The University of Adelaide
Department of Geology and Geophysics

QUANTIFICATION OF EXHUMATION IN THE
COOPER-EROMANGA BASINS, AUSTRALIA

Angelos Mavromatidis

June 1997

A thesis submitted to the University of Adelaide
in fulfilment of the requirements for the degree of

Doctor of Philosophy




CONTENTS

LIST OF FIGURES
LIST OF TABLES
ABSTRACT
STATEMENT
ACKNOWLEDGEMENTS

CHAPTER 1: INTRODUCTION

1.1 Project Rationale
1.2 The Cooper-Eromanga Basins
1.3 Thesis Organization

CHAPTER 2: QUANTIFYING EXHUMATION USING THE

2.1
2.2

COMPACTION METHODOLOGY

Introduction
Porosity

2.3 Compaction of Sedimentary Rocks: The Role of Burial-Depth

2.4

2.5

2.6

2.7

2.8

Porosity Logs in Compaction Studies

2.4.1 Sonic Log

2.4.2 Seismic Check-Shot Velocities Survey and the Adjusted Sonic Log

2.4.3 Density Log

2.4.4 Neutron Log

2.4.5 Determining Porosity from the Porosity Logs

Use of Multiple Stratigraphic Units in Compaction Based Analysis of Exhumation
2.5.1 Use of Shales in Compaction-Based Analysis of Exhumation

2.5.2 Other Lithologies in Compaction-Based Analysis of Exhumation

2.5.3 Importance of Multiple Units in Compaction-Based Analysis of Exhumation
Quantifying Exhumation

2.6.1 Quantification of Apparent Exhumation

2.6.2 Apparent Exhumation, Exhumation and Maximum Burial-Depth

2.6.3 Uplift, Erosion and Exhumation

Selection of Stratigraphic Units for Compaction-Based Analysis of Exhumation
2.7.1 General Principles

2.7.2 Summary of the Units Analysed
Normal Compaction Relationships
2.8.1 General Principles

2.8.2 Normal Compaction Relations in Specific Units

(vi)
(x)
(x1)
(xiti)
(xiv)

10
11
11
13
14
15
15
16
18
18
19
23
25
25
27
28
29
29
36
39
39
47



CHAPTER 3: RESULTS OF COMPACTION-BASED

3.1
3.2

3.3

3.4

3.5
3.6
3.7
3.8
3.9

ANALYSIS OF EXHUMATION

Introduction

Comparison of Apparent Exhumation Results from Different Stratigraphic
Units in the Eromanga Basin

Comparison of Apparent Exhumation Results from Different Stratigraphic
Units in the Cooper Basin

Comparison of Apparent Exhumation Results from Different Stratigraphic
Units Between the Cooper and Eromanga Basins

Comparison of Apparent Exhumation Results from the Different Logs
Apparent Exhumation in the Eromanga Basin

Apparent Exhumation in the Cooper Basin

Comparison of Results with Other Studies

Total Exhumation of the Eromanga Basin

3.10 Maximum Burial-Depth in the Cooper-Eromanga Basins

CHAPTER 4: QUANTIFYING EXHUMATION USING

4.1
4.2

43
4.4
4.5
4.6

VITRINITE REFLECTANCE

Introduction

Vitrinite Reflectance

4.2.1 Modelling Vitrinite Reflectance

4.2.2 Limitations of Vitrinite Reflectance Analysis

Methodology of Vitrinite Reflectance Modelling in the Cooper-Eromanga Basins
Results of Vitrinite Reflectance Modelling in the Cooper-Eromanga Basins

Previous Vitrinite Reflectance Analyses in the Cooper-Eromanga Basins
Discussion

68

68

70

87
89
94
106
115
117
121

127
127
128
132
133
141
162
166



CHAPTER 5: EVIDENCE OF EXHUMATION FROM APATITE FISSION
TRACK ANALYSIS AND FLUID INCLUSION
HOMOGENIZATION TEMPERATURES

5.1 Introduction
5.2 Apatite Fission Track Analysis
5.2.1 Introduction
5.2.2 Apatite Fission Track Analysis in the Cooper-Eromanga Basins
5.2.3 Fission Track Analysis in the Eastern Eromanga Basin (Eromanga-Brisbane
Geoscience Transect) and Western Margin of the Eromanga Basin

5.3 Exhumation Estimates Using Fluid Inclusion Homogenization Temperatures
5.4 Discussion

CHAPTER 6: COMPARISON OF EXHUMATION RESULTS FROM THE
DIFFERENT METHODS AND INFERRED
BURIAL/EXHUMATION HISTORIES FOR THE
COOPER-EROMANGA BASINS

6.1 Introduction
6.2 Comparison of Exhumation Estimates
6.3 Timing of Major Periods of Exhumation in the Cooper-Eromanga Basins
6.3.1 The Daralingie and Nappamerri Unconformities
6.3.2 Late Cretaceous - Tertiary Unconformities
6.4 Burial/Exhumation History of the Cooper-Eromanga Basins
6.4.1 Sediment Decompaction
6.4.2 Porosity-Depth Relations and Sediment Decompaction in the
Cooper-Eromanga Basins
6.4.3 Discussion of Burial/Exhumation Histories

CHAPTER 7: STRUCTURAL FRAMEWORK AND TECTONIC
MECHANISMS OF UPLIFT AND EROSION

7.1 Introduction
7.2 Structural Evolution of the Cooper-Eromanga Basins
7.3 Cause of Regional Tertiary Uplift

7.3.1 Introduction

7.3.2 Tectonic Uplift Versus Exhumation

7.3.3 Mechanisms of Uplift

171
171
171
172

176
178
180

184
184
188
188
193
195
195

197
206

215
215
223
223
223
225



CHAPTER 8: IMPLICATIONS OF EXHUMATION IN THE COOPER-
EROMANGA BASINS FOR HYDROCARBON EXPLORATION

8.1 Introduction 232
8.2 Influence of Exhumation on Source Rock Maturity 232
8.3 Influence of Exhumation on Velocity/Depth Conversion 244
8.4 Influence of Exhumation on Reservoir Porosity 246
CHAPTER 9: SUMMARY AND CONCLUSIONS 249

APPENDIX A: MIDPOINT DEPTHS, MEAN LOG DATA AND
APPARENT EXHUMATION RESULTS

Table 1. Midpoint Depth and Mean Interval Transit Time Data and Apparent

Exhumation Results 257
Table 2. Midpoint Depth and Mean Adjusted Interval Transit Time Data and Apparent

Exhumation Results 266
Table 3. Midpoint Depth and Mean Bulk Density Data and Apparent

Exhumation Results 275
Table 4. Midpoint Depth and Mean Neutron Porosity Data and Apparent

Exhumation Results 284
Table 5. Midpoint Depth and Mean Log Data for Toolachee and Patchawarra

Formations Including Coals 293

APPENDIX B: PRESENT AND MAXIMUM BURIAL-DEPTHS FOR
HUTTON SANDSTONE AND PATCHAWARRA FORMATION

Table 1. Maximum Burial-Depth Results for Hutton Sandstone and
Patchawarra Formation 296

REFERENCES 299



LIST OF FIGURES

Figure 1.1. Location of the Cooper-Eromanga Basins on the Australian continent.
Figure 1.2. Geological setting of the Cooper-Eromanga Basins (after Wecker, 1989).
Figure 1.3. Diagrammatic cross section showing basin relationships (modified after
Petroleum Management Associates, 1986).
Figure 1.4. Cooper-Eromanga Basins palynostratigraphic nomenclature
(modified after Santos, 1992).
Figure 2.1. Principal mechanisms of compaction and porosity loss
(after Schneider et al., 1994).
Figure 2.2. Relationship between porosity and depth of burial for shales and
argillaceous sediments (after Rieke and Chilingarian, 1974).
Figure 2.3. Effect of depth on interval transit time (after Sarmienzo, 1961).
Figure 2.4. Mean interval transit time (itt)/midpoint depth data (after Hillis, 1992).
Figure 2.5. Theoretical basin burial/exhumation history.
Figure 2.6. Interval transit time evolution during burial, uplift and exhumation,
and post-exhumational burial (after Hillis, 1991).
Figure 2.7. Relationship between apparent exhumation, present burial-depth, maximum
burial-depth, post-exhumational burial (after Menpes and Hillis, 1995).

Figure 2.8a, b, c. Correlation of gamma ray (GR) and sonic transit time (Af) logs for

wells in the Cooper-Eromanga Basins.

Figure 2.8d. Location map for the section lines of Figures 2.8a, b, c.
Figure 2.9. Modification of tops and bases from those on operators logs.
Figure 2.10a. Normal compaction trends of shale where there was no exhumation and

where there was exhumation (modified after Magara, 1976).
Figure 2.10b. Definition of the normal compaction relationship (after Hillis, 1995a).
Figure 2.11. Depth of burial against interval velocity (after Bulat and Stoker, 1987).
Figure 2.12. Plots of sonic velocity versus depth of burial in Denmark (modified

from Japsen, 1993); and (b) in New Zealand (modified from Wells, 1990).

Figure 2.13. Determination of normal compaction trend in the different logs.
Figure 2.14. Location of wells used in compaction analysis.

Figure 2.15a, b, c. Mean sonic At/depth to unit midpoint plots.

Figure 2.16a, b, c. Mean adjusted sonic At,g;/depth to unit midpoint plots.
Figure 2.17a, b, c. Mean bulk density py, /depth to unit midpoint plots.
Figure 2.18a, b, c. Mean neutron porosity ®y/depth to unit midpoint plots.

Figure 2.19a. Mean sonic A¢/depth and mean adjusted sonic At,g;/depth to unit midpoint

plots for the Toolachee and the Patchawarra Formations including coals.

12

19
20
22
24

26

28

31
34
35

40
40
41

42
43
45

49
53
57

61

65

-V -



Figure 2.19b. Mean bulk p/depth and mean neutron @y /depth to unit midpoint plots for

the Toolachee and the Patchawarra Formations, including coals. 66
Figure 2.20. Location map of the reference wells. 67
Figure 3.1. Crossplots of apparent exhumation derived from sonic At. 72
Figure 3.2. Crossplots of apparent exhumation derived from adjusted sonic At,g;. 76
Figure 3.3. Crossplots of apparent exhumation derived from bulk py, 80
Figure 3.4. Crossplots of apparent exhumation derived from neutron @y 84

Figure 3.5. Crossplots of mean apparent exhumation from Eromanga Basin units

against mean apparent exhumation from Cooper Basin units. 88
Figure 3.6a. Comparison of exhumation results from the different logs derived from
Eromanga Basin units. 91
Figure 3.6b. Comparison of exhumation results from the different logs from Cooper
Basin units. 92
Figure 3.7. Maps of apparent exhumation based on sonic log velocity for Eromanga
Basin stratigraphic units. 97
Figure 3.8. Map of mean apparent exhumation from Eromanga Basin startigraphic units
derived from sonic log velocity. 104
Figure 3.9. Tertiary isopach map (after Rodgers et al., 1991). 105
Figure 3.10. Maps of apparent exhumation based on sonic log velocity for Cooper Basin
stratigraphic units. 108
Figure 3.11. Map of mean apparent exhumation from Cooper Basin startigraphic units
derived from sonic log velocity. 113
Figure 3.12. Map of difference between mean apparent exhumation in Cooper Basin and
Eromanga Basin. 114
Figure 3.13. Tertiary exhumation (after Rodgers et al., 1991). 116
Figure 3.14. Map of total exhumation derived from sonic log velocity in the
Eromanga Basin. 119
Figure 3.15a. Map of present burial-depth of the base of the Hutton Sandstone. 123
Figure 3.15b. Map of maximum burial-depth of the base of the Hutton Sandstone. 124
Figure 3.16a. Map of present burial-depth of the base of the Patchawarra Formation. 125

Figure 3.16b. Map of maximum burial-depth of the base of the Patchawarra Formation. 126
Figure 4.1. Vitrinite profile during burial, erosion, and reburial (after Katz et al., 1988). 130

Figure 4.2. Histograms of activation energies for kerogens (after Tissot et al., 1987). 131
Figure 4.3. Location of wells used for vitrinite reflectance modelling. 134
Figure 4.4. Geothermal gradients in Cooper-Eromanga Basins (after Pitt, 1986). 135
Figure 4.5. Summary of geothermal gradient histories in maturity modelling. 138
Figure 4.6. Plots of observed and modelled vitrinite in Geothermal History A. 143
Figure 4.7. Plots of observed and modelled vitrinite in Geothermal History B. 148

Figure 4.8. Plots of observed and modelled in Geothermal History C. 155

- Vii -



Figure 4.9. Crossplots of apparent exhumation from Eromanga Basin units against
apparent exhumation from Cooper Basin units derived from Geothermal
History A, Geothermal History B, and Geothermal History C.
Figure 4.10. Map of apparent exhumation in Eromanga Basin derived from
vitrinite reflectance.
Figure 5.1. Location map of the wells used in AFTA.
Figure 5.2. The variation of apparent fission track age and mean track length with
downhole temperature for apatites from South Australia
(after Gleadow et al., 1988) and Queensland (after Geotrack, 1988).
Figure 5.3. Locations of wells used in AFTA (Eastern and Western Eromanga Basin)
(modified after Gallagher et al., 1994).
Figure 5.4. Temperature-pressure depth relationships from aqueous inclusion data
(after Eadington et al., 1989) and (after Russell and Bone, 1989).
Figure 5.5. Thermal history interpretations using AFTA.
Figure 6.1. Comparison of apparent exhumation (in metres) from the different methods.
Figure 6.2a. Location map of the wells used in compaction analysis of the Tinchoo and
Arrabury Formations.

Figure 6.2b. Mean A#/depth to unit midpoint for Arrabury and Tinchoo Formations.

Figure 6.2c. Crossplot of apparent exhumation derived from At in Tinchoo Formation

against those from Arrabury Formation.
Figure 6.3. Summary of stratigraphy, structuring in Eromanga-Tertiary sediments
(modified after Santos, 1991).

Figure 6.4. Decompaction of the Cooper-Eromanga sequence in well Beanbush-1.
Figure 6.5. Interval transit time (At)/porosity relationships.

Figure 6.6. Porosity/mid-point depth plots.
Figure 6.7. Location of representative wells used in burial/exhumation histories.
Figure 6.8. Types of burial/exhumation histories for the Cooper-Eromanga Basins.
Figure 6.9. Burial/lexhumation histories for Battunga-1, Jackson-1 and

Tirrawarra North-1 wells.
Figure 6.10. Burial/exhumation histories for Burley-2 and Ullenbury-1 wells.
Figure 6.11. Burial/exhumation histories for the base Permian for the Beanbush-1 well.
Figure 7.1. Location map of the seismic lines.
Figure 7.2. Seismic reflection profile showing inverted structure.
Figure 7.3. Seismic reflection profile showing the wrench character of the GMI Trend.
Figure 7.4. Seismic reflection profile showing reactivation of basement structure.
Figure 7.5. Seismic reflection profile showing reverse and normal faulting.
Figure 7.6. Seismic lines over the Morney and Pepita Anticlines (after Wecker, 1989).
Figure 7.7. Stratigraphy of the eastern Australian basins (after Gallagher, 1990).
Figure 7.8. Decoupled, two-layer lithospheric compression (after Hillis, 1992).

160

161
173

174

177

179
183
187

191
192

192

194
196

200

201
205
207

210
212
214
216
217
219
220
222
223
225
227

- Vili -



Figure 7.9.

Positions of rift zones and convergent margins since the Mesozoic, and age
interval over which they were active (after Russell and Gurnis, 1994). 228

Figure 7.10. Diagram of continental tilting (after Mitrovica et al., 1989). 229

Figure 8.1.

Figure 8.2.

Figure 8.3.

Figure 8.4.

Figure 8.5.

Figure 8.6.

Burial/exhumation and maturity histories for the Jackson-1 well (a) without
allowance for exhumation, (b) with allowance for Late Cretaceous - Tertiary
exhumation and (c) with allowance for Late Cretaceous - Tertiary and Late
Triassic - Early Jurassic exhumation. 234
Burial/exhumation and maturity histories for the Tirrawarra North-1 well (a)
without allowance for exhumation, (b) with allowance for Late Cretaceous -
Tertiary exhumation and (c) with allowance for Late Cretaceous - Tertiary

and Late Triassic - Early Jurassic exhumation. 237
Burial/exhumation and maturity histories for the Burley-2 well (a) without
allowance for exhumation, (b) with allowance for Late Cretaceous - Tertiary
exhumation and (c) with allowance for Late Cretaceous - Tertiary and

maximum possible Late Triassic - Early Jurassic exhumation. 240
Velocity anomaly maps for the Mackunda Formation, Cadna-owie Formation

and Toolachee Formation (after Hillis et al., 1995). 245
Porosity of Hutton Sandstone vs (a) midpoint present burial-depth and

(b) midpoint maximum burial-depth. 247
Porosity of Toolachee Formation vs (a) midpoint present burial-depth,

(b) midpoint maximum burial-depth, derived from Eromanga Basin units,

and (¢) maximum burial-depth, derived from Cooper Basin units. 248



LIST OF TABLES

Table 2.1.
Table 2.2.
Table 2.3.
Table 2.4.
Table 3.1.

Table 3.2.

Table 3.3.

Table 3.4.

Sonic Log Data Defining Normal Compaction Relationships.

Adjusted Sonic Log Data Defining Normal Compaction Relationships.
Density Log Data Defining Normal Compaction Relationships.

Neutron Porosity Log Data Defining Normal Compaction Relationships.
Correlation Between Apparent Exhumation Results Derived from Sonic Log
from the Stratigraphic Units Analysed.

Correlation Between Apparent Exhumation Results Derived from
Adjusted Sonic Log from the Stratigraphic Units Analysed.

Correlation Between Apparent Exhumation Results Derived from Bulk
Density Log from the Stratigraphic Units Analysed.

Correlation Between Apparent Exhumation Results Derived from Neutron
Porosity Log from the Stratigraphic Units Analysed.

Table 3.5a. Correlation Between Mean Apparent Exhumation Results in Eromanga

Basin for the Different Logs Analysed.

Table 3.5b. Correlation Between Mean Apparent Exhumation Results in Cooper

Table 3.6.

Table 4.1.

Table 4.2.

Table 6.1.
Table 6.2.

Table 6.3,

Basin for the Different Logs Analysed.
Post-Exhumational Burial and Total Exhumation Results for Eromanga
Basin Units.
Present and Palaeogeothermal Gradients That Best Fit Vitrinite Reflectance
Data Assuming Geothermal History A, B, C.
Total Exhumation Values from Vitrtinite Reflectance in Previous Studies
and in This Study (Geothermal History C).
Apparent Exhumation Estimates from the Different Methods
Relationships Between Porosity and Interval Transit Time for the Units
Backstripped in the Cooper-Eromanga Basins

Porosity-Depth Parameters and Sediment Grain (Matrix) Densities Used in
Sediment Decompaction

52

56

60

75

79

83

86

93

93

120

139

163
186

199

204



ABSTRACT

Exhumation in the Cooper-Eromanga Basins of South Australia and Queensland has been
quantified using the compaction methodology. The standard method of estimating exhumation
based on the degree of overcompaction of a single shale unit has been modified, and twelve
units, predominantly shales ranging in age from Cretaceous to Permian have been analysed,
and the results from different units crossplotted. Furthermore, not only sonic log data, but also
data from the other porosity logs (density and neutron) and the adjusted sonic log have been

used to quantify exhumation. However, values from the sonic log data are considered the most

reliable.

The results of the compaction analysis reveal that Late Cretaceous - Tertiary exhumation
increases eastwards from the Patchawarra Trough, through the Gidgealpa-Merrimelia-
Innamincka Trend and Nappamerri Trough into the Queensland sector of the basins. Maxima
of approximately 1 km of Late Cretaceous - Tertiary exhumation occur north of the Jackson-
Naccowlah area and near the north-eastern boundary of South Australia in the Morney and
Curalle domes. In many wells the Permo-Triassic section of the Cooper Basin is more
overcompacted than the Mesozoic section of the overlying Eromanga Basin. In such areas
maximum burijal-depth of the Cooper Basin sequence is believed to have been attained in Late

Triassic - Early Jurassic times, prior to the deposition of the Eromanga Basin, and not to have

been subsequently re-attained.

Vitrinite reflectance data were also modelled in order to investigate exhumation in the Cooper-
Eromanga Basins. However, without independent information on the thermal history of the
area, vitrinite reflectance data cannot uniquely reveal exhumation magnitudes, because any
excess of reflectance above that consistent with current temperatures can be explored by a
combination of higher palaecogeothermal gradients and/or exhumation from greater burial-
depth. Nonetheless, vitrinite reflectance data do seem to require a relatively recent increase in
geothermal gradients in the basins, and higher geothermal gradients during the deposition of
the Cooper Basin sequence. Exhumation magnitudes indicated by such a geothermal gradient

history are largely consistent with those derived from the compaction methodology.
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Exhumation results based on apatite fission track analysis and fluid inclusion homogenization
temperatures have also been compiled and although of limited coverage, these results are also

broadly consistent with those based on compaction analysis.

Seismic reflection profiles indicate the compressive nature of the structural style associated with
the major uplift events in the Cooper-Eromanga Basins. While a number of mechanisms may
have driven regional Late Cretaceous - Tertiary exhumation, the two-layer lithospheric

compression model is considered as the most complete explanation of uplift.

The study has major implications for hydrocarbon exploration in the basins. Regarding
maturation levels, predicted maturation of source rocks will be greater for any given geothermal
history if Late Cretaceous - Tertiary exhumation is incorporated in maturation modelling.
Perhaps even more importantly, the excess of exhumation of the Cooper Basin sequence over
the Eromanga Basin sequence suggests that Cooper Basin source rocks in some areas are
unlikely to charge Eromanga Basin reservoirs because hydrocarbons would have been expelled

from these source rocks in Late Triassic - Early Jurassic times, prior to the deposition of the

Eromanga Basin.

The study has also implications for depth-conversion of seismic two-way-times because it

helps quantify the (high) velocity anomalies associated with overcompaction. Exhumation

values from this study can also be used to improve porosity predictions of reservoir units in

undrilled targets.
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