drawing of seismic data from the
Haltenbanken area, offshore Norway.  Base of Cretaceous unconformity (1),
Triassic/Jurassic coal (2), top of Jurassic fault (3)(Withjack ez al. 1990).

%
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Figure 6.7 Schematic cross section demonstrating the development of tensional
forces due to formation of a forebulge, away from the loading front in foreland
basins (after Molnar & Lyon-Caen 1988). New England Fold Belt (1), subsiding
Sydney Basin (maximum subsidence adjacent to the loading front, i.e. Hunter-Mooki
Thrust) (2), elastically deflecting plate and the forebulge formed in the northern part
of the Southern Coalfield (3).
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Figure 6.8 Majbr ESEV ]jncamehté in the southern Sydney Basin and the adjacent
Lachlan Fold Belt (data from Scheibner 1974; Mauger et al. 1984; Powell er al.
1985; Lohe et al. 1992). See text for more detail.
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Figure 6.9 (a) The pattern and orientation of sea floor spreading in eastern Australia
in the early Paleocene {64 Ma ago) (after Veevers & Powell 1991). (b) In the
southeastern Sydney Basin, the NE-ENE direction of tension reactivated pre-existing
SE trending faults, and also formed new faults and dykes of similar orientation. The
NNE direction of the rift margin is sub-parallel to the zones of N-NNE fractures and
dykes as well as some lineaments.
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Figure 6.10 Origin of the post-early Tertiary NNE compressional forces in the
southeastern Sydney Basin. Northward movement of the Australian Plate, and its
collision with the westward moving Pacific Plate, caused anticlockwise motion of the
continent, which generated dextral shear along the edge of the continent. Dextral
shear in Gippsland Basin (1), dextral shear in Camarvon-Dampier Basin (2), NNE
compression developed in the Illawarra region of the Southern Coalfield, due to

dexiral shear (3). (Insets 1 & 2 from Veevers & Powell 1984; inset 3 QOutcrop 2 at
CoalCliff, see Figure 5.1.)







274

Figure 7.1 Two rock platforms at Coalcliff (Outcrops 1 at the top, and 2 at the
base) consisting of the Coal Cliff Sandstone. In each case, the frontal height
increases from 0 to 1.5 m from north to south. The embayment between the two
platforms developed due to tilting caused by the Harbour Fault, which forms the
southern edge of the northemn platform.

The photograph was taken one month after the heavy rain of April 1988.
Parts of the Lawrence Hargrave Drive, south of Qutcrop 2, were still closed due to
rain triggered landslips and rock falls (the road is 6 m wide).
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Figure 7.2 Influence of fracturing on surface weathering and erosion. (a} V-shape
wearing of recracked parts of joints (5 cm wide and deep) in a 20 cm thick
sandstone bed (northern part of QOuicrop 7 at Scarborough, north arrow scaled in
centimetres and inches). (b) Stepped topography on a thin-bedded and wvertically
jointed sequence of competent and incompetent rock layers. ~ The deeply eroded
vertical fracture strikes 028° (Outcrop 15 at Coledale; looking to the south; the back
pack is 40 cm wide). {(c) Deep erosion of 040° joints and nonsystematic fractures
normal to them, in the remnant of a sandstone bed (Qutcrop 7, hammer handle is 33
cm). (d) Raised joints formed due lo differential weathering and erosion (Outcrop 24

at Waniora Point, north arrow is 5 ¢m long).



Figure 7.3 (a) 6oﬂapse of sandstone blocks along an 045° open fracture at the face
of a low tide cliff at the southern end of Qutcrop 2 at Coalcliff (looking to the
southwest). This locality is also shown in the southernmost part of the lower
platform in Figure 7.1. (b) Slight lateral spreading of a block of sandstone detached
from the base of the cliff along a 005° vertical fracture (Outcrop 2, hammer handle
i$ 33 c¢cm and points to the north), )
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Figure 7.4 Fractures controlling the geometry of platforms. (a) NNE and NE joints
(solid lines) as well as nonsystematic joints (dashed lines) forming the seaward edge
of the platform at Coalcliff (Outcrop 2). The thickness of sandstone beds are 1-2 m.
(b)-(c) NE joints as well as orthogonal nonsystematic joints, forming the outer edges
of the platform at Wombarra (Qutcrops 11, 12). (d) N-NNE joints, dykes and
normal faults forming the edges of the platform at Brickyard Point.




(b) ] T — S T —— S—— = _-"—

Figure 7.5 (a) Accumulation of fallen blocks and debris mantle, resulting from both
marine and terrestrial processes, at the toe of the cliff near the Coalcliff adit. These
fallen blocks reduce the effects of wave action. The road is the Lawrence Hargrave
Drive. (b) Pladform with horizontal rock partly covered by marine sediments.
Undermining at the toe of the headland occurs in a thin carbonaceous claystone. At
this locality, recession of the headland due to marine processes, is not significant
(Outcrop 12 at Wombarra).
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Figure 7.6  Schematic E-W cross section of the [lawarra Escarpment near
Scarborough.
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Figure 7.7 Location map for landslips cited in the text.




'...“'__-' : ) 6. ) "-_'.- - - -
Rock platform  ; A — —

S ez ——— Rock platform
(Outerop, 3) \\ = g (Qutcrop 4)
TASMAN SEA 50 m

Figure 7.8 Two landslips along the Lawrence Hargrave Drive (1), and at Moronga
Park (2), cansed by heavy rain of late April 1988. In both cases cracks developed at
the crest of slides and coincided with an open fracture in the bedrock.
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Figure 7.9 The relation between landslips and bedrock fractures. (a)-(b) Landslips at
Moronga Park and along the Lawrence Hargrave Drive (point 1 and 2 of Figure 7.8,

respectively). (¢} Landslips along the section of the road, to the south of the Clifton
Hotel.
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Main scarp
Slip surface

Figure 7.10 (a) Initiation of tension cracks in talus and their relation to vertical fractures in
bedrock. Slip surfaces, partly or totally, pass through bedrock. Downslope movement of
blocks of rock widens the vertical fractures, which in turn stretches the overlying soil and
forms tension cracks. (b) Slip surface at the contact between bedrock and talus. A wedge of
soil is developed in front of a drop in bedrock which is the wall of a 015-020° joint. The
weight of the wedge has a downhill component. After heavy rain the water table rises in the
wedge and reduces the shear strength of talus material. The wedge detaches from bedrock at
its back. . (c) The tabular, vertical gap forming between the bedrock and the soil stretches the

soil above, and forms NNE oriented fractures which mark the crest of future slides.
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Figure 7.11  (a) Distribution of joints mapped along the scanline 19-CC", at
Austinmer South. Two dominant joint sets in this chart stike 018° and 120°. A
third set, strikes 140°, starts at the 110 m mark. Spacing of 140° joints decreases
toward the end of the scanline where a dyke with a similar orientation is exposed.
(b) Introduction of a 060° striking set at the 34 m mark of scanline 16-DD’2 at
Brickyard North. The spacing of this set is almost uniform. These joints are

formed in conjunction with a smail monocline (see also Figure 4.9).




Table 1.1 Studied outcrops
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Outcrop  Outcrop Locality Rock Unit p* C*
No. Name

1 Coaicliff N. Coalcliff Coal Ciff Sandstone X X
2 Coalcliff S. Coalcliff Coal Cliff Sandstone X X
3 Coalcliff Adit Clifton Upper Eckersley Formation x  x
4 Clifton N. Clifton Upper Eckersley Formation x  x
5 Clifton Clifton Allans Creek Formation X X
6 Clifton S. Clifton Allans Creek Formation X X
7 Cape Horn Scarborough Allans Creek Formation X X
8 Scarborough S. Scarborough Kembla Formation X X
9 Scarborough S. Scarborough Kembla Formation X

10 Wombarra N. Wombarra Wilton Formation X

11 Wombarra Reef Wombarra Wilton Formation X X
12 Wombarra S. Wombarra Wilton Formation X X
13 Coledale N. Coledale Wilton Formation X X
14 Coledale Pool Coledale Wilton Formation X X
15 Coledale S. Coledale Wilton Formation X X
16 Brickyard N. Auvstinmer Wilton Formation X X
17 Brickyard Point Austinmer Wilton Formation X X
18 Bell Point Austinmer Wilton Formation X X
19 Austinmer S, Austinmer Wilton Formation X X
20 Thirroul Rail Thirroul Erins Vale Formation X
21 Thirroul Thirroul Erins Vale Formation ) S ¢
2 Bulli Point Bulli Erins Vale Formation X X
23 Bulli Rail Bulli Erins Vale Formation X
24 Waniora Point Bulli S. Erins Vale Formation X X
25 Collins Rock Woonona Erins Vale Formation X

26 Bellambi Point Bellambi Pheasant Nest Formation X
27 Towradgi Towradgi Pheasant Nest Formation X
28 Wollongong N. Wollongong Broughton Formation X

25 Wollongong Wollongong Broughton Formation X X
30 Wollongong S. Wollongong Broughton Formation X X

* Orientation of studied outcrops: P=<horizontal platform, C=cliff face.




Table 1. 2 Scanline data
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Number | Name | Location |Direction| Length | Measured Coordinate (begining) Coordinate (end)
{deg} () Fractores mE miN mE mN
1 11.HH Wombarra N. 70 279 157 311550 6204520 311815 6204620
2 1107 Wombarma N. 5 182.5 55 311740 6204710 311760 6204020
3 12-AA’  Wombara S. 130 45.5 44 311240 6204050 3111280 6204020
4 12BB'  WombamraS. 125 57 46 311285 6204110 311335 6204075
5 12.CC'  Wombama$S. 135 47 33 311385 6204130 311420 6204150
6 12D  Wombara$. 55 300 156 311195 6204020 311440 6204190
7 12EE Wombarra S. 20 87 21 311445 6204195 311480 6204280
8§ 12GG° Wombarra$. 175 139 R4 311555 6204380 311545 6204515
9  13.AA'  Coledale 80 44,7 54 311125 6203650 311080 6203635
10 13-BB'  Coledale 30 52 43 311083 6203620 311035 6203610
11 13-CC  Coledale 30 40 30 311030 6203595 310995 6203500
12 13D  Coledale 30 515 38 311155 6203435 311115 6200625
13 13.EE Coledale 80 79 50 311220 6203640 311150 6203625
14 13-FF Coledale 80 29.3 23 311060 6203740 311030 6203735
15 13GG'  Coledale 130 100 82 311145 6203705 311220 6203640
16 13HH  Coledale 40 40 36 311200 6203695 311175 6203665
17 141 Coledale 10 206 73 310995 6203590 310960 620395
18 15T Coledale 50 199 195 310940 6203150 310745 6203150
19 14KK'  Coledale 20 100 41 310880 6203410 310850 6203320
20 14LL' Coledale 75 57.6 11 310890 6203330 310825 3203315
21  15-MM  Coledale 165 170.4 119 310880 6203160 310835 3203325
22 16-AA’  Brickyard N. 177 95.5 32 310450 6202590 110445 £202690
23 16-BB Brickyard N. 137 54 31 310440 6202635 310480 6202600
4 1600 Brickyard N, 58 65.5 74 310435 6202500 310490 6202535
25 16D  Brickyard N. 165 97.4 58 310440 6202615 310465 6202525
26 16-DD'2  Brickyard N, 165 64.6 69 310405 6202565 310470 6202505
27 16EE Brickyard M. 125 37.2 9 310460 6202500 310425 6202520
28  17-AA"  Brickyard 32 W0 266 310530 6202370 310415 6202200
26  17-BRB Brickyard 107 8l 118 310530 6202370 310605 6202345
30 17.CC Brickyard 70 21 28 310390 6202210 310363 6202200
31 17.DD'  Brickyard 45 96.5 34 310370 6202225 310300 6201155
32 17-EE Brickyard 25 151 117 310220 6202165 310145 6202030
33 I8.AA'  Anstinmer 75 75 34 310125 6201885 310195 6201900
34 18BB  Austipmer 55 78 105 310085 6201850 310020 6201805
35  18-CC'  Austnmer 70 114 125 310095 6201835 310200 6201880
36  19-AA"  Austiomer 5. 50 . 47 63 309910 6201560 309870 6201530
37 19-BR'  Austinmer S. 25 134 85 309865 6201570 309810 6201450
38 19-CC'  Austinmer S. 40 128 164 309715 6201295 309630 6201195
39 19-DD'  AustinmerS. 32 67 163 309665 6201230 309630 6201175
40 19EE Austinmer S. 15 136 170 309635 6201220 305600 6201095
4]  20AA°  Thirroul Rail 165 83 95 308190 6199635 308165 6199715
42 21-AA"  Thirroul 15 132 120 309115 6200250 309070 6200115
43 22AA' Bl 135 240 256 309010 6199300 309180 6199130
44 22.BB'  Bull 112 180 85 309165 6199135 309345 6199060
45  22CC Bulii 120 109 98 309210 6199125 309350 619908
46 22.DD'  Balli 90 29.5 T 309350 6199080 309380 619980
47  22.EE Bullj 25 10 28 309380 6199080 309375 6199065
48  22.FF Bulli 120 49.5 60 309435 6199070 309480 6199040
49  23.AA"  Bulli Rail 15 143 93 308235 6199200 308195 619905
50  25-AA'  Woonoma 86 125 200 308805 61976100 308925 6197110
51 ?25BB'  Wocnona 10 45,7 54 308805 6197170 308900 6197215
52  25-CC'  Woonoma 15 49.8 96 308930 6197115 308940 6197165
53 26-AAT Bellambi 140 28 37
Total 52737 4549

* Coordinates from orthophoto maps , 1:4000

s



Table 1.3 Stratigraphy of the Southern Coalfield (Bowman 1974; Bamberry 1992).
Please see print copy for image.
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Table 2.1. Mean orientations of systematic joint sets in different outcrops in degrees.

Zone  |Outcrop Location 45 90 135 180
No. N NNE NE ENE E ESE SE SSE
1 Coalcliff N. 10 20 46 120 153
2 Coalcliff S. 175 13, 24 46
3 Coalcliff Adit 14 122
4 Clifton N. 18 38 100 140
Northern |5 Clifton 13,25 &7 135
zone |6 Clifton S 5 20 88 138 167
7 Scarborough N. T 33 52 92 140 163
8 Scarborough 3 23 %0 140 158
9 Scarborough S. 175 18,28 37 92 128 170
10,11  Wombarra N. 13 40 37 125 164
12 Wombarra 0 13 30,40 90 122 167
13 Coledale N. 5 20 40 108 127 167
14 Coledale 0 28 37 123
Central |15 Coledale S. 0 36 70 90 127
zone 16 Brickyard N. 3 18 32 55 S0 128 162
17 Brickyard 0 13 56 90 128
18 Austinmer 0 57 94 118 162
19 Austinmer S. 13 60 90 128, 140 160
20 Thirroul R. 8 28 75 98 118,126
21 Thirroul 68 88 128 159
22 Bulli 0 13 40 90 113 170
Southern (23 Bulli R. 13 73 100 120
zone (24 Waniora 25 57 80 158
25 Woonona 13 38 73 100 128 158
26 Bellambi 11 38
27,28  Wollongong N. 13 40 70 128
29 Wollongong 13 38 98
30 Wollongong S. 13,20 33 63 128 170

f
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Table 2.2. Major joint sets with regional distribution, southeastern Sydney Basin, NSW.

Group Orientation Range of strike Average General characteristics
(degree) (degree)
N-NNE 350-20 10 (Numemus, straight, vertical, segmented, long,
I NE 38-48 43 early formed, filled with calcite or siderite,
SE 122-130 128 sinistral or dextral displacemeant along strike)

NNE 15-30 24 (Rare, straight or slighily curved, vertical, short,
11 E 50-100 97 young, fine, mostiy closed, terminate against

SSE 160-167 167 rmermbers of the first group ).

Table 2.3 Comparison between orientation of
regional joints in northern and central zones.

N-NNE NE SE
Northern zone 13 48 138
Central Zone 5 42 128

Difference 3 6 10
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Table 2.4. Mean orientations of the NE and SE joint sets
in different outcrops, and the dihedral angle between them.

Qutcrop Mean strike Dihedral angle
No. NE set SE set (degree)
i 48 150 78
2 46
3 122
4 140
5 113
6 137
7 32 122 a0
8 50 140 90
9 38 128 %0
10, 11,12 43 125 82
13, 14, 15 33 127 86
16 33 128 85
17 58 128 70
18 58 118 60
19 75 142 70
20 70 118 48
21 68 127 59
22 43 113 70
23 . 73 123 50
24, 25 131
26 45
27,23 42
30 33 123 90
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(2) Location maps of outcrops and scanlines
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(3) Fracture maps of selected outcrops
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Scarborough South (Outcrop 8)
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Scarberough South (Qutcrop 9)
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(4) Scanlines
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