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ABSTRACT 

 

Thirty impact structures of confirmed or possible status are currently identified in 

Australia.  Twenty-two of these structures are confirmed by the presence of meteorite 

fragments or shock metamorphic features that are diagnostic of meteorite impact.  The 

remainder have an impact origin supported by strong secondary evidence.  New impact 

structures are being discovered in Australia at a rate of about one every year, with 

geophysics a key tool in the identification of candidate structures for further 

investigation.  It is estimated that between two and five times the current number of 

impact structures are yet to be discovered on the Australian continent.      

 

Past compilations of the geophysical signatures of impact structures, particularly of 

their potential field responses, have been focused on structures formed in mainly 

crystalline targets.  From these studies the expected gravity response is an overall low 

due to fracturing of the target rocks, with a local gravity high common over the centre 

of large complex structures, due to the structural uplift of denser material.  An overall 

demagnetisation of the target rocks by the high shock pressures generated by the impact 

is also expected, although central magnetic highs may also be produced by remanently 

magnetised melt or the uplift of magnetic rocks from depth.  The geophysical signatures 

of fifteen Australian impact structures are discussed, including individual case studies 

on nine structures and a detailed study of the Yallalie structure.   

 

Only one of the structures discussed here was formed in crystalline rocks, with a further 

two in mixed sedimentary / crystalline targets.  The other structures that were studied 

were formed in either Phanerozoic basins or mildly-deformed Proterozoic sedimentary 

rocks.  The potential field responses of these structures show a greater variability than 

was expected, particularly between structures that were formed in different types of 

target rock. A positive gravity response is found over four structures formed in clastic 

sedimentary rocks deposited in a Phanerozoic basin.  These anomalies are due to the 

emplacement of denser rock into the central uplift.  A decrease in density due to 

brecciation is not apparent in this target rock type.  Furthermore, it is suggested that by 

collapsing pore space and removing water, the density of wet sedimentary rocks may be 

locally increased by impact.  Circular magnetic anomalies are found outside the central 

uplift of six impact structures formed in either Phanerozoic or weakly-metamorphosed 
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Proterozoic sedimentary basins.  Four possible sources for these anomalies are 

proposed; remanently magnetised melt or suevite surrounding the central uplift, creation 

of new magnetic minerals along internal faults within the crater by post-impact 

hydrothermal fluids, deformation of a flat-lying magnetic layer within the target 

stratigraphy, and magnetic (maghemite, heavy minerals) minerals concentrated within 

the post-impact crater fill.   

 

It is not possible to definitively identify an impact crater from geophysical evidence 

alone.  Consequently, candidate structures selected from geophysical data, even those as 

strongly supported as Silverpit, should not be given equal status to structures that have 

been proven beyond doubt by diagnostic geological criteria.  However, it is proposed 

that structures that possess several pieces of secondary evidence, such as circular shape, 

interpretation of characteristic geophysical features and crater morphometry, be 

reclassified as “provisional” impact structures and be given a status that is between 

“possible” and “probable”. 

 

A global compilation of the natural resources known to be associated with impact 

structures has been undertaken.  Where possible, an economic value is calculated for the 

total definable resource for each structure.  The prospectivity of impact structures for 

petroleum, mineral or water resources is reconfirmed by this work.  Almost 20% of all 

known terrestrial impact structures are associated with some form of resource that is, or 

has been, exploited.  The most numerous, and generally most valuable, of these 

resources are hydrocarbon accumulations stored in structural traps or brecciated rocks 

within, or around, the structure.  The structural displacements resulting from crater 

formation can expose from beneath cover, or preserve from erosion, a pre-existing, or 

progenetic, mineral deposit.  While the massive base-metal deposits of the Sudbury 

Mining Camp are perhaps the most famous of all impact-related economic resources, 

they require the preservation of the melt sheet formed by a very large (>150 km 

diameter) impact structure.  The Sudbury mineralisation is probably unique on the 

Earth, but may be a valid target for metal exploration on other planets.  Other types of 

natural resource include surface or ground water, deposits of chemical or organic-rich 

sedimentary material, hydrothermal ores and industrial diamonds.  
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Tookoonooka is considered to be the most prospective Australian impact structure, with 

potential for oil traps to be located in the terraces or rim of the structure, or within the 

surrounding “canyon-like” features that are interpreted as resurge channels.  The world-

class Century Zn-Pb deposit is located on the crater rim of the Lawn Hill structure.  This 

deposit is interpreted to represent only part of the original area of mineralisation, with 

the potential for more to be found preserved in rotated blocks within the terraces of the 

structure.  A second rank of prospectivity is assigned to the following structures; 

Shoemaker which is located in an area of known base-metal, iron and gold occurrences 

and is prospective for progenetic or hydrothermal deposits, Mulkarra which has been 

inadequately tested for its hydrocarbon potential, and Yallalie which is considered a 

target for both hydrocarbons and ground water.   

 



 iv 

ACKNOWLEDGEMENTS 

 

My supervisors, A/Prof. Mike Dentith and Dr Alex Bevan of the Western Australian 

Museum, are thanked for getting the project started and providing continued reviews 

and support.  Dr Franco Pirajno of the Geological Survey of Western Australia is 

thanked for the in-kind support allowing the field research to be conducted at the 

Shoemaker structure.  My family is thanked for not getting too upset with the many late 

nights and long weekends working on this project. 

 

A special mention must be made to the individuals and organisations that have made 

available the data that is presented here.  While the source of my data has been 

acknowledged throughout the thesis, the generosity of the following individuals and 

organisations is gratefully appreciated: 

 

Geoscience Australia 

Department of Primary Industry and Resources, South Australia (PIRSA) 

Geological Survey of Western Australia 

Northern Territory Geological Survey 

Jeff Plescia, US Geological Survey 

Terry Barr, Ausam Exploration 

Rio Tinto Exploration Pty Ltd 

 

This project was funded by a small grant from the Australian Society of Geophysicists 

Research Fund (ASEG-RF).



 v 

TABLE OF CONTENTS 

1. STUDIES OF THE IMPACT CRATERING RECORD................................... 1 
1.1  Global distribution of impact craters................................................................... 3 

1.2  Estimates of the impact cratering rate ................................................................. 8 

1.3  Thesis outline................................................................................................... 10 

1.4  List of Publications .......................................................................................... 11 

2.  GEOLOGICAL AND GEOPHYSICAL CHARACTERISTICS OF IMPACT 

STRUCTURES ......................................................................................................... 13 
2.1  Crater morphology ........................................................................................... 16 

2.1.1  Simple craters............................................................................................ 16 

2.1.2  Complex craters ........................................................................................ 18 

2.1.3  Multi-ring basins ....................................................................................... 23 

2.1.4  Post-impact modification ........................................................................... 24 

2.2  Crater forming process ..................................................................................... 26 

2.2.1  Contact and compression stage ................................................................. 28 

2.2.2  Excavation stage ....................................................................................... 30 

2.2.3  Modification stage ..................................................................................... 31 

2.3  Low-angle impacts ........................................................................................... 34 

2.4  Crater morphometry ......................................................................................... 36 

2.5  Diagnostic geological features.......................................................................... 39 

2.6  Geophysical signatures of impact structures ..................................................... 46 

2.6.1  Seismic signatures ..................................................................................... 47 

2.6.2  Gravity signatures ..................................................................................... 51 

2.6.3  Magnetic signatures .................................................................................. 54 

2.6.4  Electrical signatures.................................................................................. 59 

2.6.5  Ground penetrating radar ......................................................................... 62 

2.7  Chapter summary ............................................................................................. 62 

3.  RESOURCE POTENTIAL OF IMPACT STRUCTURES................................ 65 
3.1  Progenetic deposits........................................................................................... 67 

3.2  Syngenetic deposits .......................................................................................... 73 

3.2.1  Crustal melting.......................................................................................... 73 

3.2.2  Phase transition......................................................................................... 79 

3.3  Epigenetic deposits........................................................................................... 82 

3.3.1  Hydrothermal systems ............................................................................... 82 

3.3.2  Hydrocarbons............................................................................................ 85 

3.3.3  Sedimentary deposits ................................................................................. 93 

3.3.4  Water resources......................................................................................... 94 

3.4  Discussion and Summary ................................................................................. 96 

4.  GEOPHYSICAL SIGNATURES OF AUSTRALIAN IMPACT CRATERS . 100 
4.1  Acraman, South Australia............................................................................... 104 

4.1.1  Location and size..................................................................................... 104 

4.1.2  Previous work.......................................................................................... 108 

4.1.3  Geology ................................................................................................... 110 

4.1.4  Age .......................................................................................................... 114 

4.1.5  Geophysics .............................................................................................. 115 

4.2  Connolly Basin, Western Australia................................................................. 119 

4.2.1  Location and size..................................................................................... 119 

4.2.2  Previous work.......................................................................................... 119 



 vi 

4.2.3  Geology ................................................................................................... 120 

4.2. 4  Age ......................................................................................................... 124 

4.2.5  Geophysics .............................................................................................. 124 

4.3  Foelsche, Northern Territory .......................................................................... 129 

4.3.1  Location and size..................................................................................... 129 

4.3.2  Previous work.......................................................................................... 130 

4.3.3  Geology ................................................................................................... 130 

4.3.4  Age .......................................................................................................... 134 

4.3.5  Geophysics .............................................................................................. 135 

4.4  Kelly West, Northern Territory....................................................................... 140 

4.4.1  Location and size..................................................................................... 140 

4.4.2  Previous work.......................................................................................... 141 

4.4.3  Geology ................................................................................................... 141 

4.4.4  Age .......................................................................................................... 144 

4.4.5  Geophysics .............................................................................................. 144 

4.5  Mulkarra, South Australia .............................................................................. 148 

4.5.1  Location and Size .................................................................................... 148 

4.5.2  Previous work.......................................................................................... 151 

4.5.3  Geology ................................................................................................... 151 

4.5.4  Age .......................................................................................................... 155 

4.5.5  Geophysics .............................................................................................. 155 

4.6  Shoemaker, Western Australia ....................................................................... 160 

4.6.1  Location and Size .................................................................................... 160 

4.6.2  Previous work.......................................................................................... 162 

4.6.3  Geology ................................................................................................... 163 

4.6.4  Age .......................................................................................................... 166 

4.6.5  Geophysics .............................................................................................. 166 

4.6.6  Inverse modelling of geophysical data ..................................................... 172 

4.7  Strangways, Northern Territory ...................................................................... 176 

4.7.1  Location and Size .................................................................................... 176 

4.7.2  Previous work.......................................................................................... 178 

4.7.3  Geology ................................................................................................... 180 

4.7.4  Age .......................................................................................................... 183 

4.7.5  Geophysics .............................................................................................. 183 

4.8  Wolfe Creek, Western Australia ..................................................................... 186 

4.8.1  Location and Size .................................................................................... 186 

4.8.2  Previous work.......................................................................................... 186 

4.8.3  Geology ................................................................................................... 189 

4.8.4  Age .......................................................................................................... 191 

4.8.5  Geophysics .............................................................................................. 192 

4.8.6  Forward modelling of geophysical data................................................... 195 

5.  GEOPHYSICAL SIGNATURES OF THE YALLALIE STRUCTURE......... 199 
5.1  Location and size ........................................................................................... 199 

5.2  Past work ....................................................................................................... 202 

5.3  Geology ......................................................................................................... 204 

5.3.1  Geology of the Mungedar breccia............................................................ 212 

5.4  Age ................................................................................................................ 215 

5.5  Topographic analysis...................................................................................... 217 

5.6  Geophysics..................................................................................................... 221 

5.6.1  Petrophysics ............................................................................................ 221 



 vii 

5.6.2  Seismic .................................................................................................... 223 

5.6.3  Magnetics and radiometrics .................................................................... 231 

5.6.4  Gravity .................................................................................................... 235 

5.7  Geophysical modelling and interpretation....................................................... 243 

5.7.1  Gravity modelling.................................................................................... 243 

5.7.2  Magnetic modelling ................................................................................. 246 

6.  DISCUSSION..................................................................................................... 256 
6.1  Geophysical signatures of Australian meteorite impact structures................... 256 

6.1.1  Seismic signatures ................................................................................... 256 

6.1.2  Gravity signatures ................................................................................... 261 

6.1.3  Magnetic signatures ................................................................................ 264 

6.1.4  Should we be able to identify impact craters from geophysical data alone?

......................................................................................................................... 268 

6.2  Exploration potential of Australia’s known impact structures ......................... 271 

6.2.1  Hydrocarbons.......................................................................................... 272 

6.2.2  Progenetic deposits ................................................................................. 277 

6.2.3  Water and sedimentary deposits .............................................................. 279 

6.2.4  Impact diamonds ..................................................................................... 280 

6.2.5  Hydrothermal processes .......................................................................... 281 

7.  CONCLUSIONS ................................................................................................ 282 

8.  REFERENCES................................................................................................... 287 

 

 

LIST OF APPENDICES 

Appendix 1:  Database of global impact structures, possible structures and speculative 

sites. 

Appendix 2:  Selected publications. 

Appendix 3:  Geological and wireline logs for stratigraphic wells near the Yallalie 

structure. 

Appendix 4:  Interpreted seismic sections from the Yallalie structure. 



 viii 

LIST OF FIGURES 

 
Figure 1.1:  Global distribution of known impact structures and likely candidates which 

lack the key diagnostic criteria .............................................................................. 5 

Figure 1.2:  Distribution of a) ages of the terrestrial structures and, b) sizes of estimated 

crater diameter ...................................................................................................... 7 

Figure 2.3  Schematic cross-section of a simple impact crater (after Grieve, 1987)...... 17 

Figure 2.4  Schematic cross-section through a central-peak complex impact structure 

(modified from Grieve, 1987).............................................................................. 17 

Figure 2.5:  Schematic cross-section through a peak-ring complex impact structure 

(modified from Pösges and Schieber, 1997) ........................................................ 20 

Figure 2.6:  Schematic cross-section through a multi-ring impact basin (modified from 

Melosh, 1989; Hartman and Wood, 1971) ........................................................... 20 

Figure 2.7  Examples of impact craters of different type (images courtesy NASA / LPI)

........................................................................................................................... 22 

Figure 2.8  Crater type classification for 56 terrestrial impact structures showing the 

transition from simple to central-peak and central-peak to peak-ring ................... 22 

Figure 2.9  Schematic section of a simple crater showing erosion level classification 

(modified from Grieve and Pilkington, 1996) ...................................................... 25 

Figure 2.10  Progressive development of a simple impact crater (after French, 1998).. 27 

Figure 2.11:  Schematic illustration showing the decay of peak pressure within the 

shockfront generated during the contact and compression stage (after French, 

1998)................................................................................................................... 29 

Figure 2.12:  Cross section through a theoretical transient cavity showing the modes of 

excavation flow (after French, 1998) ................................................................... 29 

Figure 2.13:  Formation of the different crater types during the modification stage with 

increasing crater size (after Melosh, 1989) .......................................................... 32 

Figure 2.14:  Map of central Europe showing the relationship of the Ries and Steinheim 

craters to the Moldavite strewn field (after Stöffler et al., 2002) .......................... 35 

Figure 2.15:  Image of the elliptical Lunar crater Schiller created by a low-angle impact 

(courtesy Ole Nielsen)......................................................................................... 35 

Figure 2.16:  Morphometric parameters of simple and complex impact craters............ 37 

Figure 2.17:  Relationship between central uplift diameter and rim diameter for 47 

terrestrial impact craters ...................................................................................... 40 

Figure 2.18  Pressure-temperature diagram showing the fields for the formation of 

various shock metamorphic features (after French, 1998) .................................... 40 

Figure 2.19:  Schematic section through a complex impact structure showing isobars of 

typical shock pressures and the locations of diagnostic shock features (modified 

from Grieve and Pilkington, 1996; French, 1998)................................................ 42 

Figure 2.20: Seismic profile through the Mjølnir structure showing the interpretation of 

the main structural features of the crater (modified from Tsikalas et al., 1999) .... 48 

Figure 2.21:  Seismic section through the Yallalie structure showing a return to coherent 

reflectors below the zone of high disturbance in the central uplift (after Dentith et 

al., 1999)............................................................................................................. 48 

Figure 2.22:  Refraction and reflection sections produced from a seismic line over the 

Haughton structure (after Scott and Hajnal, 1988) ............................................... 50 

Figure 2.23:  Perspective view of combined land and shipborne gravity surveys over the 

170 km diameter Chicxulub crater (image courtesy of the Lunar and Planetary 

Institute).............................................................................................................. 52 



 ix 

Figure 2.24:  2.5D density model to fit an east-west gravity traverse across the centre of 

the Chicxulub crater (after Pilkington and Hildebrand, 1994) .............................. 52 

Figure 2.25:  Plot showing the increase in the amplitude of the maximum negative 

gravity anomaly with crater diameter (after Pilkington and Grieve, 1992) ........... 55 

Figure 2.26:  Typical magnetic anomalies associated with impact craters (after 

Pilkington and Grieve, 1992)............................................................................... 55 

Figure 2.27:  Geophysical signatures of the Mjølnir including the envelope and typical 

profile of the residual magnetic anomaly (after Tsikalas et al., 1998)................... 58 

Figure 2.28:  Apparent resistivity section of the Ries crater calculated from vertical 

electrical soundings (after Blohm et al., 1977)..................................................... 58 

Figure 2.29:  Frequency domain EM surveys over the Saarjarvi and Karikkoselkä 

impact craters (after Pesonen et al., 1998;1999)................................................... 61 

Figure 2.30:  Inverted conductivity depth model from a fixed loop UTEM profile across 

the southern half of the Sudbury structure (after Boerner et al., 2000) ................. 61 

Figure 3.1  Global distribution of progenetic deposits associated with impact structures

........................................................................................................................... 68 

Figure 3.2  Proterozoic geology of the Witswatersrand Basin showing major gold 

mining areas and interpreted features of the Vredefort structure (adapted from 

Therriault et al., 997; Henkel and Reimold, 1998) ............................................... 70 

Figure 3.3  Global distribution of syngenetic deposits associated with impact structures

........................................................................................................................... 74 

Figure 3.4  Simplified geology of the Sudbury Mining Camp showing deposit locations 

(modified from Wallbridge Mining, 2002) .......................................................... 77 

Figure 3.5  Images of impact diamonds (courtesy Rob Hough; from Masiatis et al., 

1997b)................................................................................................................. 77 

Figure 3.6:  Global distribution of epigenetic deposits associated with impact structures

........................................................................................................................... 83 

Figure 3.7:  Plan showing the relationship between the Bay of Campeche oilfields and 

the distribution of Ctreaceous-Tertiary boundary carbonate breccia (modifed from 

Grajales-Nishimura, 2000) .................................................................................. 89 

Figure 3.8:  Plan and section views through petroleum producing impact craters 

(compiled from several sources).......................................................................... 91 

Figure 3.9:  Geological cross section of the oil-shale bearing Boltysh crater (after Grieve 

and Masaitis, 1994) ............................................................................................. 95 

Figure 3.10: Space shuttle image of the Manicouagan structure showing the locations of 

the Manic-5 and Manic-5A hydroelectric power stations (image courtesy NASA)

........................................................................................................................... 95 

Figure 4.1:  Distribution of impact structures and features suspected to be of impact 

origin on a simplified tectonic map of Australia ................................................ 102 

Figure 4.2:  Sizes of Australian impact structures...................................................... 104 

Figure 4.3:  Ages of Australian impact structures overlain on the target geology....... 104 

Figure 4.4:  Simplified tectonic map of South Australia showing the location of the 

Acraman structure and occurrences of Acraman ejecta (after Schmidt and 

Williams, 1996; Williams et al., 1996) .............................................................. 106 

Figure 4.5:  Landsat visible spectrum image over the Acraman structure showing 

various circular trends ....................................................................................... 109 

Figure 4.6: Summary geology and stratigraphy of the Acraman impact structure 

(compiled from Blissett, 1985; Blissett et al., 1988; Rankin and Flint, 1991). .... 111 

Figure 4.7:  Images of geophysical data over the Acraman structure ......................... 117 



 x 

Figure 4.8:  RGB image of space-borne synthetic aperture radar data draped on 

topography of the Connolly Basin structure....................................................... 121 

Figure 4.9:  Summary geology and stratigraphy of the Connolly Basin structure 

(modified from Shoemaker and Shoemaker, 1989) ............................................ 123 

Figure 4.10:  Seismic section and interpretation of line 81-5 across the Connolly Basin 

structure. ........................................................................................................... 125 

Figure 4.11:  North-south and east-west profiles of topography, gravity, ground 

magnetic and seismic data across the Connolly Basin structure ......................... 128 

Figure 4.12:  Regional aeromagnetic image showing the circular magnetic features 

identified as the Foelsche and Barramundi structures......................................... 131 

Figure 4.13:  Summary geology and stratigraphy of the Foelsche impact structure (after 

Rawlings, 2002; Haines and Rawlings, 2002).................................................... 133 

Figure 4.14:  Images of geophysical data over the Foelsche impact structure............. 136 

Figure 4.15:  Cross sections and depth slices through the magnetic susceptibility model 

created by inversion of magnetic data over the Foelsche structure ..................... 138 

Figure 4.16:  Comparison of a schematic cross section through the Foelsche structure 

(after Haines and Rawlings, 2002) with the inversion magnetic susceptibility 

model. ............................................................................................................... 139 

Figure 4.17:  Summary geology and stratigraphy of the Kelly West astrobleme (after 

Shoemaker and Shoemaker, 1996; Donnellan, 1998). ........................................ 142 

Figure 4.18:  Images of geophysical data over the Kelly West structure. ................... 146 

Figure 4.19:  Location, petroleum wells, seismic line coverage and generalised 

stratigraphy of the area near the Mulkarra structure. .......................................... 149 

Figure 4.20:  Seismic section and interpretation of 85-ZKM, which crosses the centre of 

the Mulkarra structure ....................................................................................... 150 

Figure 4.21:  Seismic section and interpretation of line SRC92-03, along which was 

drilled wildcat petroleum exploration well Crater 1, Mulkarra structure ............ 154 

Figure 4.22:  Images of geophysical data over the Mulkarra structure. ...................... 157 

Figure 4.23:  Forward model of gravity data over the Mulkarra structure. ................. 159 

Figure 4.24:  RGB image of Landsat principal components 1,2,3 draped on a 

topographic model of the Shoemaker structure (after Pirajno, 2002).................. 161 

Figure 4.25:  Summary geology and stratigraphy of the Shoemaker impact structure 

(after Pirajno, 2002). ......................................................................................... 164 

Figure 4.26:  Images of geophysical data over the Shoemaker impact structure ......... 168 

Figure 4.27:  RGB image of Landsat channels 3,2,1 draped on a topographic model of 

the Shoemaker structure showing gravity survey coverage and base station 

locations............................................................................................................ 170 

Figure 4.28:  Depth slices and sections through the magnetic susceptibility model 

created by inversion of the magnetic data over the Shoemaker impact structure 173 

Figure 4.29:  Depth slices and sections through the density model created by inversion 

of the gravity data over the Shoemaker impact structure.................................... 175 

Figure 4.30:  Geologic interpretation of the magnetic and gravity inversion models 

across a northwest section through the Shoemaker structure .............................. 177 

Figure 4.31:  Landsat image of the Strangways crater draped on a topographic model 

created from satellite radar data (courtesy of Heiko Zumsprekel) ...................... 179 

Figure 4.32:  Summary geology and stratigraphy of the Strangways structure (after 

Dunn, 1963; Shoemaker and Shoemaker, 1996). ............................................... 181 

Figure 4.33:  Images and simplified interpretation of geophysical data over the 

Strangways structure. ........................................................................................ 185 



 xi 

Figure 4.34:  Landsat 741 image draped over a topographic model of the Wolfe Creek 

Crater................................................................................................................ 188 

Figure 4.35:  Quartz grain bearing planar features (PFs), possibly representing weakly 

shocked ejecta from the Wolfe Creek Crater (photo courtesy of Franco Pirajno) 188 

Figure 4.36:  Aerial photograph of the Wolfe Creek Crater with a simplified geological 

interpretation (adapted from McCall, 1965; Bevan and McNamara, 1993). ....... 190 

Figure 4.37:  Geophysical images of the Wolfe Creek Crater .................................... 193 

Figure 4.38:  Interpretation of the internal structure of the Wolfe Creek Crater based on 

forward modelling of magnetic and gravity data................................................ 196 

Figure 5.1:  Regional topographic map of the Yallalie area showing the location of the 

structure and other key features ......................................................................... 200 

Figure 5.2:  “Natural colour” satellite image of the Yallalie structure draped on 

topography........................................................................................................ 201 

Figure 5.3:  Simplified interpretation of seismic line A88-127 .................................. 201 

Figure 5.4:  Generalised stratigraphic column for Jurassic and younger rocks of the 

Dandaragan Trough of the Perth Basin (adapted from Economo, 1991; Crostella, 

1995; Mory and Iasky, 1996; Dentith et al., 1999)............................................. 206 

Figure 5.5:  Surface geology of the Yallalie structure and surrounding areas (modified 

from Carter and Lipple, 1982) ........................................................................... 208 

Figure 5.6:  Stratigraphic correlation across the Yallalie structure to nearby petroleum 

wells ................................................................................................................. 211 

Figure 5.7:  Photos of the Mungedar breccia. (Photos (a), (b) and (d) courtesy of Alex 

Bevan) .............................................................................................................. 213 

Figure 5.8:  Image of the 18 km diameter Martian crater, Yuty (NASA Viking Orbiter)

......................................................................................................................... 213 

Figure 5.9:  Airborne photograph of the Mungedar area draped over a 3D terrain model

......................................................................................................................... 216 

Figure 5.10:  Schematic north-south section through the Mungedar breccia .............. 216 

Figure 5.11:  Images of the high resolution digital elevation model over the Yallalie 

structure and surrounding areas ......................................................................... 218 

Figure 5.12:  3D perspective view of the digital elevation model showing curvilinear 

topographic features outside the crater rim of the Yallalie structure................... 220 

Figure 5.13:  Comparison of compensated sonic logs from petroleum wells within the 

Yallalie structure............................................................................................... 222 

Figure 5.14:  Locations of 2D seismic lines over the Yallalie structure and surrounding 

area ................................................................................................................... 224 

Figure 5.15:  Greyscale image and interpretation of seismic line A88-127 across the 

centre of the Yallalie structure.  A colour section shows the distribution of stacking 

velocities calculated from common mid-point analysis...................................... 226 

Figure 5.16:  Seismic traverse location map showing the line-to-line correlation of the 

major structural features within the Yallalie structure........................................ 229 

Figure 5.17:  3D perspective view of two-way time surfaces of the Carnac Member and 

mid-Yarragadee Formation seismic markers...................................................... 229 

Figure 5.18:   Two-way time seismic section with interpretation and stacking velocity 

section used to produce the approximate depth corrected, interpreted geology 

section............................................................................................................... 230 

Figure 5.19:  Images of magnetic data from the airborne geophysical survey over 

Yallalie ............................................................................................................. 232 

Figure 5.20:  Structural interpretation from seismic data overlain on a greyscale image 

of the polynomial residual of the magnetic data................................................. 234 



 xii

Figure 5.21:  Ternary image of radiometric data over the Yallalie structure............... 234 

Figure 5.22:  Gravity data compilation covering the Yallalie structure ...................... 236 

Figure 5.23:  Images of gravity data over the Yallalie structure showing the results of 

different methods of residual separation filtering............................................... 240 

Figure 5.24:  Bouguer Anomaly and residual gravity profiles across the Dandaragan 

Trough.  Dotted lines show the positions of the crater rim and central uplift of the 

Yallalie structure............................................................................................... 242 

Figure 5.25:  Simple forward model of the regional gravity field for an east-west profile 

across the Dandaragan Trough through the Yallalie structure ............................ 242 

Figure 5.26:  Forward model of the residual gravity response along seismic line A88-

127 constrained by the geological interpretation of seismic data and average 

formational densities from wireline logging ...................................................... 245 

Figure 5.27:  East-west and north-south profiles of residual gravity data showing the 

geometry of the modelled source of the gravity anomalies over the Yallalie 

structure ............................................................................................................ 245 

Figure 5.28:  Forward models of the expected response due to the magnetic units 

intersected in wells Yallallie 1 and 2 compared against a profile of the residual 

magnetic field along seismic line A88-127 ........................................................ 247 

Figure 5.29:  Radial power spectrum calculated from the TMI grid showing the 

magnetic source depths predicted by spectral analysis ....................................... 247 

Figure 5.30:  Image results of differential upward continuation and edge enhancement 

of the magnetic data to show the separation of shallow, intermediate and deep 

magnetic sources. .............................................................................................. 249 

Figure 5.31:  Automated depth-to-top solutions for magnetic sources generated by the 

HGM methods and Euler deconvolution............................................................ 249 

Figure 5.32:  Depth slices and sections through the 3D susceptibility inversion model to 

fit the magnetic data over the Yallalie structure ................................................. 252 

Figure 5.33:  Comparison of geophysical models on seismic line A88-127 ............... 254 

Figure 5.34:  Conceptual geological model of the Yallalie structure showing the 

locations of possible magnetic sources .............................................................. 254 

Figure 6.1:  Residual Bouguer gravity profiles across Australian impact structures ... 262 

Figure 6.2:  Residual Bouguer gravity profiles across Australian impact structures 

(continued)........................................................................................................ 263 

Figure 6.3:  Residual magnetic profiles across Australian impact structures .............. 265 

Figure 6.4:  Residual magnetic profiles across Australian impact structures (continued)

......................................................................................................................... 266 

Figure 6.5:  Residual magnetic images or profiles over impact structures displaying 

circular magnetic anomalies .............................................................................. 269 

Figure 6.6:  Processes for producing circular magnetic anomalies in impact structures

......................................................................................................................... 269 

Figure 6.7:  Exploration potential of Australian impact structures ............................. 273 

Figure 6.8:  Map of the Tookoonooka area showing the distribution of “canyon-like” 

features surrounding the impact structure and nearby oilfields (after Longley, 

1989)................................................................................................................. 275 

Figure 6.9:  Geology of the Lawn Hill structure showing the spatial relationship to the 

Century Zn-Pb deposit and nearby fault-hosted lodes (modified from Sweet and 

Hutton, 1982).................................................................................................... 278 

 
 



 xiii

LIST OF TABLES 
 

Table 1.1:  Crater count and surface density for the seven countries with the greatest 

number of discovered craters................................................................................. 7 

Table 2.1:  Comparison of potential energy contained within explosive material with the 

energy density stored in a projectile travelling at different velocities (after Mark, 

1987)................................................................................................................... 15 

Table 2.2:  Morphometric relationships of simple and complex impact craters ............ 37 

Table 3.1:  Summary of economic resources associated with impact structures ........... 66 

Table 3.2:  Hydrocarbon resources associated with impact structures formed in North 

American sedimentary basins (modified from Donofrio, 1998) ........................... 86 

Table 4.1:  Catalogue of Australian impact craters and astroblemes, and circular 

structures suspected to be of an impact origin.................................................... 101 

Table 5.1:  Summary of density measurements for Perth Basin stratigraphy from 

available wireline logs....................................................................................... 222 

Table 6.1:  Summary of the geophysical characteristics of Australian meteorite impact 

structures........................................................................................................... 257 

Table 6.2:  Seismic coverage and interpreted features for proven and possible impact 

structures, and sites speculated from the interpretation of seismic data .............. 260 

Table 6.3:  Hydrocarbon exploration potential of Australian impact structures formed in 

petroleum producing basins............................................................................... 275 

Table 6.4:  Exploration potential of Australian impact structures for progenetic mineral 

deposits............................................................................................................. 278 

 



 1 

1. STUDIES OF THE IMPACT CRATERING RECORD 

 

The study of meteorite impact craters is a relatively new branch of the Earth sciences.  

While the beginnings of modern geology can be traced as far back as the early-19
th

 

century to the famous 1815 geological map of England by surveyor and amateur 

geologist William Smith, the wider scientific community staunchly refuted the notion 

that meteorite impacts could produce large craters until the mid-20
th

 century.  While 

astronomers have noted craters on the surface of the Earth’s planetary neighbours for 

centuries, the origin of these structures had been debated just as long.  For many 

scientists, a long passed age of volcanism was considered the most likely cause of the 

craters on these otherwise geologically inactive worlds.  Explosive volcanic events were 

also considered the cause of large craters on the Earth, possibly triggered by the rapid 

build up of pressure through de-gassing of volatiles in the rock associated with an 

intrusion.  Where no direct evidence for volcanic activity was present at the surface, 

such structures were simply described as being “crypto-volcanic”.  

 

There were several key points of resistance that prevented scientists from embracing 

impact cratering as a common geological process.  While it had been accepted that 

meteoritic material did occasionally penetrate the atmosphere and fall to the surface of 

the Earth since the 1800s, these were associated with very small and geologically short-

lived craters (French, 1998, p.1).  This was consistent with a view that meteorites 

landing on the Earth would behave as purely ballistic objects and would interact with 

the target in a similar fashion to a cannon ball.  Thus, it was argued that most impact 

craters should have an oblique shape, as only a small percentage of meteorites would 

strike at an incident trajectory close to 90º, while most craters observed on the Moon 

and other planets were circular suggesting a volcanic origin.  This argument was later 

proven to be incorrect.  The mechanism by which circular impact structures are 

produced was poorly understood until the testing of large-scale surface explosions, 

which are more akin to large meteorite impacts, by high-yield conventional and nuclear 

weapons during World War II and the later Cold War. 

 

An association between meteorite impact and a large terrestrial crater was first proposed 

in 1906 (Barringer, 1906), when common occurrences of meteoritic iron was linked 

with a 1.2 km diameter cavity surrounded by a raised rim, locally known as Coon 
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Mountain, by engineer D. M. Barringer.  Barringer’s mining company spent a small 

fortune, but failed to find the massive iron body he believed was responsible for 

producing the crater.  However, his work provided evidence of intense shock effects 

that could not have been produced by volcanic activity, which convinced many 

geologists that the crater was produced by meteorite impact.  However, it was not until 

1960 that a model for the physical process by which the crater was formed was first 

published by E. M. Shoemaker, considered by many the father of modern impact crater 

research, after comparison with the craters formed by underground nuclear tests.  An 

excellent overview of this and other early developments in impact crater research is 

given in Melosh (1989; chapter 1).  

 

Impact craters were initially only recognised by their association with meteorite 

material and by comparison to Barringer’s Meteor Crater in Arizona, biasing the 

cratering record to relative small and young impact events.  Early discoveries include 

the 168 m diameter Odessa, Texas (Barringer, 1929); 110 m diameter Kaalijarvi, 

Estonia (1927); the Henbury crater field, Northern Territory, with the largest pit 130 m 

diameter (Alderman, 1932); 170 m diameter Boxhole, Northern Territiory (Madigan, 

1937); and the 880 m diameter Wolfe Creek Crater, Western Australia (Reeves and 

Chalmers, 1948).  During the first half of the 20th century, several larger structures, 

which were known later to be of impact origin, were dismissed as being “crypto-

volcanic” (Melosh, 1989).   

 

The recognition of geological criteria other than meteoritic material allowed positive 

confirmation of the impact origin of larger and older craters.  Large striated “shatter 

cones” that can only be produced by the high pressure shockwaves generated by a 

meteorite impact were first identified at the Kentland structure (Dietz, 1947).  The 

presence of shatter cones led to the reinterpretation of other “crypto-volcanic” structures 

as “astroblemes”, the eroded scars of impact craters.  Other geological criteria for the 

recognition of astroblemes, such as the high-pressure phases of quartz (coesite and 

stishovite), diapletic glass and planar deformations in shocked quartz, were developed 

(Dence, 1972); providing the means for the recognition of many more impact structures.  

 

Detailed programs to identify and study impact craters, led by workers from the 

Geological Survey of Canada (GSC), the United States Geological Survey (USGS) and 
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several European institutions, were first undertaken in the 1960 and 1970s.  By the early 

1980s, about 100 structures that met the geological criteria for recognition of an impact 

crater had been catalogued (Grieve, 1982).  This number grew to 130 over the next 

decade (Grieve, 1991).  Eventually, this work led to summary papers generalising the 

geophysical signatures observed over known meteorite craters and astroblemes 

(Pilkington and Grieve, 1992; Henkel, 1992; Grieve and Pilkington, 1996) and the 

likely modification of these responses with time due to erosion (Plado et al., 1999).   

 

The discovery of shatter cones in the Sudbury Mining Camp by Dietz (1964) eventually 

led to a general acceptance of the direct relationship between a massive meteorite 

impact and one of the world’s largest mineralisation systems.  Today, it is recognized 

that approximately 25% of the world’s impact structures are related to some form of 

natural resource, and over half of these have been commercially exploited (Grieve and 

Masiatis, 1994). 

 

New impact structures have been discovered at an average rate of three to four per year 

for the last thirty years.  Some recent additions to the cratering record from Australia 

include Woodleigh (Mory et al., 2000); Foelsche (Haines and Rawlings, 2002) and 

Yarrabubba (MacDonald et al., 2003).  Many new discoveries are the result of analysis 

of satellite and other remote sensing data, and modern geophysical surveys.  While it 

must be acknowledged that, on their own, these tools do not provide diagnostic 

evidence of meteorite impact, they are invaluable in the initial identification and 

geometric analysis of candidate sites.  

 

1.1  Global distribution of impact craters 

 

Semi-official catalogues of the terrestrial impact crater record may be found on the 

internet, such as those maintained by the University of New Brunswick (who manage 

the former Geological Survey of Canada database) and the Global Impact Studies 

Project (GISP).  These are supported by periodic publications in literature of global 

(Grieve, 1982; Grieve, 1991; Grieve, 2001) and regional (Henkel and Pesonen, 1992; 

Koeberl and Anderson, 1996; Glikson, 1996) catalogues of impact structures.  Recent 

additions to the impact crater record are most commonly found in abstract submissions 

to conferences hosted by the Lunar and Planetary Institute and the Meteoritical Society.   
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A catalogue, combining these sources of information with more detailed papers on 

individual structures, has been compiled as part of this research project and is included 

as Appendix 1.  In this database I have attempted to provide additional information not 

usually captured, such as diagnostic criteria, target type, level of erosion and 

morphometric parameters.  The current database shows 173 structures (fields of small 

craters, such as Henbury, are considered here to be one site) worldwide which are 

considered to be of impact origin.  The locations of these structures are shown in Figure 

1.1.  A further 10 structures, with convincing geological or geophysical evidence to 

suggest impact, but lacking key diagnostic features, are also shown.  While not 

discussed further in this work, there are also more than 20 impact events recorded as 

ejecta (fallout, spherule layers) in the sedimentary record, only some of which can be 

related to known craters (Grieve, 2001). 

 

The geographical distribution of known craters is summarised in Table 1.1.  The record 

is heavily biased towards the well-explored continental areas of Australia, North 

America and Europe, with an order of magnitude lower density of craters found in the 

largely developing continents of Africa, Asia and South America and none in 

Antarctica.  Almost sixty percent of all known craters are found in six countries 

(Australia, Canada, USA, Finland, Sweden and Estonia), which cover less than twenty 

percent of the surface landmass.  Two sensible reasons for this bias are pointed out by 

Grieve (2001).  Firstly these countries have large areas of stable crust with little tectonic 

activity, which is important for the preservation of impact structures once they have 

been formed.  Perhaps more importantly, however, is that Earth scientists have been 

actively looking for impact craters in these countries for more than 30 years with access 

to good regional geological and geophysical information.   

 

Approximately 30% of all known terrestrial impact structures are concealed beneath 

post-impact sediments or water (Grieve and Masiatis, 1994; Grieve, 2001), and the 

relative proportion of concealed craters seems to be increasing with time (cf. only 20% 

of all craters concealed was reported by Grieve in 1991).  Recognition of anomalies 

within geophysical data is almost exclusively the method by which buried impact 

structures are initially identified. 
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There are very few craters discovered to date that are located in offshore areas of the 

Earth’s crust.  All of these are found on continental shelf areas.  There are very few 

candidate sites for impact craters in the deep ocean floor, which covers more than half 

of the surface of the Earth.  This is due to the relatively young age of the ocean floor 

(generally <200 Ma) and the sparse amount of geological or geophysical data.  Dense 

accumulations of meteorite fragments in the South Pacific Ocean recovered from the 

Pliocene impact of the Eltanin asteroid (Gersonde et al., 1997) is the only proven impact 

into the deep (>5 km) ocean floor.  However, because the thickness of the water column 

was much greater than the size of the asteroid, no crater was produced from this impact.  

Should it be proven to be of impact origin, the Ewing structure in the Pacific Ocean 

(Abbott et al., 2001) will be amongst the first craters to be discovered on an abyssal 

plain. 

 

The effects of the active geological processes that are present on the surface of the Earth 

also place a strong bias on the terrestrial cratering record, with impact structures being 

constantly buried, exhumed, eroded and deformed.  While the rate at which craters are 

produced is believed to have been relatively constant, within a factor of two, since about 

3.2 Ga (McEwen et al., 1997; Shoemaker, 1998), the oldest known terrestrial impact 

structure (Vredefort) is aged around 2 Ga, and more than 85% are Phanerozoic 

(<550 Ma) and 60% are <200 Ma in age (Figure 1.2a).  Sharp drops in the number of 

discovered craters occur at 100 Ma and around the end of the Phanerozoic.  Craters 

preserving a relic component of the meteorite are restricted to a Pleistocene and younger 

age.  In an attempt to quantify the degree of preservation of the cratering record, Grieve 

and Roberson (1979) made a statistical comparison between the age and the level of 

erosion for craters of similar size.  From this they predicted that without protection by 

post-impact burial, a 10 km diameter structure will be eroded to such as level that 

shock-metamorphic effects will no longer be recognisable within 300 Ma and a 20 km 

structure within 600 Ma. 

 

The effects of erosion also heavily influence the size distribution of impact structures.  

While small craters are obviously the easiest to remove from the geological record, the 

dimension of very large craters are often poorly constrained due to the effects of erosion 

and burial destroying or obscuring the crater rim.  This is exemplified by the widely 
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Continent # craters Area (km
2
) % world area Density (x10

-6
/km

2
)

(excluding continental shelf craters)

Africa 19 30,043,900 5.89 0.63

Antarctica 0 13,208,900 2.59 0.00

Asia 18 44,547,800 8.73 0.40

Europe 45 10,404,000 2.04 4.33

Oceania 30 7,687,100 1.51 3.90

North America 56 24,255,200 4.76 2.31

South America 7 17,819,100 3.49 0.39

Offshore* 8 361,132,400 70.99 0.02

* craters which have more than 50% of their area offshore

Country # craters Area (km
2
) % landmass Density (x10

-6
/km

2
)

(excluding continental shelf craters)

Australia 30 7,617,930 5.11 3.94

Canada 28 9,330,970 6.26 3.00

USA 28 9,166,600 6.15 3.05

Russia 20 17,075,200 11.46 1.17

Finland 8 337,030 0.23 23.74

Ukraine 7 603,700 0.41 11.60

Sweden 6 449,964 0.30 13.33  

Table 1.1:  Crater count and surface density for the seven countries with the 

greatest number of discovered craters. 
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Figure 1.2:  Distribution of a) ages of the terrestrial structures listed in Appendix 1 

and, b) sizes of estimated crater diameter.  Note the sharp decreases in the 

frequency of structures older than 100 Ma and again in the Proterozoic.  There is 

also a deviation from an approximate power function for craters less than 10 km in 

diameter. 
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varying size estimates for many of the Earth’s largest craters including; Vredefort from 

209 to 304 km (Therriault et al., 1997); Chicxulub, 170 km (Hildebrand et al., 1991) to 

300 km (Sharpton et. al., 1993); and Woodleigh, 40 km (Reimold and Koeberl, 2000) to 

120 km (Mory et al., 2000).  Many of these conflicting size estimates are a result of 

different interpretations of geophysical data. 

 

The size-frequency distribution of the structures listed in Appendix 1 is shown as Figure 

1.2b.  At diameters of larger than 10 km, this distribution may be approximated by a 

power function (a straight line when graphed on a log-log scale), which shows a similar 

trend to that observed on other terrestrial planets (Grieve, 2001).  The number of craters 

with diameters smaller than 10 km rapidly falls away from this power function 

distribution.  The apparent deficit of small craters is interpreted to be due to a 

combination of the ablation and atmospheric braking of small meteorites resulting in the 

non-production of smaller diameter craters, and the poor preservation and difficulty in 

detecting small craters in the Earth’s geologically active environment.  

 

1.2  Estimates of the impact cratering rate 

 

Given the inherent incompleteness of the cratering record and the high level of geologic 

activity on the Earth, the rate at which impact craters have formed over geologic time 

has been estimated by two different approaches.  The first is by comparison with the 

Earth’s near planetary neighbours, particularly the Moon, where the crater record is 

better preserved.  The second is by calculating the crater rate for a limited area and 

period of time for which the crater record is believed to be fairly complete, and 

extrapolating the results to the whole of the Earth.  

 

The relative age of geologic events on the Moon has been established from their 

relationship to large impact craters and the formation of the lunar mare basalts.  In 

recent years the use of reflectance measurements by orbiting spacecraft have been used 

to assign relative ages to “young” impact craters, formed in the last 1.1 Ga or so, which 

still have rays of ejecta material preserved (McEwen et al., 1997).  This has allowed a 

better estimation of the density of craters produced in the post lunar-mare 

(Eratosthenian; 3.2 to 0.8 Ga) and post-Copernicus Crater (Copernican; 0.8 Ga to 

present) eras.  The crater population statistics were found to be valid for lunar craters 



 9 

greater than 20 km in diameter.  These were extrapolated to estimate a production rate 

for craters of greater than 20 km in diameter on the Earth of (3.7±0.4) x 10
-15 

km
-2

yr
-1

 

for the Eratosthenian era and (5.3±1.8) x 10
-15 

km
-2

yr
-1

 for the Copernican era (McEwen 

et al., 1997; Shoemaker, 1998).  (The reader should note that the units here represent the 

number of craters produced in an area of one million square kilometres in 1 Ga).  From 

this work it was proposed that the crater rate has increased slightly over the last billion 

years due to some long term astronomical phenomenon. 

 

Estimates of the rate of crater production on the Earth have been calculated from crater 

densities in well explored cratonic areas, such as those found in North America, Europe 

and Australia (Shoemaker, 1998; and references therein).  In an attempt to reduce the 

bias placed on the crater record by the effects of erosion these estimates are restricted to 

the formation of craters >20 km in diameter, which are likely to be identifiable from 

shock metamorphic features for several hundred Ma.  The most recent estimate of the 

cratering rate of (5.6±2.8) x 10
-15 

km
-2

yr
-1

 is based on the North American and European 

crater record over the last 120 Ma (Shoemaker, 1998).  This compares very well with 

estimated rate of production on the Moon over the last billion years.  An estimate of 

(3.8±1.9) x 10
-15 

km
-2

yr
-1

 for the Precambrian (2.8 to 0.54 Ga) was calculated by 

Shoemaker and Shoemaker (1996) from the very limited number of large craters 

preserved in the Proterozoic basins of Australia.  However, recent work has discovered 

several new impact structures in these terrains, and this rate is likely to be 

underestimated.  

 

An outcome of the prediction of the rate of crater formation is the ability to estimate the 

number of structures yet to be discovered on the Australian continent.  Assuming a rate 

of (5.6±2.8) x 10
-15 

km
-2

yr
-1

 is valid over the last billion years, it is feasible to suggest 

that between 15 and 45 craters with a diameter of greater than 20 km would have been 

formed on the Australian continent.  To date, seven impact structures and one candidate 

of this size have been discovered.  Perhaps a more reasonable estimate of the number of 

structures yet to be found may be made by comparing the crater density (Table 1.1) of 

3.94 craters per million square kilometres for Australia with densities found in the 

exceptionally well explored countries of northern Europe, which range between 12 and 

24 craters per million square kilometres.   

 



 10 

By either process of estimation, it seems likely that the crater record of Australia is only 

partially complete and between two and five times the existing number of structures are 

yet to be discovered. 

 

1.3  Thesis outline 

 

In this thesis, the Australian impact record is examined using a perspective drawn from 

my experience as a company exploration geophysicist within the minerals industry.  The 

main objective of this thesis is to provide an unbiased re-evaluation of the expected 

geophysical signatures that should be created as a result of hypervelocity impact into 

different target rock types, and at different levels of erosion.  A comprehensive 

understanding of these characteristic geophysical signatures is essential for the 

identification of new impact structures, particularly those under cover, and their 

differentiation from other circular features, such as those due to volcanic intrusives or 

salt domes.  This seeks to address the bias towards structures formed in crystalline 

targets, particularly for the potential field techniques, in the currently accepted 

“definitive” papers describing the geophysical signatures of terrestrial impact structures 

(Pilkington and Grieve, 1992; Grieve and Pilkington, 1996).  This will be done by the 

systematic examination of the large amount of data that is available over many of 

Australia’s known impact structures, both from literature and collected as part of work 

programs conducted by government bodies and private resource companies.  These data 

are presented as a series of case studies of individual structures representing a range of 

impacts of different size, age, and geological target type.  A secondary objective of this 

project was to provide an analysis of the potential for the known impact structures 

within Australia to host economically exploitable natural resources. 

 

CHAPTER 2 gives background information on the geology and geophysical signatures of 

meteorite impacts.  It describes the different types of crater that can be produced by 

hypervelocity impacts, the process of crater formation, the geological characteristics of 

impact craters and the diagnostic criteria for recognizing them.  The expected 

geophysical responses from past studies over impact craters are also reviewed. 

 

CHAPTER 3 offers an updated review of the natural resources that are related to known 

impact structures.  Where possible, an estimate of the value of these resources is made.  
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The different impact related processes that can potentially produce economic resources 

are discussed, with examples given for each.  

 

CHAPTER 4 contains the majority of the data presented in this thesis.  Geological and 

geophysical case studies are written for nine of the thirty structures in Australia showing 

convincing evidence for an impact origin.  Each study is written as a stand-alone article 

and gives a summary of the history of investigation, target and crater geology, 

diagnostic criteria, size and age of the structure, as well as a description of its 

geophysical characteristics.  Where it is considered appropriate, a reinterpretation of the 

size, age and geophysical characteristics may be given.  A more detailed study of the 

Yallalie structure, which was originally the research topic of this thesis, is given in 

CHAPTER 5. 

 

CHAPTER 6 provides a discussion of the major findings of this research. These include 

generalisations on the geophysical signatures of impact structures produced by impact 

into different target rock types and an assessment on the potential for Australia’s 

meteorite impacts to host an exploitable natural resource.   

 

1.4  List of Publications 

 

Copies of selected publications are included as Appendix 1: 

 

Hawke, P. J., and Dentith, M. C., 2001.  Detailed magnetic survey over the Yallalie 

Astrobleme.  7th South African Geophysical Association Conference, Drakensberg, 9-

12 October, 2001. 

 

Hawke P., 2001. Aeromagnetic survey over the Yallalie impact structure, Western 

Australia.  Preview, 94, 36. 

 

Pirajno, F., and Hawke, P., 2002.  Geophysical character of the Shoemaker Impact 

structure.  Preview, 100, 55-57. 
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Hawke, P. J., Buckingham, A. J., and Dentith, M. C., 2003.  Origin of magnetic 

anomalies associated with the Yallalie impact structure, Western Australia.  Australian 

Society of Exploration Geophysicists 16th Conference, Adelaide, 16-19th February, 

2003. 

 

Hawke, P. J., 2003.  Interpretation of geophysical data over the Shoemaker impact 

structure, Earaheedy Basin, Western Australia.  Geological Survey of Western 

Australia, Record 2003/6, 18p. 

 

Hawke, P. J., 2003.  Geophysical investigation of the Wolfe Creek Meteorite Crater.  

Geological Survey of Western Australia, Record 2003/10, 9p. 

 

Pirajno, F., Hawke, P., Glikson, A. Y., Haines, P., and Uysal, T., 2003.  The Shoemaker 

impact structure, Western Australia.  Australian Journal of Earth Sciences, 50, 775-796. 

 

Hawke, P. J., 2003.  A re-evaluation of the size of the Acraman impact structure, 

Australia.  66th Meteoritical Society Meeting, Munster, 28 July-1 August, 2003.  

 

Hawke, P. J., 2003.  Some ring-like magnetic anomalies in impact structures and their 

possible causes.  3rd International Conference on Large Meteorite Impacts, Nördlingen, 

5-7 August, 2003.  

 

Hawke, P. J., Buckingham, A. J., and Dentith, M. C., (submitted 2003).  Modelling of 

source depth and possible causes of magnetic anomalies associated with the Yallalie 

impact structure, Perth Basin, Western Australia.  Exploration Geophysics.  

 

Bevan, A. W. R., Hough, R. M., and Hawke, P. J., 2004.  Morphology and origin of an 

allochthonous breccia near the Yallalie structure, Western Australia: evidence for 

subaqueous impact?  17th Australian Geological Convention, Hobart, 8-13 February, 

2004. 



13 

2.  GEOLOGICAL AND GEOPHYSICAL CHARACTERISTICS OF IMPACT 

STRUCTURES 

 

Impact cratering as a geological process is rarely considered as more than a curiosity by 

most mainstream geoscientists.  The reason for this is obvious; the dynamic endogenic 

processes, such as volcanism, sedimentation, erosion and tectonics, occur much more 

frequently and have a more obvious effect on terrestrial geology than does the formation 

of impact craters.  While these “normal” geological processes may be easily observed at 

the surface, large meteorite impacts are, fortunately for us, very rare events by the 

human time scale.   

 

A number of small impacts are recorded in recent history, most recent notable events 

being the 1908 Tunguska fireball in Siberia, where a small meteoroid exploded above 

the ground yet created a shockwave that flattened over 2000 km
2
 of uninhabited forest, 

and the 1947 meteorite fall over Sikhote-Alin region of Siberia where close to 100 pits 

up to 23 m in diameter were formed by the break-up of a small iron meteorite.  

Meteorite impacts, a term which is usually inferred to include impacts of comets with 

planetary bodies, are the most common geological events that occur within the Solar 

System.  Large numbers of the resulting craters are observed on most of the rocky 

planets and moons, and even the asteroids themselves.  However, the only well-

documented first-hand account of a large explosive impact event was the 1994 collision 

of the Shoemaker-Levy 9 comet into Jupiter.  Small-scale experiments to simulate the 

effects of hypervelocity impact have been conducted by firing small metallic or glassy 

objects into different target material types using a high-velocity (3-4 kms
-1

) gun.  These 

studies have given many insights into impact processes such as melt production 

(Stöffler et al., 1975), shatter cone formation (Schneider and Wagner, 1976) and jetting 

(Ruhl and Thomsen, 1980).  However, projectile velocities commonly associated with 

hypervelocity impacts (>10 kms
-1

) are impossible to produce in the laboratory 

environment with current technology.  Hence, most of our understanding comes from 

the examination of the remnants of craters preserved on the Earth, high-yield weapons 

testing (which approximate the effects resulting from the smallest of hypervelocity 

impacts) and hydrocode modelling (computer simulation) of impact events. 
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The geologic processes associated with meteorite impacts are vastly different from 

those commonly observed on the Earth, except possibly earthquakes.  Unlike normal 

terrestrial processes which progress slowly over thousands and millions of years, crater-

forming impacts (also termed hypervelocity impacts) are destructive events where a 

massive amount of energy is released almost instantaneously.  They occur when an 

asteroid or comet penetrates the atmosphere and hits the Earth at close to its cosmic 

velocity, which is around 20 kms
-1

 or twenty times faster than a high speed bullet.  The 

shockwaves that result from an impact at this velocity propagate through the target at a 

rate greater than the speed of sound through rock (~5-8 kms
-1

), generating shock 

pressures in excess of 100 GPa at the point of impact.  No other surface geological 

process is capable of producing pressures of this magnitude.   

 

Hypervelocity impact is more akin to the detonation of an explosive device rather than 

the simple ballistic emplacement of a projectile.  The kinetic energy stored within a 

meteorite or comet travelling at cosmic velocities is greater than the chemical potential 

energy within a similar mass of TNT (Table 2.1).  The near instantaneous conversion of 

this energy into heat during the impact event results in the melting and vaporisation of 

the bulk of the projectile into a rapidly expanding ball of hot gas – the meteorite literally 

explodes when it collides with the ground.   

 

Although a number of different types of craterform structures can be produced by an 

impact event, the process is remarkably repeatable.  Similar sized impacts will generally 

produce structures of similar shape and dimension, with a predictable transition between 

the type of crater formed with an increase in the magnitude of the event and the surface 

gravity on the target world.  The resultant shockwave from the impact deforms the 

target rocks in a manner that is diagnostic of the pressure at the wavefront.  There are 

also similarities in the changes produced in the physical properties of the target rock due 

to the impact, resulting in characteristic geophysical signatures over many impact 

structures.   

 

Much of this chapter is summarised from the discussions of the geology and 

geophysical characteristics of impact structures given in Grieve and Pilkington (1996), 

French (1998), and Melosh (1989).  The last of these is considered to be the definitive 

text describing the geological processes resulting from hypervelocity impact.   
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Table 2.1:  Comparison of potential energy contained within explosive materials 

with the energy density stored in a projectile moving at different velocities.  At 

interplanetary speeds, the energy density within a meteorite or comet is 1-2 orders 

of magnitude greater than TNT (modified after Mark, 1987). 

EXPLOSIVES  
   
Chemical Energy  (Joules/gram) 
  
Tri-nitro-toluene (TNT)   3860 
Tri-nitro-benzene   3920 
Nitroglycerine      6180 
Dynamite               ~4600 
    
Nuclear Energy (Joules/gram)   
U239 fission   ~1010  

   

PROJECTILES    
Kinetic Energy (Joules/gram) 
  
velocity of 0.1 km/s         5 
velocity of 1 km/s     500 
velocity of 5 km/s 12500 
velocity of 10 km/s 50000 
velocity of 20 km/s   ~105 

velocity of 40 km/s   ~106 

velocity of 120 km/s   ~107 

Chemical 
explosives 

Nuclear warhead 

Cannonball 
High-speed bullet 

Meteorite velocity 
Comet velocity 
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2.1  Crater morphology 

 

The structures that are produced by hypervelocity impacts can be categorised into three 

main types; simple craters, complex craters and multi-ring basins.  There are also two 

sub-classes of complex crater that are commonly formed, those with central-peaks and 

those with peak-rings.  The generalised structure of each of these crater types is shown 

in Figures 2.1 to 2.4.  Examples of each of these are shown in Figure 2.5. 

 

While the distinction between simple and complex craters is quite straight forward, 

there is a great deal of confusion about what is meant by a multi-ring crater.  Many 

workers consider these structures to be a natural progression in size of normal complex-

collapse craters (Pike, 1983; Grieve and Pilkington, 1996).  However, the term has also 

been used by some to describe relatively small structures exhibiting a many-ringed 

geometry, such as Silverpit in the North Sea (Stewart and Allen, 2002; Allan and 

Stewart, 2003).  The discussion given here follows the crater type systematics of 

Melosh (1989), where multi-ring basins are described as resulting from different 

processes to those involved in the formation of simple or complex craters. By this 

classification, all of the known impact structures on the Earth are considered to be of the 

simple or complex type.  The only confirmed examples of true multi-ring basins have 

been found on other planetary bodies within the Solar System.  

 

2.1.1  Simple craters 

 

Simple craters take the classic form of a single bowl-shaped depression with a raised 

circular rim.  A schematic diagram of a simple crater is shown as Figure 2.1.  In section, 

the shape of the crater is roughly parabolic.  The observed or apparent floor of the 

crater is underlain by a layer of transported or allochthonous breccia, representing 

material that has fallen back from the steep upper walls of the cavity and fallout of 

material ballistically projected upwards by the impact explosion.  Lenses of breccia 

containing clasts of shock-generated impact melt with shocked, but unmelted material, 

termed suevite, may also be found within the allochthonous breccia.  Suevite is usually 

found near the base of this breccia layer, where it represents the mixing of shock melt 

formed directly beneath the point of impact with brecciated material torn from the floor 

 



17 

ejecta

crater

Apparent

fractured

target rocks

(autochthonous

breccia)

suevite

Tru
e

cr
at

er

weakly shocked

allochthonous

breccia

Pre-impact surface

bedding

overturned

bedding

highly shocked

target rocks

ejecta

crater

Apparent

fractured

target rocks

(autochthonous

breccia)

suevite

Tru
e

cr
at

er

weakly shocked

allochthonous

breccia

Pre-impact surface

bedding

overturned

bedding

highly shocked

target rocks

 

Figure 2.1:  Schematic cross-section of a simple impact crater (after Grieve, 1987). 
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Figure 2.2:  Schematic cross-section through a central-peak complex impact 

structure (modified from Grieve, 1987). 
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and walls of the crater.  Suevite may also be formed as fallout from the hot explosion 

plume which can blanket both the allochthonous breccia and ejecta external to the 

crater.  The boundary between allochthonous breccia and fractured or brecciated, but 

essentially in-situ, target rocks is termed the true floor of the crater.  This contact marks 

the lower limit of excavation by the shockwave produced by the impact event.  The 

shattered rocks found beneath the true crater floor are commonly referred to as 

autochthonous breccia.  Autochthonous breccia in the centre of the crater is the point 

where the highest shock pressures from the impact event are expected to occur. 

 

The raised rim of the crater often contains a fold of overturned stratigraphy, formed as a 

result of the excavation of the cavity.  This is overlain by blocks of ballistically 

deposited ejecta.  This ejecta blanket is thickest and contains the largest blocks of 

material on the raised rim and the area surrounding the crater.  This can often give the 

outer rim of a fresh crater (on the Moon and other planets) a rough or hummocky 

appearance, as seen on the images of fresh craters on the Moon and Venus shown in 

Figure 2.5.   

 

The 7 km diameter lunar crater Moltke (Figure 2.5a) is young and well-preserved with a 

classic bowl-shaped structure.  The fresh ejecta blanket appears pale due to light 

reflecting off the sharp faces of the out-thrown material.  The 50,000 year old, 1.2 km 

diameter Meteor Crater in Arizona (Figure 2.5b) is one of the best preserved examples 

of a terrestrial impact crater.  Even so, the ejecta blanket here has been partly eroded.  

The polygonal shape of the crater is due to preferential collapse of the cavity along pre-

existing regional jointing in the target rocks. 

 

2.1.2  Complex craters 

 

As craters become larger and sides of the crater wall steeper, the crater can no longer 

support a simple crater form and it will collapse under gravity to produce a more 

complex crater structure.  Complex impact structures are characterised by shallower 

crater floors, central uplifts and terraces within the inner wall of the crater (Figures 2.2 

and 2.3).  It is worth noting that while the ratio between the depth to crater floor and 

crater diameter of complex craters is much smaller than for simple structures, structural 
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disturbance and shock deformation of the target rocks can be identified well beneath the 

true crater floor of complex craters.   

 

In the first stage of complex crater development, gravitational collapse of the outer 

walls of the cavity result in a rebound of the true crater floor to produce a central peak 

(Figure 2.2).  While the central peak usually protrudes through the debris layer on the 

floor of a complex crater as a topographic high, it does not greatly exceed the height of 

the pre-impact surface.  In-situ target rocks surrounding the central uplift have often 

been displaced to lower than their pre-impact level, resulting in a feature variably 

named a “ring graben” (French, 1998) or “ring depression” (Melosh, 1989), though at 

deeper levels it may perhaps be more appropriately termed a “ring syncline”.  In this 

treatise, this zone of structural depression is referred to as the crater moat.  Collapse of 

the gravitationally unstable walls of the excavated cavity produce large scallop-shaped 

terraces of slump blocks, which can be seen clearly in a photograph of the 100 km lunar 

crater Theophilus (Figure 2.5c).  If eroded to a level well beneath the crater floor, these 

features may simply appear as a ring anticline (Figure 2.2).  This collapse of the outer 

walls of the cavity to produce a terraced terrain results in a structure that is much wider 

and shallower than the equivalent-sized simple crater form.   

 

In addition to lenses of suevite within the layer of allochthonous breccia filling the 

annular depression surrounding the central peak, a sufficient volume of rock may have 

been shock melted to produce a coherent melt sheet without clastic inclusions.  If 

present, such melt is most likely to occur near the centre of the structure, and possibly 

over the central uplift (Figure 2.2).   

 

At larger crater sizes there is a transition from a single, central-peak uplift to a larger 

concentric ring of uplifted rocks (or peak-ring), which surrounds a central pit or basin 

(Figure 2.3).  The central basin is partially filled with impact breccia, suevite and melt.  

Large blocks of unshocked, but steeply folded to overturned stratigraphy, may be found 

outside the inner peak-ring beneath the fallout ejecta layer.  This zone between the inner 

or peak-ring and the crater rim has been described by some as the “megablock zone” 

(Figure 2.3; after Pösges and Schieber, 1997), which may also include part of the 

terraced terrain of the crater.   
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Figure 2.3:  Schematic cross-section through a peak-ring complex impact structure 

(modified from Pösges and Schieber, 1997). 
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Figure 2.4:  Schematic cross-section through a multi-ring impact basin (modified 

from Melosh, 1989; Hartman and Wood, 1971).  
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The occurrence of circular ring fractures or outer rings outside the crater rim has been 

suggested as evidence for defining some large terrestrial impact craters, such as 

Chicxulub, as multi-ring basins (Morgan and Warner, 1999).  However, these do not 

display the large vertical displacements exhibited in the outer rings of true lunar impact 

basins (see below).  

 

Examples of complex craters are shown in Figures 2.5c-f.  Despite almost two orders of 

magnitude difference in size, a close comparison can be made between the morphology 

of the well defined, 100 km diameter lunar crater Theophilus (Figure 2.5c) with the 

3.2 km diameter B.P structure (Figure 2.6d), one of the smallest known complex craters 

on the Earth.  Rubbly ejecta deposits covering the 150 km Venusian crater Meitner 

show up as a bright response in the SAR image shown in Figure 2.5e, while the flat melt 

sheet in the central basin is relatively dark.  This structure is considered to be a close 

analogy to the Chicxulub crater on Earth.  A crater geometry similar to this can be seen 

in the islands forming the peak-ring of the heavily eroded 32 km diameter Clearwater 

Lake West structure (Figure 2.5f).    

 

The change from simple to central-peak and finally peak-ring crater types is transitional, 

but there is a definite trend towards a more complex structure with larger crater size.  

On the Moon, where a very large population of craters is preserved, the transition from 

simple to central-peak crater types has been found to occur between a crater diameter of 

15 to 20 km, and between central-peak to peak-ring craters at a 150 to 200 km diameter 

(French, 1998).  As the formation of these complex crater types is driven by 

gravitational collapse it should be expected that the transition diameter on different 

planets will vary inversely with surface gravity.  On the Earth, where gravity is 6 times 

greater than the Moon, these changes have been predicted to occur between a 2 to 4 km 

diameter, and around 25 to 30 km crater diameter, respectively (French, 1998).  From 

the compilation of the sizes of 56 craters of different type listed in Appendix 1 and 

presented in Figure 2.6, the transitions from simple to central-peak and central-peak to 

peak-ring are estimated here to occur between 3 to 4 km and 25 to 40 km.  The diameter 

at which these changes in the form of the structure occurs is also dependant upon the 

strength of the target material, so complex structures are more likely to be formed at a 

smaller diameter (around 3 km) in sedimentary target rocks than in crystalline rocks 

(around 4 km). 
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Figure 2.5:  Examples of impact craters of different type:  simple craters, a) 7 km 

diameter Lunar crater Moltke, b) 1.2 km diameter Meteor Crater; central-peak 

craters, c) 100 km diameter Lunar crater Theophilus, and d) 3.2 km diameter B.P. 

structure; peak-ring craters, e) 150 km diameter Venusian crater Meitner, 

f) 32 km diameter Clearwater Lake West; impact basins, g) 900 km diameter 

Lunar Mare Orientale, h) 4000 km diameter Valhalla Basin on Jupiter’s moon 

Callisto.  (Images courtesy NASA / LPI). 

 

0

10

20

30

40

50

60

0.01 0.1 1 10 100 1000

Crater diameter (km)

Simple craters

Central-peak craters

Peak-ring craters

Eroded complex craters

simple central-

peak

peak-ring multi-ring

basins?

0

10

20

30

40

50

60

0.01 0.1 1 10 100 1000

Crater diameter (km)

Simple craters

Central-peak craters

Peak-ring craters

Eroded complex craters

simple central-

peak

peak-ring multi-ring

basins?

 

Figure 2.6:  Crater type classification for 56 terrestrial impact structures listed in 

Appendix 1 showing the transition from simple to central-peak morphologies 

between 3-4 km and central-peak to peak-ring between 25-40 km. 
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2.1.3  Multi-ring basins 

 

Multi-ring basins are most simply defined as structures that have two or more rings in 

addition to the outer rim of the crater (French, 1998).  To exclude possible confusion 

with large peak-ring craters, this definition is further refined by Melosh (1989) to 

include only those structures where these form asymmetric ring-shaped scarps, such as 

those found in the true impact basins of the Moon.  One or more of these scarps are 

likely to be found outside of the true crater rim (Figure 2.4). 

 

The 920 km Orientale Basin (Figure 2.5g) is the youngest and best preserved of the 

lunar multi-ring basins.  Four ring-scarps at diameters of 320, 480, 620 and 920 km 

surround a dark lunar mare (flood basalt) in the centre of the crater.  The most 

pronounced of these are the outer two rings, which have up to 6 km vertical 

displacement.  The outer walls of all these ring escarpments have a gentle dip.  The rim 

of the crater that formed the Orientale Basin is believed to coincide with either the 

second or the third ring of the structure (Melosh, 1989).  A diagnostic feature of multi-

ring basins on rocky planets is that these rings are spaced at regular intervals at 

diameters increasing by approximately 2
0.5

 (Hartmann and Wood, 1971). 

 

By comparison, the 4000 km diameter Valhalla Basin on Jupiter’s icy moon Callisto 

(Figure 2.5h) has many tens of rings surrounding the crater itself, which is probably 

represented by the ~800 km diameter pale grey area near the centre of the structure.  

The close spacing of these rings is inferred to be due to the high fluidity of the material 

beneath the crater floor, which was probably liquid water. 

 

Numerous models for the formation of multi-ring basins have been proposed (Melosh, 

1989; Chapter 9).  A common theme of these theories is that multi-ring basins form 

when the impact pierces most of the way through the rigid crust to expose weak mantle 

material.  The formation of the outer rings is interpreted to be due to the stresses 

produced in the crust in response to flow of mantle material beneath the crater. 

 

To date, no terrestrial multi-ring basins have been categorically identified, although the 

three largest known craters, Vredefort, Sudbury and Chicxulub have all been suggested 

as possible candidates.  The transition from peak-ring craters to multi-ring basins on the 
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Moon occurs around a diameter of 320 km (Pike, 1983).  Assuming that the diameter at 

which this transition occurs is inversely proportional to surface gravity, as it the case for 

the transition between simple and complex structures, craters as small as 60 km on the 

Earth might be expected to form multi-rings.  However, the formation of this style of 

crater is also likely to depend on the thickness and rigidity of the crust, and the viscosity 

of the underlying mantle.  It is expected that planet with a thick crust and viscous 

mantle would only produce multi-ring basins at larger diameters than a similarly sized 

planet with a semi-fluid layer beneath the surface.  

 

2.1.4  Post-impact modification 

 

As soon as the crater has formed, it becomes subject to normal terrestrial geologic 

processes.  Consequently, almost all of the impact structures on the Earth show some 

degree of post-impact modification, particularly by sedimentation and erosion.  A large 

proportion of terrestrial impact structures are so highly degraded they are no longer 

clearly recognisable as craters.  An impact crater eroded to this level is commonly 

called an “astrobleme”, which literally means “star-scar”.   

 

Craters formed on land are the most likely to be affected by erosion.  The raised crater 

rim, exposed central peak and ejecta blanket will be the first to be removed by erosion.  

At the same time a lake may be formed within the crater itself, covering and preserving 

the allochthonous breccia and melt deposits formed at the time of impact with a layer of 

post-impact sedimentary fill.  If erosion continues, it will progressively remove the 

sedimentary fill, then impact breccias and melt.  Once erosion has completely removed 

crater-fill material, evidence for the impact can only be found indirectly through the 

identification of shock metamorphic effects in the target rocks beneath the crater floor.  

While these may exist for some kilometres beneath the floor of large complex impact 

structures, all evidence of smaller simple craters can be removed from the geologic 

record within a few million years.  To provide a consistent measure of the degree of 

erosion of an impact crater, a numeric system was developed by workers from the 

Geological Survey of Canada, which is widely used by the impact community.  This is 

summarised in Figure 2.7.   
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Figure 2.7:  Schematic section of a simple crater showing the erosion level 

classification system (modified from Grieve and Pilkington, 1996). 
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Impact craters that are formed in active sedimentary basins are likely to be filled, then 

completely buried by post-impact sedimentation, eventually concealing the crater from 

the surface entirely.  Buried structures account for about one third of all known 

terrestrial impact craters (Grieve and Masiatis, 1994). 

 

Once formed, impact structures will also be subject to normal tectonic activity, 

including faulting, folding and isostatic rebound.  These effects can also modify the 

original shape of the structure such that it no longer appears circular. 

 

It is also worth noting that a large percentage of the impact craters that formed on the 

Earth have probably been destroyed by crustal recycling through plate tectonics.  

Oceanic crust, which forms about 70% of the Earth’s surface, is generally less than 

200 Ma.  Obviously, the only craters that could be found on the present-day ocean floor 

will be younger than this age.  

 

2.2  Crater forming process 

 

Despite the fact that it is impossible to directly duplicate the process by which 

hypervelocity impact craters form in the laboratory environment, a reasonable 

understanding of the principles of this process has been achieved indirectly from the 

study of impact craters, small-scale experiments using high velocity guns, high-yield 

conventional and nuclear weapons tests and numerical modelling.  The best complete 

description of the mechanics of the crater forming process is given in Melosh (1989), 

particularly Chapters 4, 5 and 8.  This is well summarised and reviewed in French 

(1998), which was used as the basis for much of the following section.   

 

A model describing the progressive development of a simple impact crater is shown as 

Figure 2.8.  This model for crater formation divides the process into three main stages 

of crater development, contact and compression, describing the generation of the 

shockwave during the initial stages of impact, excavation of the transient cavity, and 

modification of the transient cavity to produce the final crater form.     
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Figure 2.8:  Progressive development of a simple impact crater (after French, 

1998); a) initial contact with the target generating shock waves; b) disintegration of the projectile, 

continued expansion of the shock waves, beginning of excavation of the target by a rarefaction 

(release) wave behind the shock front; c) continued expansion of the shock and rarefaction waves, 

development of melt lining the transient cavity, well developed ejecta flow (curtain) from the 

rapidly expanding cavity; d) maximum extent of transient cavity development, crater rim raised; e) 

gravitational collapse of the oversteepened transient crater walls to form allochthonous breccia 

lens, deposition of near crater ejecta; f) final form of gravitationally stable crater. Depositon of 

fallout ejecta may continue for some time after the final crater has been formed. 
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2.2.1  Contact and compression stage 

 

This stage begins as soon as the projectile makes contact with the target, and involves 

the transfer of kinetic energy of the projectile into the target rocks.  The target rocks are 

displaced by the projectile accelerating them to a significant proportion of its pre-impact 

velocity.  At the same time, resistance from the target rocks compresses the projectile 

and causes it to decelerate.  At the contact between compressed and uncompressed 

material a shockwave is produced.  This shockwave is transmitted both outward from 

the point of impact into the target rock as well as back in to the projectile itself.  When 

the shockwave formed within the projectile reaches the back it is reflected as a 

rarefaction wave.  This rarefaction wave rapidly decompresses (unloads) the projectile 

from a very high pressure, resulting in the generation of high temperatures that will 

effectively vaporise the projectile.  (A small amount of material may be spalled from the 

back of the projectile to produce the few fragments that may be found at fresh meteorite 

impact sites).  The end of the contact and compression stage is nominally defined as the 

point where the rarefaction wave reaches the front of the projectile, converting it into an 

expanding ball of liquid/vapour.  This part of the process takes less than a second for all 

but the largest of meteorite impacts, during which the projectile will penetrate 1-2 times 

its diameter into the target before being destroyed.  

 

Shock pressures at the point of impact commonly exceed hundreds of GPa (or roughly 

10
6
 atmospheres), which is sufficient to vaporise the target rocks.  The roughly 

hemispherical shock front that propagates into the target rocks from the point of impact 

quickly loses energy as its surface area expands and work is done to heat (melt, 

vaporise) and deform the rock.  The energy of the shock front has been found 

experimentally to decay as power function of the distance from the point of impact.  

Shock pressures of greater than 50 GPa are usually sufficient to melt the target, while 

pressures between 5 and 50 GPa will produce distinctive shock metamorphic features 

within the rock.  At lower energy levels (<1 GPa), the velocity of the shock waves drops 

to the speed of sound and they are converted into seismic waves.  It is possible to 

determine zones of different levels of peak shock pressures from deformation effects 

that are present within the target rocks (Figure 2.9).   
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Figure 2.9:  Schematic illustration showing the decay of peak pressures within the 

shockfront generated during the contact and compression stage.  The projectile 

and adjacent target rocks are vaporised by the impact.  Surrounding this are zones 

of decreasing levels of shock metamorphism (after French, 1998). 
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Figure 2.10:  Cross section through a theoretical transient cavity showing the 

modes of excavation flow.  The vaporised zone closest to the point of impact 

expands upwards as an explosion plume. Dotted lines show the direction of 

excavation flow.  Material in the upper half of the cavity is excavated as high 

velocity ejecta, the lower half as displaced at lower velocities along the floor and 

walls of the cavity (after French, 1998). 
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Ejected material will be thrown out by the expanding shockwave throughout the first 

two stages of crater development.  During the initial contact of the projectile, when 

shock pressures are at their greatest, this can eject a “squirt” of melted or vaporised 

combination of projectile and target rock.  This process is known as jetting and can 

generate velocities close to, or even in excess of, the incident velocity of the projectile 

(Ruhl and Thomsen, 1980; Melosh, 1989).  Jetting is a more important process for 

lower angle impacts (less then 45º) than in high angle events where the shockwave is 

largely directed down into the target. 

 

2.2.2  Excavation stage 

 

During the excavation stage, the cavity form of the impact crater is opened up by the 

interaction of the rapidly expanding shockfront with the target rocks.  Because the 

projectile has penetrated some distance (1-2 times its own diameter) before 

disintegrating, the centre of this shockfront lies beneath the original ground surface.  As 

the shockwaves interact with the target rock, it pushes it outwards from the shock centre 

to excavate a bowl-shaped depression, commonly named the transient cavity.  The 

direction of flow of the excavated material varies depending on its location within the 

target (Figure 2.10).  Within the upper levels of the transient cavity, material is moved 

largely upward and outward, ejecting the material at velocities of hundreds of metres to 

a few kilometres per second.  Due to the lack of resistance from overlying material, 

near-surface rocks within the transient cavity may be expelled at very high velocities as 

weakly-shocked spall, though this only comprises a small percentage of all ejected 

material.  At lower levels, material is driven downward and outward, displacing 

material more or less coherently.  Excavation by displacement is much slower as 

material flows outwards along the floor and walls of the expanding cavity and is not 

usually deposited much further than the crater rim.  The resulting blanket of debris is 

often referred to as “Bunte breccia”, named after the weakly shocked ejecta surrounding 

the Ries Crater in Germany that was transported more as a ground-hugging flow rather 

than as true ballistic ejecta.  Studies of the Bunte breccia at Ries indicate that the 

volume of ejecta is greater than the volume of material excavated from the transient 

cavity, suggesting that the majority of the breccia was formed “in-situ” by reworking of 

the surface layer to depths of tens of metres by blocks ejected from the crater (Hörz, 

1982).  The process of outwards expansion of the transient cavity will also raise the rim 
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of the crater above the ground surface.  Vaporised projectile and target rock produced at 

the point of impact will expand upwards to form an explosion plume. 

 

Peak pressures within the expanding shockfront will continue to decay as a power 

function of the distance from the centre of the cavity due to the distribution of energy 

over a larger surface area and work done to transport and shock deform the target rocks.  

The transient cavity will continue to form as long as the shock wave has sufficient 

energy to eject or displace the target rocks.  Eventually a point will be reached where 

the shockwaves can no longer transport material and the transient cavity will cease to 

expand.  For the split second before the effects of gravity and rock mechanics can exert 

themselves, the size of the transient cavity is at its maximum.  This point marks the end 

of the excavation stage, and the beginning of the crater modification stage.  Excavation 

of the transient cavity can be complete within a matter of seconds for small craters and 

in less than 2 minutes for the largest of terrestrial impact events. 

 

The idealised shape of the transient cavity is not hemispherical, but has a parabolic 

shape with its depth roughly one third of the diameter.  In reality, there is not always a 

sharp transition between crater excavation and modification.  For example the 

modification of the crater floor might begin prior to the excavation of the upper walls of 

transient cavity in a larger complex crater.  However, a theoretically defined transient 

cavity is often used in calculations of the pre-erosion crater diameter, total energy 

release and the distribution of shock-pressures, which are important for the study of 

highly eroded impact craters on the Earth and reconciliation with numerical modelling.  

 

2.2.3  Modification stage 

 

Up to the end of the excavation stage, impacts of different sizes all develop in a more or 

less similar manner.  It is during the stage of crater modification, where the 

gravitationally unstable transient cavity collapses into a stable form, that the different 

crater types (simple, central-peak, peak-ring) are produced.  Figure 2.11 shows the 

progressive formation of these crater types with increasing impact size. 
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Figure 2.11:  Formation of the different crater types during the modification stage  

as a function of increasing crater size.  Simple craters are formed by a simple 

collapse of the unstable walls of the transient cavity. At larger crater diameters the 

gravitational forces exerted by the transient cavity walls overcome the rock 

strength of the crater floor, causing it to rebound to form a complex crater 

structure (after Melosh, 1989). 
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The bowl-shaped depression of the smallest, simple crater type looks superficially like 

the transient cavity from which it was produced, albeit much shallower in form.  In  

converting to a simple crater the transient cavity is modified only by the collapse of its 

steep outer walls to produce the final or collapse crater form.  Material from the crater 

walls and the overlying ejecta blanket is redeposited in the centre of the cavity as 

fallback breccia, which constitutes the majority of the allochthonous breccia lens.  This 

process will fill the transient cavity to about 50% of its original depth and can increase 

the diameter of the crater by a further 20%.  The maximum depth of the transient cavity 

will be relatively unaffected by the modification stage for simple craters and is 

preserved in the deepest parts of the true crater floor.  

 

The transient cavities formed by larger impacts will be deeper and have higher raised 

rims which, in short, depart further from gravitational stability.  Beyond a certain 

threshold, the downwards forces exerted by the cavity walls are sufficient to overcome 

the shear strength of the rocks beneath the crater floor, resulting in inwards and upwards 

movement of the crater floor to produce a central uplift.  A simple analogy of this 

process is the rebound formed on the surface of a liquid when it is hit by a droplet.  The 

beginning of the rebound forming the central uplift is inferred from modelling studies to 

begin prior to the complete excavation of the transient cavity.  Finally, the upper walls 

of the transient cavity collapse inwards along a series of roughly concentric normal 

faults, creating the terraced terrain that forms the outer margin of the final collapse 

structure.  The formation of these terraces is analogous to a series of massive landslides 

occurring simultaneously around the rim of the crater.  

 

For still larger impacts, rebound of the crater floor may produce an uplift that 

overshoots the point where it is gravitationally stable.  The subsequent collapse of this 

central peak is interpreted as the mechanism for producing complex craters of the peak-

ring type (Melosh, 1989).  

 

The end of the modification stage is nominally assigned to the point where major, rapid 

changes to the shape of the crater no longer occur.  This main stage of crater 

modification is predicted to be complete within tens of seconds for a small crater to 

minutes for a large one.  Recent modelling studies of the impact that created the 170 km 
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diameter Chicxulub crater suggests the main features of the structure were formed 

within about 10 minutes of the time of impact (Stöffler et al., 2003).  

 

Following the primary formation of the structure, ejecta from the explosion plume 

(fallout ejecta) will be deposited as a blanket covering the entire structure and 

surrounding areas over a period of hours to days after the impact.  Continual 

modification of the crater will occur through geological time by small-scale land slips, 

thermal subsidence, isostatic rebound and erosion.    

 

2.3  Low-angle impacts 

 

It is highly unlikely that the bolide will impact with the surface at an incident trajectory 

of exactly 90º.  However, most impact craters are observed to be largely circular in 

shape.  This is because the obliquity of the impact is most important during the earliest 

(compression) stages of the impact event.  For incident trajectories greater than 15º, the 

subsequent circular expansion of the excavation cavity and collapse of the crater wall 

will obscure the asymmetric shape of the shockwave initially generated by an oblique 

impact (Melosh, 1989; p. 49-51). 

 

What will be strongly affected by the obliquity of impact, however, will be the 

deposition of ejecta, particularly material jetted during the initial stages of impact.  This 

is demonstrated by the occurrences of moldavite (distal impact glass) only to the north-

east and east of the Ries impact structure (Figure 2.12), which is interpreted to be 

downrange of the combined Ries-Steinheim impact event (Stöffler et al., 2002).  At 

incident angles of less than 60º, the ejecta blanket will be thicker on the downrange side 

of the crater.  At angles of less than 45º, very little ejecta at all may be deposited along 

the incident path of the bolide (Melosh, 1989, p. 101).   

 

Craters formed from bolides incident at a very low angle will be elliptical in shape.  The 

179 km long elliptical lunar crater Schiller (Figure 2.13) was formed from the impact of 

two or more fragments of a low angle projectile.  The “central” uplift of this crater is 

probably represented by the range of low hills in the top left corner of the crater floor. 
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Figure 2.12:  Map of central Europe showing the relationship of the Ries and 

Steinheim low-angle craters to the moldavite strewn fields, shown as grey patches 

(after Stöffler et al., 2002). 

 

 

Figure 2.13:  Image of the 179 x 71 km elliptical Lunar crater Schiller created by a 

low-angle impact (courtesy Ole Nielsen). 
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It is expected that a number of downrange craters could be formed from a single low-

angle impact event, as is interpreted for the Crawford and Flaxman structures in South 

Australia (Haines et al., 1999).   

 

2.4  Crater morphometry 

 

Detailed studies of the morphometry (shape) of lunar impact craters showed that the 

ratio of key structural elements, such as rim diameter and crater depth, is consistent 

regardless of the size of the structure (Hartmann and Wood, 1971; Pike, 1974).  The 

definitions of these features found in simple and complex impact craters are summarised 

in Figure 2.14. 

 

The relationships between morphometric features on the Earth have been established 

from field measurements of a relatively small number of proven terrestrial impact 

craters.  These relationships are summarised in Table 2.2.  Where more than one 

equation is given for the relationship between two parameters, the most recent is usually 

considered the most accurate.   

 

From these studies some general “rules-of-thumb” for the geometry of terrestrial impact 

structure have been proposed.  For simple impact craters, the depth to the true crater 

floor (dt) is approximately 1/3 of the rim diameter (D), and the apparent depth (da) is 

about 1/6 of D (Grieve and Pilkington, 1996).  The depth to diameter ratio of complex 

craters is much smaller, with the apparent depth usually less than 1/20 of the rim 

diameter (Rondot, 1994) and decreasing as craters increase in size.  For complex craters, 

the relationship between the size of the central peak and the rim diameter can be more 

easily measured as these features are usually preserved, even in moderately eroded 

structures.  However, there is some inconsistency in the literature about the definition of 

the diameter of the central uplift, ranging from the diameter of the central topographic 

high (Pike, 1985), to the “maximum extent of evidence for uplift in the true crater floor” 

(Therriault et al., 1997).  The diameter of the central uplift is defined here as the 

diameter of the top surface of this uplifted area, as shown in Figure 2.14.  The central 

uplift diameter (Dcp) of central-peak craters has been estimated to be between about 1/4 

(Pike, 1985) and 1/3 (Therriault et al., 1997) of D.  For craters with a distinct two ring 
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Figure 2.14:  Morphometric parameters of simple and complex impact craters. 
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Table 2.2:  Morphometric relationships of simple and complex impact craters.  

Definitions of the various parameters are given in the text and illustrated in Figure 

2.14.  The number of craters used to define each relationship is given as ‘n’.  
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(peak-ring) structure, the diameter of the inner ring (Dpr) is 1/2 of D.  The same ratio is 

found for peak-ring craters on the Moon and other rocky worlds (Hartmann and Wood, 

1971; Pike, 1985; Melosh, 1989, p.138).  Surprisingly, a recent comparison of Dcp/D 

shown in Therriault et al. (1997) shows a 1/3 ratio for structures up to 100 km in 

diameter, which should include many structures larger than the 40 km transition from 

central-peak to peak-ring craters.  These perhaps reflect structures which have been 

eroded to beneath the true crater floor, and for which the underlying structural high 

obeys a similar Dcp/D relationship to single-peak craters.  The amount of vertical 

movement of the central uplift of complex craters (SU) is estimated to be about 1/10 of 

D (Grieve and Pilkington, 1996). 

 

Measurements of the structural features of simple and complex craters on the Earth 

were compiled as part of this study from various published sources and are listed in 

Appendix 1.  The relationships between the central uplift diameter and rim diameter 

were plotted separately for central-peak and peak-ring craters (Figure 2.15).  Structures 

eroded to well beneath the crater floor are also differentiated.  In this graph, the 

diameter of the crater rim is the size observed in the field (Dapp), not an estimation of its 

pre-erosion value. The majority of central-peak craters plot between the two 

relationships defined in Pike (1985) and Therriault et al. (1997).  Many complex craters 

formed in a sedimentary target rocks have a Dcp/D ratio of about 1/5, smaller than 

predicted by either of these papers.  Examples of this include Steinheim (Dcp/D = 

0.7/3.7), Gosses Bluff (4.5/24), Manson (5.6/34) and Mjølnir (8/40).  The smaller 

central peak of these structures is presumed to be an effect of impact into a porous, 

semi-consolidated rock.  The 5 peak-ring craters closely match the expected Dpr = 0.5D 

relationship. 

 

The diameter of the transient cavity (Dtc) can also be estimated from field observations 

of the extent of shock metamorphic features.  From the empirical relationships 

established by previous workers, Therriault et al. (1997) suggest that the diameter of the 

transient cavity will be similar to the area where shatter cones have been produced, and 

1.4 to 1.7 times greater than the maximum extent of PDF formation (these features are 

fully described in sections 2.5).  The diameter of the transient cavity is estimated to be 

between 50 and 65% of the final crater diameter (Therriault et al., 1997). 
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Morphometric scaling relationships can be used to provide additional support for 

circular geological features of suspected impact origin.  Key structural elements of the 

crater may also be destroyed by erosion in older impact structures.  When this occurs, 

morphometry can be used to estimate the size of one structural feature from the 

measurement of those that are preserved.  An example of this is given in Thierrault et al. 

(1997), where the original diameter of the eroded crater rim of the Vredefort structure 

was predicted from the estimated diameter of the transient cavity and vertical 

displacement of the central uplift.   

 

2.5  Diagnostic geological features 

 

The only direct evidence that can be used to categorically prove that a crater was 

produced by meteorite impact is from the discovery of meteorite fragments preserved at 

the site.  Such evidence is very quickly removed in the Earth’s dynamic geological 

environment by weathering and erosion.  Consequently, confirmed impact craters, that 

is those where the impact origin has been proven by the discovery of meteorite 

fragments, are limited to structures of Pleistocene age or younger, the largest being 

Meteor Crater at 1.2 km in diameter. 

 

While almost all well-preserved impact craters can be defined by their distinctive 

circular structure, and even highly eroded astroblemes are preserved as circular 

geological or topographic features, these features in themselves are not diagnostic of 

meteorite impact.  There are a number of volcanic processes that can also produce 

craterform structures, and many other terrestrial geological processes including, salt 

diapirs, complex folding and igneous intrusion, that can produce a circular outcrop 

pattern in rocks.  Obviously, other criteria than a circular shape are required to confirm 

the impact origin of a suspected structure.   

 

While the shape (morphometry) of the structure, the presence of monomictic 

(autochthonous) and polymictic (allochthonous) breccias, and inclusions of melted 

material may all provide supporting evidence of meteorite impact, none of them are 

truly diagnostic of an impact event as these features can also be produced by  volcanic 

explosive processes.  However, the passage of the shock waves generated by a 
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Figure 2.15:  Relationship between central uplift diameter and rim diameter for 47 

terrestrial impact craters listed in Appendix 1.  Black lines show morphometric 

relationships previously defined for complex craters (refer text and Table 2.2). 

 

Figure 2.16:  Pressure-temperature diagram showing the fields for the formation 

of various shock metamorphic features.  The grey area shows the field of normal 

crustal metamorphism (after French, 1998). 
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hypervelocity impact will produce changes in the texture and mineralogy of the target 

rocks that cannot be produced by crustal igneous or metamorphic process.  The 

formation of shock metamorphic effects is unique to meteorite impact for two reasons; 

1) the peak pressures within a shock wave generated by hypervelocity impact are much 

greater than those due to crustal loading or tectonic activity, which are generally less 

than 3 GPa, and 2) the pressure loading and unloading of the rocks by the shockwave is 

effectively instantaneous, allowing for the preservation of mineral phases and textures 

that are not normally stable at surface pressures and temperature.  A pressure-

temperature (P-T) diagram showing a comparison of the fields of normal crustal 

metamorphism and shock metamorphic effects is shown as Figure 2.16.  Diagnostic 

shock metamorphic effects, from lowest to highest pressure, include; shatter-cones, 

planar fractures and deformations, phase transition of minerals, production of diaplectic 

glass and melting.  A more complete description of these shock effects is given in 

French (1998).  

 

Despite unanimous acceptance within the impact research community that the discovery 

of bona-fide shock metamorphic effects is sufficient to prove an impact event occurred, 

structures displaying these features are given the somewhat conservative classification 

of probable impact craters.  Structures lacking shock diagnostic features, but possessing 

convincing secondary evidence of impact, including geophysical signatures, can at best 

be classified as possible impact craters.  

 

Obviously, the highest shock pressures will be produced in the floor of the expanding 

transient cavity.  Shock pressures will quickly decay with depth beneath the crater floor 

and towards the margin of the crater, as shown for a typical complex structure in Figure 

2.17.  It should be noted here that the production of shock metamorphic features is 

restricted to an area little bigger than the central uplift of the final complex crater. 

 

The only macroscopic features that are diagnostic of shock metamorphism are shatter 

cones (Figure 2.17a).  These features form as partial to complete conical fracture 

surfaces, the outside of which is striated in a distinctive “horse-tail” texture from the 

apex of the cone to its base.  They may occur individually or in composite groups and 

typically range from centimetres to a few metres in length.  Occasionally, shatter cones 
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Figure 2.17:  Schematic section through a complex impact structure showing 

isobars of typical shock pressures and the locations of diagnostic shock features; 

a) a cluster of shatter cones averaging 8 cm in height, b) and c) fresh and decorated 

PDFs in quartz, d) feldspar grain partially converted to diaplectic glass 

(maskelynite) showing as dark patches under plane polarised light, e) suevite from 

the Ries crater and, f) 80 m high coherent melt sheet from the Manicouagan 

structure showing columnar jointing (modified from Grieve and Pilkington, 1996; 

images from French, 1998).  
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up to ten metres in length may be produced, such as the mega-cones found on the Slate 

Islands (Figure 4.9 in French, 1998).  Shatter cones may be found in all rock types, but 

are best developed in structurally isotropic rocks such as sandstone and carbonates.  

Shatter cones that form in coarse-grained crystalline targets will be cruder in structure 

and may be difficult to distinguish from normal tectonic fractures and slickensides.  

Shatter-cones are indicative of the lowest levels of impact induced shock, providing 

evidence of peak pressures in the range between 2-10 GPa, although they can be 

observed in rocks that have been shocked to as high as 30 GPa (French, 1998).  

 

One of the most widely used indicators of shock metamorphism is planar micro- 

structures.  These are formed within individual grains of silicate minerals, particularly 

quartz, although they can also be found in feldspar, zircon and other minerals.  These 

planar structures are categorised into two basic types.  Planar fractures (PFs) are sets of 

parallel planar fractures spaced more than 20 µm apart and are indicative of the lowest 

levels of shock, between 5-8 GPa.  However, planar fractures can also be produced by 

non-impact processes, and hence are not diagnostic of meteorite impact.  Planar 

deformation features (PDFs) are not, in fact, fractures but are narrow (2-3 µm), parallel 

sheets of amorphous glass spaced less than 10 µm apart.  In quartz, this glassy material 

is produced along specific crystallographic planes and often forms along several planes 

within the same quartz grain to produce multiple-sets (orientations) of PDFs (Figure 

2.17b). When fresh, PDFs can be observed under the microscope as tightly spaced 

parallel lines across most of the quartz grain.  However, the amorphous glass from 

which the PDFs are composed will absorb water and will eventually recrystallise as 

insoluble quartz leaving behind narrow trails of 1-2 µm diameter fluid inclusions.  Such 

features are called decorated PDFs (Figure 2.17c) and are common in impact structures 

older than a few tens of Ma.  PDFs are diagnostic of meteorite impact and form in 

quartz at pressures between 7-35 GPa (French, 1998).  Furthermore, PDFs are only 

formed at higher crystallographic angles (>30°) within quartz at pressures of greater 

than 16 MPa.  By measuring the relative frequency of PDFs produced along different 

crystallographic planes it is possible to more accurately determine the peak shock 

pressure within the grain, to an accuracy of about 8 GPa (for example in Alexopoulos et 

al., 1988).  PDF development in quartz for porous (sedimentary) rocks is markedly 

different than for crystalline targets, where there is a large difference in shock 

impedance between the solid grains and pore space (Grieve et al., 1996).  Lower levels 
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of shock (<13GPa) are more commonly expressed by the collapse of pore space and 

fracturing of quartz grains than by the formation of PDFs, which may not be found in 

impact structures formed in sedimentary targets (Grieve et al., 1996).  

   

At shock pressures of greater than 35 GPa, PDFs are not produced in quartz.  Instead 

the entire crystal will be converted into an amorphous or diaplectic glass (the glass 

produced from plagioclase is called maskelynite).  Shock-produced diaplectic glass is 

distinctly different from thermal glass in that the crystal does not melt or flow and the 

original textures of the rock are preserved.  However, both diaplectic quartz and 

feldspar glass are optically isotropic, that is, they do not display birefringence in plane 

polarised light (Figure 2.17d).  Diaplectic glass is metastable and will decompose into 

normal quartz or feldspar if heated by a post-impact thermal event.  However, when it 

can be found, diaplectic glass is indicative of shock pressures in the range of 35-45 GPa 

(French, 1998). 

 

At moderate levels of shock, the crystal structure of certain minerals may be 

transformed into high-pressure polymorphs.  The most common high-pressure phase 

transitions found in impact structures are the transformation of graphite to diamond and 

its hexagonal polymorph, lonsdaleite; and quartz to stishovite, both of which occur at 

shock pressures of >12-15 GPa (French, 1998).  Quartz will transform into coesite at 

pressures of >30 GPa.  While diamond and stishovite are formed under static pressures 

of 2 GPa at depths of 60 km in the crust, they are metastable at low pressures and will 

rapidly decompose into their primary form unless quickly cooled, and hence are rare at 

the Earth’s surface.  Coesite will only be produced at depths of 300 km or more and 

cannot be produced at the surface by any terrestrial geologic process.  While coesite has 

been found in meteorites, it was first discovered on the Earth at Meteor Crater, Arizona 

(Chao et al., 1960), providing conclusive evidence that this structure was formed by 

meteorite impact, not by some volcanic process as was previously suspected by many 

geologists.  The presence of coesite, stishovite and, to a lesser extent, diamond, provides 

strong evidence for meteorite impact, particularly when found in a mineral assemblage 

with equivalent low-pressure phases.  

 

The sudden release from shock pressures of more than 50 GPa will result in the 

generation of temperatures in excess of 1000ºC, sufficient to melt selected minerals 
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within the target rock, most notably feldspar, while other minerals such as quartz, 

remain in a solid state.  Shock pressures of greater than 55 GPa are sufficient to result in 

whole-rock melting to produce an impact melt.  Shock pressures of this magnitude are 

generally only present during the compression and early excavation stages of crater 

formation.  The impact melt produced will be pushed down and out by the shockwave 

excavating the rapidly expanding transient cavity.  Turbulent mixing of the melt with 

highly shocked clastic clasts on the floor and walls of the transient cavity will result in 

the formation of a melt-fragment breccia, or suevite (Figure 2.17e), which may be found 

within the crater as fallback breccia or as ejecta.  In larger structures, where more melt 

is generated, sheets of “coherent melt” with a low to absent clast content (Figure 2.17f) 

may also be produced.  Coherent melt sheets are mainly found near the centre of the 

structure where motion within the transient cavity was mainly downwards and the 

mixing with debris during excavation was minimal.  Small bombs of glassy melt may 

also be found in the ejecta blanket. 

 

It is worth noting that the interaction of hot impact melt and breccia with meteoric water 

will produce local hydrothermal systems that may be active for thousands to hundreds 

of thousands of years after the impact event.  Impact generated hydrothermal systems 

are discussed further in Section 3.3.1. 

 

In many ways, impact melt rocks resemble melts produced by volcanic processes.  

However, they may be distinguished by the presence of high-pressure shock 

metamorphic textures such as PDFs in unmelted clasts or lechatelierite, a pure silica 

glass that is produced at temperatures in excess of 1700ºC.  Impact melts can also be 

differentiated by their chemical signatures.  The bulk of the melt will have a bulk 

chemical composition identical to the target rocks from which it was produced.  

However, a small percentage of the melt, usually less than 1%, will be contributed by 

the projectile.  Many meteorites have concentrations of siderophile elements, including 

iridium, osmium and other PGEs, several orders of magnitude greater than average 

crustal abundances.  Elevated concentrations of siderophiles, particularly iridium and 

osmium, is consistent with, although is not necessarily diagnostic, a meteoritic 

component in impact melt material.  Elevated concentrations of siderophile elements 

may also be found in the ejecta blanket.  Such an iridium anomaly at the K/T boundary 
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provided some of the first evidence for the association of a meteorite impact with this 

mass-extinction event (Alvarez et al., 1980). 

 

2.6  Geophysical signatures of impact structures 

 

The processes resulting from hypervelocity impact that cause the structural and 

mineralogical changes in the target will also affect the petrophysical properties (density, 

magnetic susceptibility, sonic velocity) of the target rocks.  These changes can be 

mapped using the appropriate geophysical technique.  Unlike geological mapping, most 

geophysical techniques can detect property contrasts beneath the surface and so they can 

be used to provide constraints on the internal geometry of the crater, which can only be 

otherwise determined through drilling.  

 

Geophysics has also been instrumental in the discovery and subsequent investigation of 

the significant proportion of terrestrial impact structures that have been completely 

buried by post-impact sedimentation.  However, the geophysical signatures associated 

with impact structures are not consistent, even for structures of roughly the same shape 

and dimension.  Target stratigraphy and the level of erosion are also important factors in 

determining the observed geophysical response.  As it is possible to develop 

geophysical anomalies similar to those commonly associated with impact craters by 

normal terrestrial processes, geophysics is not considered a diagnostic tool for the 

identification of impact craters.  While a good argument can be made from coincident 

anomalies in geophysical data, confirmation of the impact origin of candidate structures 

can only be made by the identification of shock metamorphic features and meteorite 

fragments.  

 

This section summarises the expected geophysical responses over impact structures as 

described by previous workers.  It should be noted that with the exception of the seismic 

technique, previous summary papers such as Pilkington and Grieve (1992), Henkel 

(1992), and Grieve and Pilkington (1996) have focused on the geophysical signatures of 

craters formed in crystalline targets, or targets with a thin veneer of sedimentary rock 

over a crystalline basement.  There are only a few case studies in the literature 

describing the potential field responses of impact craters formed in dominantly 
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sedimentary target rocks, and the geophysical characteristics of this group of structures 

are not well documented. 

 

2.6.1  Seismic signatures 

 

Seismic reflection and refraction surveys largely map changes in sonic velocity with 

depth.  One of the primary effects of meteorite impact is brecciation and fracturing, 

which can reduce the speed of sound in the rock by up to 50% (Pilkington and Grieve, 

1992).  The degree to which the velocity is decreased is largely dependant upon the type 

of fracturing present within the rocks. The presence of a large number of small 

discontinuities, as might be expected in impact breccia, will have a greater effect on the 

bulk seismic velocity than will a few large faults bounding blocks of largely unaffected 

rocks, as might be found in the terraced terrain of complex craters (Pilkington and 

Grieve, 1992).   

 

Reflection seismic is one of the most impressive geophysical tools for imaging the 

subsurface structure of the Earth.  In presenting these data it is assumed that a 

hypothetical point source at the surface is transmitting acoustic waves into the ground 

and recording the energy reflected from layers of contrasting impedance (acoustic 

impedance is the product of sonic velocity and density, hence both are important in 

seismic surveys) and are recorded by an array of detectors offset from the source.  

Seismic reflection is most appropriately used in sedimentary basins as three-

dimensional structures and crystalline rock textures create a complex pattern of 

reflections that are difficult to resolve.  Reflection seismic is an order of magnitude 

more expensive than any other conventional geophysical technique.  Consequently, 

most data is acquired for petroleum exploration and detailed coverage is largely 

restricted to Phanerozoic sedimentary basins. 

 

Most of the main structural features of an impact crater will be imaged by a seismic 

reflection survey including the raised crater rim and the central uplift, ring depression 

and faults forming the terraces of complex structures (Figure 2.18).  Where no 

pronounced crater rim is evident for complex craters, the outermost normal fault 

defining the terraced terrain is usually interpreted as the edge of the crater.  When it is 

preserved, allochthonous breccia may appear seismically isotropic or have an incoherent 
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Figure 2.18: Seismic profile through the Mjølnir structure showing the 

interpretation of the main structural features of the crater (modified from Tsikalas 

et al., 1999) . 

 

 

 

Figure 2.19:  Seismic section through the Yallalie structure showing a return to coherent 

reflectors below the zone of high disturbance in the central uplift located between 

stations 500 and 600 (after Dentith et al., 1999).  
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response due to the large number of reflector surfaces.  Stratigraphic reflections in the 

subsurface beneath the central uplift of complex craters are often incoherent due to the 

high degree of fracturing, and become more coherent towards the rim of the crater.  A 

marked transition between incoherent and coherent reflectors is often considered a 

reasonable estimate of the dimension of the transient cavity (Grieve and Pilkington, 

1996; Figure 2.18).  The amount of structural uplift (SU) can often be directly measured 

from reflection seismic data.  Should there be enough signal to map through the 

incoherent zone beneath the central uplift of complex craters, the amount of 

stratigraphic uplift will decrease with depth, until a point is reached where the reflectors 

are again coherent and undisturbed (Figure 2.19).  

 

While the presence of circular or craterform features in modern, high-resolution seismic 

reflection surveys can provide powerful evidence to support the interpretation of an 

impact crater, it is not considered to be diagnostic.  Twelve geological processes for 

producing circular seismic anomalies are presented in a discussion paper by Stewart 

(1999), including salt diapirs, volcanism, dissolution sinkholes and carbonate reef 

formation in addition to meteorite impact.  This is highlighted by the recent proposal of 

the Fohn structure as a probable impact crater based on seismic interpretation with 

minor siderophile element (Ir, Rb?) enrichment detected in drilling of the feature 

(Gorter and Glikson, 2000).  No shock metamorphic features were detected.  This 

proposal was subsequently retracted when it was realised that Fohn was more likely to 

have been formed by a lamprophyre intrusion (Gorter and Glikson, 2001).   

 

A second example of the unusual, “multi-ringed” Silverpit structure in the North Sea 

(Stewart and Allan, 2002; Allan and Stewart, 2003) is spectacularly imaged by 3D 

seismic data.  While the authors have probably misinterpreted the extent of the collapse 

crater, there is little doubt that the feature shown by these data was formed by an impact 

event.  However, to prove this structure using the currently accepted criteria for the 

recognition of impact craters would require deep drilling in the middle of the North Sea, 

an exercise that is prohibitively expensive for a purely scientific purpose.  This led 

Stewart (2003) to suggest that seismic data should be able to provide diagnostic 

evidence for buried impact structures based on the quality of data, morphology of the 

structure and the absence of a link to deeper structures that would be expected beneath a 

salt dome or volcanic pipe. 
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Figure 2.20:  Refraction and reflection sections produced from a seismic line over 

the Haughton structure.  The section runs from the centre of the structure (east) to 

outside of the crater rim (west).  The structure of the allochthonous breccia lens 

and the autochthonous breccia beneath the true crater floor is mapped by seismic 

refraction as velocity layers of 3780 m/s and 4485-4533 m/s to the east of CMP 350. 

These features are unresolved in the seismic reflection section which only show 

incoherent reflectors towards the centre of the crater (after Scott and Hajnal, 

1988).   
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Refraction is a simpler form of the seismic technique, where the travel times of seismic 

signals are analysed as a function of distance away from the source.  This technique 

lacks the detail of seismic reflection surveys and simply aims to map the sharp contacts 

in the velocity structure of the Earth.  As this technique is focused on mapping a few 

layers with a strong velocity contrast, seismic refraction surveys may be more efficient 

than seismic reflection in mapping the structure of allochthonous breccia zone and 

underlying true crater floor.  At the Haughton structure (Figure 2.20) the allochthonous 

breccia lens is mapped as a layer which has a sonic velocity 40% lower than the 

undisturbed target rocks, and highly shattered rock beneath the true crater floor 

(autochthonous breccia) is interpreted where the velocity has been reduced by 30%.  

These contacts are impossible to identify in the reflection seismic section collected 

along the same line, which is chaotic within the central uplift area. 

 

The seismic velocity will not always be low beneath the central uplift of large impact 

structures due to the emplacement of more dense, consolidated rocks from near the base 

of the transient cavity.  For example, near-surface exposure of deep crustal material has 

led to increased near-surface velocities over a diameter of 12 km across the Vredefort 

Dome (Green and Chetty, 1990).  

 

2.6.2  Gravity signatures 

 

The characteristic density changes of the target rocks and the resulting gravity responses 

are summarised in the review papers by Pilkington and Grieve (1992) and Grieve and 

Pilkington (1996).  In these papers the authors suggest that a negative gravity anomaly 

is the most common geophysical signature coinciding with impact craters.  The gravity 

field over the Chicxulub crater is typical of the negative gravity response expected over 

a large impact crater (Figure 2.21).  The data is displayed here in perspective view, 

where highs in the gravity field appear as positive topographic features.  The crater was 

first identified from the presence of the 170 km diameter circular gravity low, which 

closely correlates with the location of the crater rim defined by reflection seismic 

profiles (Hildebrand et al., 1991).  While it may be a somewhat convenient analogy, the 

gravity anomalies do not strictly reflect the topography of the structure.  Rather they 

map the distribution of low density material within the crater.  A large component of the 
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Figure 2.21:  Perspective view of combined land and shipborne gravity surveys 

over the 170 km diameter Chicxulub crater (viewed from the south). The rim of 

the crater closely correlates with the circular gravity low.  The central gravity 

peak is due to uplifted basement (image courtesy of the Lunar and Planetary 

Institute). 
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Figure 2.22:  2.5D density model to fit an east-west gravity traverse across the 

centre of the Chicxulub crater.  Numbers in the model represent density contrasts 

in g/cm
3
.  A schematic geological cross section based solely on drilling is shown for 

comparison (after Pilkington et al., 1994). 
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30 mGal negative anomaly is due to crater-fill, including allochthonous breccia and 

impact melt, as well as the overlying post-impact sediment (Pilkington et al., 1994; 

Ebbing et al., 2001).  Fracturing and brecciation of the target rock to produce 

autochthonous breccia increases porosity, thus lowering the overall density of the rock, 

which also contributes to the negative anomaly.  Modelling studies of the gravity field 

over Chicxulub (Ebbing et al., 2001) suggest that the density of the allochthonous 

breccia is 10% lower than the undisturbed target rock, with in-situ brecciation lowering 

the density by 5%.  The central gravity high is related to the uplift of dense material 

beneath the central cavity of the peak-ring crater (Figure 2.22).   

 

Gravity may be a useful tool for determining the morphometry of concealed impact 

structures, particularly the diameter of the crater rim identified by the extent of the 

gravity low and the central uplift from the presence of a central gravity high.  Modelling 

of gravity data can also be used to estimate the depth extent of deformation and amount 

of structural uplift that has occurred (Plescia, 2003), although such estimates are only 

reliable if they are constrained by density measurements of the target rocks and impact 

generated lithologies.  

 

The peak amplitude of the negative gravity anomaly associated with impact structures is 

shown by Pilkington and Grieve (1992) to generally increase with the size of the 

structure, up to a maximum of about -30 mGal at a diameter of 30 km (Figure 2.23).  

This maximum is interpreted to reflect a critical depth at which lithostatic pressures will 

close the fractures created by the impact event, returning the rock density to its pre-

impact value (Pilkington and Grieve, 1992).  There is, in fact, an order of magnitude of 

variability in the maximum negative anomaly observed for structures of similar size.  

There are two main reasons given for this high degree of variability.  The first is related 

to the lithology of the target rocks.  A greater increase in porosity would be expected to 

result from impact into crystalline target rocks, which are generally denser and have a 

lower porosity than a sedimentary target.  Typical density contrasts between fractured 

and undisturbed target rocks range between 0.15 and 2.5 g/cm
3
 (Pilkington and Grieve, 

1992, Table 1).  Secondly, erosion will act to reduce the negative gravity response by 

removing the low-density impact generated lithologies, particularly the allochthonous 

breccia layer.  The effects of erosion on the gravity signature of an impact crater were 

investigated by Plado et al. (1999) by modelling the hypothetical density structure of an 
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impact formed in crystalline basement rocks at different levels of erosion.  This study 

showed that the main effect of erosion is to reduce the amplitude of the gravity anomaly 

without changing its general shape.  At levels of erosion well beneath the crater floor, 

the negative gravity effects due to fracturing may be smaller than the positive anomaly 

due to uplift of dense basement material.  This is the probable cause of the high central-

peak gravity anomalies coincident with the central uplifts of heavily eroded craters such 

Vredefort and Manicouagan (Pilkington and Grieve, 1992, Table 2).   

 

Several smaller structures listed in Pilkington and Grieve (1992), including Connolly 

Basin, Decaturville, Glasford, Kentland and Upheaval Dome, lack a distinct negative 

anomaly and are identified by a positive gravity anomaly coincident with the central 

part of the structure.  Similar positive gravity anomalies are also observed over the 

Montagnais (Pilkington et al., 1995), Mjølnir (Tsikalas et al., 1998) and Marquez 

(Wong et al., 2001) structures, though these have the allochthonous breccia layer 

partially preserved.  All of these structures have been formed in sedimentary target 

rocks which may have been poorly consolidated and contained a high volatile content at 

the time of impact.  It is plausible that the impact had little effect in reducing the density 

of the sedimentary target rocks and the resulting gravity anomaly is primarily due to the 

uplift of denser consolidated sediments or crystalline basement.   

 

2.6.3  Magnetic signatures 

 

Airborne magnetics is the cheapest, and hence the most widely available, of all the 

geophysical mapping techniques.  Consequently, magnetics is potentially one of the 

most powerful tools for the identification of new structures potentially of impact origin, 

particularly those that are buried by up to a few hundred metres of post-impact 

sediment.  However, the magnetic signatures associated with impact craters show a 

much greater variability than either gravity or seismic responses. 

 

Based primarily on studies of craters formed in crystalline rocks, the definitive papers 

on the geophysical signatures of impact craters (Pilkington and Grieve, 1992; Grieve 

and Pilkington, 1996) suggest the main effect of extraterrestrial impact is to reduce the 

magnetic susceptibility of the target rock, resulting in an overall magnetic low or  
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Figure 2.23:  Plot showing the increase in the amplitude of the maximum negative 

gravity anomaly with crater diameter (after Pilkington and Grieve, 1992). 

 

 

Figure 2.24:  Typical magnetic anomalies associated with impact craters; a) 

demagnetisation of the target rocks over the Deep Bay structure and, b) negative 

amplitude anomaly over the centre of the Ries structure due to remanently 

magnetised suevite breccia (after Pilkington and Grieve, 1992). 
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subdued zone that can extend as far as the crater rim (Figure 2.24a).  The mechanism for 

producing these magnetic lows is not entirely clear.  Experimental studies have shown 

that shock pressures of 1 GPa are sufficient to remove magnetic remanence and 

pressures in excess of 10 GPa can reduce magnetic susceptibility (Pilkington and 

Grieve, 1992).  However, these shock pressures are restricted to an area smaller than the 

transient cavity.  Weakly magnetic post-impact crater fill and allochthonous breccia can 

also contribute to the subdued magnetic response.  Modelling studies of three Canadian 

impact craters exhibiting reduced magnetic field responses has shown that these effects 

alone are insufficient to account for the amplitude of the observed anomalies over these 

structures (Scott et al., 1997).  These authors suggest that the magnetic properties of the 

rock have also been attenuated beneath the transient cavity by low pressure shockwaves.  

Deeper weathering (oxidation) of magnetic minerals in the target rocks fractured by the 

impact event may also be a contributing factor to the subdued magnetic responses over 

impact craters, particularly of deeply eroded structures.  

 

High-amplitude magnetic anomalies may also be found over the centre of larger impact 

structures with diameters >10 km (Pilkington and Grieve, 1992).  These anomalies are 

described as “high-frequency” indicating a shallow magnetic source and usually have 

magnitudes <1000 nT, such as those observed over Ries, Germany (Figure 2.24b) and 

Chicxulub (Pilkington et al., 1994).  The central anomalies may possess a positive or 

negative magnetic response, the latter indicating that remanence must be the dominant 

source of magnetisation.  The increase in magnetisation as a result of meteorite impact 

is usually attributed to two main effects (Grieve and Pilkington, 1996).  New magnetic 

minerals may be generated at high shock pressures of >30 GPa, in particular by the 

decomposition of biotite and amphibole to magnetite, and through post-impact 

hydrothermal processes.  The target rocks may acquire a remanent magnetisation as a 

result of high shock (SRM), during the formation of new magnetic minerals by 

chemical processes (CRM), or by thermal resetting resulting from heating and cooling 

the rocks through the Curie point (TRM).  Central magnetic anomalies may also be the 

result of the structural uplift of the magnetic basement beneath non-magnetic target 

rocks, as has also been interpreted at Chicxulub (Ortiz-Aleman et al., 2001).  The 

observed central magnetic anomalies can be related to all of the highly shocked impact 

lithologies.  Impact melt and melt-breccia are heated past the Curie point and will often 

carry a high magnetic remanence.  High remanent magnetisation intensities (JR) and 
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Koenigsburger Ratio (Q) have been found in samples of suevite at Ries (JR=2.3A/m, 

Q~4; Pohl et al., 1977) and Manson (JR=0.5-1.0 A/m; Steiner, 1996), and impact melt 

samples from Mien (Q ~5-80; Ekelund, 1986) and Acraman (JR=1.5A/m, Q=1.72; 

Schmidt and Williams, 1996).  These remanently magnetised units are interpreted to be 

the cause of magnetic anomalies associated with the impact structures.  The carriers for 

remanent magnetism are the normal magnetic minerals of magnetite, haematite and 

pyrrhotite.  Remanently magnetised melt or suevite are likely to be the main source of 

the central magnetic anomalies observed over these structures.  Negative magnetic 

anomalies in the central core of the Vredefort structure are interpreted to be due to 

shock-induced remanent magnetisation of magnetite (Q= 3-4) generated at the time of 

impact (Henkel and Reimold, 2002).  Remanent magnetisation set at the time of impact 

allows for the use of paleomagnetic dating techniques to constrain the age of the impact 

structure, as demonstrated for the Acraman crater and associated ejecta deposits 

(Schmidt and Williams, 1996).   

 

There have been very few detailed studies of the magnetic field response over impact 

structures formed in purely sedimentary targets.  However, a ship-borne magnetic 

survey over the Mjølnir structure in the Barents Sea (Tsikalas et al., 1998) shows 

magnetic anomalies of +100 nT coinciding with the crater moat of the structure, not the 

central uplift as expected (Figure 2.25).  These anomalies were attributed to weakly 

magnetised melt dispersed throughout the allochthonous breccia layer, or injected into 

the shattered rocks of the crater floor.  

 

Magnetic field measurement may also be useful for determining morphometric 

parameters of the impact craters.  Pilkington and Hildebrand (2003) suggest that the 

inner limit of collapse slumping, and hence an outermost estimate of the transient cavity 

diameter, will correlate with the extent of the subdued magnetic response in the target 

lithologies.  They also suggest that the central magnetic high can be used to give an 

estimate of the extent of the thick melt / suevite layer or the diameter of the uplifted 

magnetic basement rocks.  However, due to the highly variable nature of the observed 

magnetic responses over known craters, the interpretation of these morphometric 

features is likely to be more subjective than from either the seismic or gravity 

techniques.   
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Figure 2.25:  Geophysical signatures of the Mjølnir impact structure including the 

envelope (shaded area) and average (red line) of the residual magnetic anomaly 

from eight shipborne traverses, the free air gravity anomaly and seismic reflectors.  

A gravity model to fit the observed response and depth estimates of the magnetic 

sources are overlain on the seismic layer (after Tsikalas et al., 1998). 

 

 

Figure 2.26:  Apparent resistivity section of the Ries crater calculated from vertical 

electrical soundings. The first conductive layer maps lake sediments (3.5 Ωm), 

overlying a layer of suevite (10-20 Ωm). Crystalline basement is mapped by 

resistivity values of >100 Ωm (Blohm et al., 1977). 
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2.6.4  Electrical signatures 

 

The electrical geophysical methods, including the resistivity, electromagnetic (EM) and 

magnetotelleuric (MT) techniques, are all used to map the ability of the ground to 

conduct electricity.  The main change in the electrical properties of the target rocks due 

to impact will probably be an increase in conductivity due to the fracturing of the rock 

increasing porosity and, more importantly, permeability, allowing a current to be carried 

by ions in pore fluids.  High conductivity would be expected for allochthonous breccia 

and post-impact sedimentary fill deposits, while low porosity melt might be expected to 

have a lower conductivity. 

 

The results of simple resistivity mapping experiments over the Mien and Dellen 

structures using the Geonics VLF-R system are summarised in Henkel (1992).  These 

experiments were successful at detecting the conductivity increases due to the fracturing 

of very resistive crystalline target rocks.  While the VLF data here were a useful 

supplement to aid the interpretation of gravity and magnetic data, its value would be 

limited in a more conductive environment as it is greatly affected by near surface 

conductors.   

 

Vertical electrical soundings using a Schlumberger array, with current electrode 

spacings of up to 7 km, were used to map the geoelectric structure of the Ries crater to a 

depth of more than 1200 m (Blohm et al.,1977).  A section produced from 15 separate 

soundings across the structure is shown as Figure 2.26.  The main features identified by 

the survey were the low resistivity post-impact lake sediments overlying impact breccia 

and suevite.  These soundings also showed higher resistivity crystalline basement at 

depths of greater than 700 m beneath the centre of the structure.  A resistivity profiling 

technique has also been used to estimate the thickness of the lake sediments within the 

central basin of the structure (Pohl et al., 1977).    

 

Frequency domain EM has also been used as a mapping tool to identify zones of low 

resistivity associated with fracturing of crystalline target rocks and post-impact crater 

fill (Figure 2.27).  Ground EM surveys at the Saarijarvi impact structure mapped a 

circular feature, half of which is covered by a lake (Pesonen et al., 1998).  A low-level 

airborne EM (presumed DigHEM, or similar) also identified positive in-phase and 
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quadrature component anomalies associated with the Karikkoselkä structure (Pesonen et 

al., 1999).  In both examples, forward modelling indicated that post-impact lake 

sediments alone were insufficient to produce the observed anomalies, and that fracturing 

within the substructure of the crater also contributed to the response. 

 

Large loop time domain EM soundings (UTEM) were used to construct a geoelectric 

section across the southern half of the Sudbury structure (Boerner et al., 1994; 2000).  

An image of the inverted resistivity-depth section constructed from this data, overlain 

by the prominent reflectors from a coincident seismic survey, is shown in Figure 2.28.  

The main feature of interest was the strong south dipping conductor which can be 

mapped at depths of >2 km and is bounded by strong seismic reflectors to a depth of 

4 km (Boerner et al., 2000).  This unit was interpreted as the development of graphite 

within the Black Member of the Onaping Formation.  Furthermore, these studies 

supported the suggestion that this unit acted a glide plane, detaching deformations of the 

South Range of the structure from the relatively undeformed North Range.  However, 

there is little evidence in these data of any north dipping structures associated with the 

South Range, including the metal-rich massive sulphide layer that is found at the base of 

the Norite unit of the Sudbury Igneous Complex. 

 

A similar electrical sounding survey using the MT technique at Chicxulub (Unsworth et 

al., 2002) detected conductive features attributed to saline water in fractured target rocks 

to depths of 5 to 10 km.  However, this technique had insufficient resolution to be able 

to map structural elements of the crater with any degree of accuracy. 

 

Despite recent advances in the acquisition and processing of EM and resistivity data, 

these techniques seem to be underrated by impact research groups and only a few 

structures have been surveyed using these techniques.  This is possibly due to the 

greater cost of these surveys in comparison to the potential field methods, and the 

inability of the few deep sounding surveys that have been trialled to adequately resolve 

the internal structure of the crater.  The most successful applications of electrical 

geophysics have been in mapping the thickness of near surface lithologies such as post-

impact fill and breccia.  
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Figure 2.27:  Frequency domain EM surveys over impact craters;  a) contours of 

the in-phase component of a ground EM (Slingram) survey over the Saarijarvi 

structure (after Pesonen et al., 1998);  b) quadrature component profiles of a low-

level AEM survey over the Karikkoselkä structure (after Pesonen et al., 1999).  

The black lines show the extent of the lakes and river systems associated with these 

craters. 

 

 

SOUTH NORTHSOUTH NORTH

 

Figure 2.28:  Inverted conductivity depth model from a fixed loop UTEM profile 

across the southern half of the Sudbury structure.  Seismic reflection horizons are 

superimposed over the colour conductivity section (after Boerner et al., 2000). 
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2.6.5  Ground penetrating radar 

 

Ground penetrating radar (GPR) is a high-frequency electromagnetic technique that is 

analogous to seismic reflection, except that it maps horizons with different dielectric 

properties rather than acoustic impedance.  While this technique, like seismic, can 

deliver high-resolution images of the subsurface, it has a limited depth of investigation 

from about 10 m, in many cases, up to about 30 m in ideal conditions. 

 

There are relatively few examples of the application of GPR to impact crater research.  

The flanks of the Roter Kamm, Namibia, crater were investigated using GPR to map 

near surface stratigraphy and identify any remnants of ejecta preserved around the rim 

of the structure beneath recently deposited aeolian sand (Grant et al., 1996).  The depth 

of investigation of the survey was typically 3-5 m, which was enough to map fractured 

crystalline target rocks to a radial distance of about 100 m outside the crater rim before 

they became concealed by sand.  Only one small outcrop of preserved ejecta, located 

roughly 6 km north of the crater, was located by the survey, indicating that the majority 

of the continuous ejecta blanket has been eroded since the time of impact. 

 

GPR was also used to investigate the cause of a circular ring of cenotes (sinkholes) that 

forms at a radial distance of 70-90 km from the centre of the Chicxulub structure (Grant 

and Schultz, 1995), which approximately defines the position of the crater rim.  The 

results of the study indicated that the system of near-surface karsts are interconnected, 

which was suggested to be due to high water flow along a fracture system maintained 

by episodic faulting associated with different sediment thicknesses inside and outside of 

the crater.  

 

2.7  Chapter summary 

 

• Hypervelocity impact craters are formed as the result of the almost instantaneous 

transfer of kinetic energy of the projectile into a rapidly expanding shockwave with 

peak pressures in the range of 2-100 GPa. 

• Three main types of crater are formed; simple bowl shaped craters, complex 

structures with a central uplift peak or peak-ring, and multi-ring basins.  Only the 

first two types of crater have been categorically identified on the Earth. 
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• The rim diameter at which the transition between different crater types occurs is 

predictable and is dependent upon the surface gravity and the competency of the 

target rocks.  On the Earth the transition between simple and complex craters occurs 

at a 3 to 4 km diameter and central peak to peak-ring craters between 30 and 40 km 

in diameter.  

• The process of crater formation can be generalised into three stages of development; 

contact and compression, where the kinetic energy of the projectile is converted into 

a shockwave and results in the vaporisation of the projectile, excavation of a roughly 

hemispherical cavity by the expanding shockwave, and modification of the 

gravitationally unstable cavity to produce the final collapse crater. 

• Morphometric (shape) analysis of a statistical population of impact craters on the 

Earth and other planetary bodies shows that the relationships between key structural 

features of the crater, such as depth and central uplift diameter, with the rim 

diameter are consistent, though are dependant upon the surface gravity.  

Morphometric analysis is a useful tool for predicting the original rim diameter of a 

heavily eroded impact crater. 

• Evidence to support the interpretation of a structure to be formed by hypervelocity 

impact is grouped into three categories; confirmed structures, where fragments of 

the meteorite are preserved at the site, probable structures, which show evidence of 

high-pressure shock deformation and possible structures, which possess only 

secondary evidence to support an impact origin such as a circular structure, 

morphometry, elevated siderophile concentrations and geophysics. 

• Shock deformation is usually considered sufficient evidence to prove the impact 

origin of a structure.  These effects include the development of shatter cones and 

planar deformation features (PDFs), high pressure phases of quartz (coesite and 

stishovite) and diaplectic glass. 

• Reflection seismic, where available, can be used to image the subsurface structure of 

impact craters.  Stratigraphic reflectors beneath the central uplift are often 

incoherent due to the high degree of fracturing, becoming more coherent towards 

the margin of the crater and at depth.  Allochthonous breccia may appear seismically 

isotropic. 
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• Velocity contrasts associated with impact lithologies, including allochthonous and 

autochthonous breccia and impact melt, may be mapped using seismic refraction.  

This technique does not suffer from low signal strength as much as the seismic 

reflection method, so may be more useful in mapping the subsurface near the centre 

of the structure. 

• The characteristic and expected gravity response over impact craters is a 

pronounced gravity low due to fracturing of the target rocks, the maximum 

amplitude of which generally increases with diameter up to about –30 mGal at a 30 

km diameter.  A central gravity high may be found in the centre of large structures 

due to the uplift of denser rock. 

• Positive gravity anomalies are usually attributed to deep erosion of the crater to 

remove most of the fractured rock, leaving behind dense rock in the central uplift.  

However, a number of sedimentary structures are noted to have a positive gravity 

response, despite the preservation of impact lithologies such as allochthonous 

breccia. 

• The main effect of impact on the magnetic field is to reduce the target rock response 

by lowering magnetic susceptibility and remanence.  Magnetic anomalies in the 

centre of large structures are due to the acquisition of remanent magnetisation in 

impact melt, suevite and the target rocks beneath the crater floor by thermal and 

chemical processes following the impact event. 

• Electrical geophysics has been infrequently applied in crater research.  The most 

successful applications of the electrical techniques have been in mapping the 

thickness of the breccia and post-impact sedimentary fill which are identified by a 

low resistivity response due to high porosity and permeability of these layers. 

• Generalisations about the geophysical signatures of impact structures, particularly of 

their potential field responses, have been based largely on studies of structures 

formed in crystalline target rocks.  There are relatively few examples in the 

literature of the potential field responses of structures formed in sedimentary target 

rocks, and these require further investigation.   
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3.  RESOURCE POTENTIAL OF IMPACT STRUCTURES 

 

One geological aspect of impact craters that is often overlooked is their potential to be 

associated with economically exploitable natural resources.  One of the reasons for this 

is the generally poor understanding of impact structures and related processes by 

geoscientists and engineers working in the petroleum and mining industry.  

Additionally, there are relatively few published works that demonstrate this link.  

However, Grieve and Masaitis (1994) predict that resource forming processes can be 

linked to 25% of all impact structures, either as a direct result of the impact event, or 

through subsequent modification of the target rocks.  Of those structures already found 

to be associated with a natural resource, about two-thirds have had that resource 

exploited economically.  By oil or mineral exploration standards, this would imply a 

very high rate of economic success. 

 

Masaitis (1989) and Grieve and Masiatis (1994) categorized the relationship of natural 

resources to impact structures into three categories: 1) “progenetic” where pre-existing 

deposits are either preserved or exposed by the structural displacements associated with 

the impact; 2) “syngenetic” where deposits are formed during or shortly after the impact 

event and; 3) “epigenetic” for those deposits that result from processes subsequent to an 

impact event. 

 

The main objective of this chapter is to review these resource-forming processes and 

provide a revised catalogue of the known resources associated with impact craters.  A 

summary of these is presented in Table 3.1.  The value for each resource is estimated 

assuming a 100% recovery and using typical 2002 prices listed on the London 

Commodity Exchange.  

 

Table 3.1 confirms the estimates originally proposed by Grieve and Masaitis (1994).  Of 

the 173 structures listed in Appendix 1, over a quarter are associated with some form of 

natural resource.  Of these, 31 (18%) are currently exploited, or have been exploited in 

the past.  Furthermore, at least two of the world’s largest economic resources are 

directly related to impact craters; the Sudbury Mining Camp and the Gulf of Mexico oil 

fields.  A third could possibly include the vast goldfields of the Witwatersrand Basin. 
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Name Type Commodity Resource Value

 Note: * indicates exploited resource; structures are categorised by their most valuable resource      

* Vredefort progenetic gold, uranium 48kt Au, 136kt U recovered. US$500B

* Lawn Hill progenetic? zinc / lead 167.5Mt @ 8.2%Zn,1.2%Pb, 33g/t Ag. US$16B

* Carswell progenetic (epi) uranium 1.76Mt @ 0.66%U. US$1.5B

* Ternovka progenetic (epi) iron, uranium 750Mt @ <30% Fe, U mined. US$500M

* Charlevoix progenetic ilmenite Ti ore mined 1800's to early 1900's

* Kentland progenetic stone limestone quarried from central uplift

* Barringer progenetic earth silica

Slate Islands progenetic gold vein gold, up to 14g/t over cm's

Zhamanshin progenetic (syn) bauxite (glass)

* Sudbury syngenetic (epi) Ni/Cu/PGE (Au) 1650Mt @ 1.2%Ni 1.05%Cu; 4g/t PGE. >US$400B

Popigai syngenetic diamond diamondiferous tagamites >500m thick over 10km

Zapadnaya syngenetic diamond 17.5Mt @ 5 carat/t ~US$90M

Laapijarvi syngenetic diamond

Kara syngenetic diamond

Ust-Kara syngenetic diamond

* Chicxulub epi (hydrocarbons) oil & gas 30 000 Mbbl oil, 15 000 bcf gas. US$800B

* Red Wing Creek epi (hydrocarbons) oil & gas 130 Mbbl oil, 100 bcf gas. US$4B

* Viewfield epi (hydrocarbons) oil & gas 75 Mbbl oil, 4.5 bcf gas. US$1.9B

* Ames epi (hydrocarbons) oil & gas 50 Mbbl oil, 60 bcf gas. US$1.5B

* Middlesboro epi (hydrocarbons) oil 16 Mbbl oil. US$400M

* Newporte epi (hydrocarbons) oil sands 15 Mbbl oil. US$375M

* Avak epi (hydrocarbons) gas 50 bcf gas. US$225M

* Calvin epi (hydrocarbons) oil 5 Mbbl oil. US$125M

* Steen River epi (hydrocarbons) oil 5 Mbbl oil. US$125M

* Marquez epi (hydrocarbons) oil & gas 0.15 Mbl oil, 7 bcf gas. US$35M

Sierra Madera epi (hydrocarbons) gas 270 bcf gas (?)

Tookanooka epi (hydrocarbons) oil association with Tintaburra oil field (?)

* Siljan epi (hydrothermal) lead / zinc 300kt @ 3%Pb, 1.5% Zn, 70ppm Ag.  US$13M

* Crooked Creek epi (hydrothermal) lead / zinc ~1kt of Ba-Pb vein ore mined <US$1M

* Decaturville epi (hydrothermal) lead / zinc

Serpent Mound epi (hydrothermal) lead / zinc intersections up to 5-20% Pb

Shoemaker epi (hydrothermal) lead / zinc

Beyenchime-Salaatinepi (hydrothermal) pyrite

Haughton epi (hydrothermal) sulphides

* Boltysh epi (sedimentary) oil shale 3750Mt averaging 145L/t oil potential >US$100B

* Rotmistrovka epi (sedimentary) oil shale

* Ries epi (sedimentary) cement, stone US$70M/a

* Tswaing epi (sedimentary) potash >2000t of NaCO3 mined up to 1932. US$2.5M

* Lonar epi (sedimentary) mineral salt carbonate salts extracted from alkaline lake water

* Saint Martin epi (sedimentary) gypsum, anhydrite gypsum mined from a 10m thick layer since 1901

Obolon epi (sedimentary) oil shale

Ragozinka epi (sedimentary) diatomite

Logoisk epi (sedimentary) phosphorite

* Manicouagan epi (water) hydroelectric 5 stations - max. capacity 4500MW. US$400M/a

* Puchezh-Katunki epi (water) hydroelectric

* Kardla epi (water) water bottled water

* Manson epi (water) water soft drinking water

Kaluga epi (water) mineral water
 

Table 3.1  Summary of economic resources associated with impact structures.  

Resource values are calculated assuming 100% recovery and 2002 prices listed on 

the London Commodity Exchange. 
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In addition to hosting natural resources, impact craters can also form tourist attractions, 

particularly if they can be easily accessed.  Tourist centers have developed around the 

Ries (Germany), Meteor Crater (USA) and Tswaing (South Africa) craters, each 

attracting many thousands of visitors each year.  A new centre has been recently built by 

the city of Sudbury, Ontario, dedicated to the impact crater and its associated mining 

industry.  While difficult to measure qualitatively, such tourist attractions obviously 

have a positive effect on the local economy. 

 

 3.1  Progenetic deposits 

 

The relationship between the progenetic class of deposits and impact craters is primarily 

structural.  Primary mineralisation within these deposits occurred prior to the impact 

event.  It is the spatial displacements resulting from the impact event that are the 

economically important features of progenetic deposits.  The central uplift of complex 

impact structures may bring deeply buried deposits nearer to the surface where they 

may be economically exploited.  Alternatively, deposits may be preserved from the 

effects of erosion by structural depressions within the crater moat and outer terraces of 

the crater.  The global distribution of known progenetic deposits is shown as Figure 3.1.  

Three examples are discussed here, representing mineralisation preserved (Vredefort) 

and exposed (Carswell, Ternovka) by an impact event. 

 

The Witswatersrand Basin (South Africa) is one of the world’s most important mineral 

fields, having produced over 48,000 tons of gold, representing more than a third of the 

world’s total production (Phillips and Law, 2000).  More than 136,000 tons of uranium, 

directly associated with the gold ore, has also been produced (Grieve and Masiatis, 

1994).  The known extent of the Witswatersrand Basin covers an elliptical area that is 

roughly 320 by 160 km in dimension (Figure 3.2).  Granitic basement is exposed in the 

centre of the basin as a circular plug, roughly 50 km in diameter, surrounded by a collar 

of upturned metasedimentary and volcanic rocks.  These collectively form the 70 km 

diameter Vredefort Dome.  While the origin of the structure has been questioned in the 

past, verification of bona fide PDFs by transmission electron microscopy (Leroux et al.,  
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1994) provides conclusive evidence that the Vredefort Dome represents the central 

uplift of a deeply weathered, large impact crater.  Estimates of the size of the Vredefort 

crater using geophysics (Henkel and Reimold, 1998) and morphometric analysis 

(Therriault et al., 1997) give diameters between 250 and 300 km, roughly the same size 

as the present day extent of the Witswatersrand Basin (Figure 3.2).  

 

The majority of the Witswatersrand gold is hosted in quartz conglomerates (reefs), 

which are sited along unconformity surfaces within a sedimentary succession of the 

~2.8 Ga Central Rand Group, that is interpreted to represent deposition within a braided 

stream environment.  Gold is commonly associated with pyrite, bitumen and detrital 

uraninite (Robb and Meyer, 1995).  Most of the gold is produced from a few thick 

conglomerate horizons such as the Main, Vaal, Kimberley and Venterdorp Contact 

Reefs.  These typically range in thickness between 1 cm and 4 m, with ore grades of the 

order of a few to greater than 10 g/t Au.  The origin of the reef lodes has been the 

subject of much controversy.  Until recently, a purely sedimentary process, with placer 

enrichment in the fluvial delta fans that deposited reef conglomerates, has been the 

preferred model for the formation of the goldfields (Robb and Meyer, 1995).  Analysis 

of the shape of individual particles (Minter et al., 1993) shows the majority of the 

individual gold grains recovered from the ore have a rounded shape consistent with a 

detrital origin, while others have textures indicating a hydrothermal origin.  Modified 

placer-hydrothermal genetic models have also been proposed, advocating that a 

hydrothermal overprint is present, which resulted in the upgrade of the primary placer 

deposits.  However, recent studies of rare-earth isotopes within the gold and sulphides 

indicate that the gold, uraninite and pyrite are, in fact, detrital and were probably 

sourced from the erosion of Archaean greenstones (Kirk et al., 2001).  Three main 

metamorphic events are recorded in the Witswatersrand Basin, at 2500, 2300 and 

2000Ma (Robb and Meyer, 1995).  While the first two are related to loading by younger 

sedimentary units, the 2000Ma event has been linked to hydrothermal activity 

associated with either the intrusion of the Bushveld Igneous Complex around 2050 Ma, 

or the 2025 Ma Vredefort impact event.  

 

The economically important aspects of the Vredefort structure with respect to the 

Witswatersrand goldfields are the structural displacements that resulted from the impact 
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Figure 3.2  Proterozoic geology of the Witswatersrand Basin, showing major gold 

mining areas and interpreted features of the Vredefort structure.  The pre-erosion 

diameter of the transient cavity TC=144 km and final crater wall D=300 km is also 

shown (adapted from Therriault et al., 1997; Henkel and Reimold, 1998). 
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event.  Using the scaling relationships from the mapped extent of shock-metamorphic 

features, Therriault et al. (1997) suggested that the diameter of the transient cavity, at 

the present day level of erosion, was around 125 km and was possibly as large as 

144 km.  Uplift of deep crustal material from at least 29 km beneath the surface has 

been estimated at the point of impact, with approximately 15 km of volcanic and 

sedimentary rocks overlying the crystalline basement preserved in the annular trough 

surrounding the central peak (see discussion in Therriault et al., 1997).  While Vredefort 

is interpreted as a multi-ring basin (Figure 3.2), with several ring-synclines and 

anticlines, strata within Vredefort crater would be displaced up to a few kilometres 

downwards relative to the same units outside.  At least 6 km of erosion has occurred in 

the area since the time of formation of the Vredefort structure (Therriault et al., 1997), 

to a level well below the crater floor.  Without preservation by the internal structures 

within the crater, it is likely that the Witwatersrand goldfields would have also been 

eroded away long before they could be mined. 

 

Uranium and iron ore is made accessible for mining by the exposure of the host 

lithologies in the central uplift of the Carswell (Canada) and Ternovka (Ukraine) 

structures.  Secondary enrichment of the ore in impact related breccias and veins and 

through post-impact hydrothermal processes (see Section 3.3.1) is also suggested by 

Grieve and Masiatis (1994).  Over the 22 years of operation, until decommissioning at 

the end of 2002, the Cluff Lake district within the Carswell structure produced over 

27.3 kt of U3O8 (Cogema Resources, 2002).  Uranium was produced from the 

Ternokova structure up until 1967 (Grieve and Masiatis, 1994).  Large reserves (750Mt) 

of low grade iron ore are also present within the Ternovka structure.  Magnetite-

haematite ore is extracted from two mines, with a typical grade of about 27% Fe 

(Nikol’skiy et al., 1983). 

 

Carswell was formed in the Mesoproterozoic sediments of the Athabasca Basin.  The 

structure is 39 km in diameter, and includes a ring syncline and an 18 km diameter 

central uplift, which exposes Archaean granite and metasediments.  Primary 

mineralisation is present as early-Proterozoic unconformity-related deposits and 

uraninite-filled veins within the Archaean basement, which Baudemont and Fedorowich 

(1996) link to a regional extension during the mid-Proterozoic.  While a Mesozoic age 

of 115+10 Ma (Bottomley et al., 1990) is often cited for the structure, earlier attempts to 
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date the Carswell breccias, summarized in Baudemont and Fedorowich (1996), suggest 

an Ordovician age (ca. 480 Ma).  Pseudotachylite veins, faults and breccia associated 

with the Carswell event host small amount of hydrothermal sulphides, pitchblende and 

gold.  However, they are usually found to be barren and cross-cut the mineralisation.  

The central core of the structure has been uplifted by more than 2 km (Grieve and 

Masiatis, 1994), without which the Cluff Lake deposits would have been buried beneath 

at least 1000 m of Athabasca Group sediments. 

 

The Ternovka structure was formed in a Proterozoic metasedimentary sequence, 

including the Krivoy Rog Series, which is the host for iron resources in the Ukraine.  

The crater is interpreted to be 11 km in diameter with a central uplift roughly 3.5 km in 

diameter.  The structure is heavily eroded, with impact breccia and suevite exposed in 

the crater floor.  The middle formation of the Krivoy Rog consists of a ferruginous 

sandstone interbedded with magnetite-bearing schists, which is mined at the Annovskiy 

open pit in the north of the structure.  At the Pervomaysk deposit, located on the margin 

of the central uplift, the iron formations are altered to amphibolite-magnetite and 

haematite-carbonate-magnetite assemblages to depths of more than 1500 m.  These 

assemblages are interpreted to be related to post-impact hydrothermal metasomatism 

(Nikol’skiy et al, 1983), an epigenetic mineralisation process associated with the 

Ternovka event (see also Section 3.3.1).  These hydrothermal fluids were also 

responsible for the remobilisation of uranium to form veins of pitchblende (black U308 

ore) which were mined in the central uplift of the structure (Grieve and Masiatis, 1994).   

 

Competent rocks uplifted by an impact event may provide a source of building 

materials, particularly for towns located in sedimentary plains where no other source of 

stone is available.  Building stone has been extracted from the central uplift of the 

Kentland, USA (Koeberl and Anderson, 1996) and the rim of Kardla, Estonia (Suuroja, 

2002). While not of progenetic origin, suevite from Ries, Germany, has also been used 

as a distinctive building stone in the construction of several public buildings in the town 

of Nördlingen.   

 

Other progenetic deposits listed in Grieve and Masaitis (1994) are generally small and 

are not well documented in literature.  These include the titanium (ilmenite) deposits 

formed in St Urbain anorthosite on the southwest margin of Charlevoix (Canada), silica 
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within Meteor Crater (USA), limestone and road metal quarried from the central uplift 

of Kentland (USA), vein-hosted gold on the margin of the central uplift of the Slate 

Islands (Canada) structure, and bauxite within Zhamanshin (Kazakhstan).  The possible 

relationship between the 113 Mt Century Zn-Pb deposit and the Lawn Hill astrobleme is 

discussed in Section 6.2.  

 

3.2  Syngenetic deposits 

 

Syngenetic deposits are directly related to the extreme conditions which occur during an 

impact event.  The energy released by impact has the ability to excavate several 

kilometres of the Earth’s crust and can deform, melt and vaporise the target rock to form 

new minerals that are normally unstable at the surface.  In this section two types of 

syngenetic deposits are described, those that are related to melting of the crust and those 

that result from phase transitions of mineral species.  The locations of known impact-

related syngenetic deposits are summarized in Figure 3.3. 

 

3.2.1  Crustal melting 

 

The sudden conversion of kinetic energy from the meteorite into thermal energy will 

usually result in melting of the target.  Additionally, shock decompression of the rock 

beneath the transient cavity, due to the excavation of the overlying material, can also 

form a melt within otherwise stable crust.  Very large impact structures (>150 km) have 

the ability to produce in excess of 10,000 km
3
 of melt that can source material from the 

lower crust or even the upper mantle.  Once formed, the resultant melt sheet behaves as 

a near-surface igneous body and magmatic mineral deposits can result from the same 

processes as those associated with terrestrial igneous intrusions, such as gravitational 

settling and fractional crystallisation.  While there are few recognized craters on the 

Earth that are large enough to create the volume of melt required to produce this style of 

deposit, they may be an important mineral exploration target should humans begin 

colonising other planetary bodies. 

 

The only known example of mineralisation formed as a result of crustal melting occurs 

at the Sudbury Mining Camp, Ontario, Canada.  The Sudbury Camp consists of over 50 

  



 
7

4
 

-30°-60°-90°

-120°-150°

30° 60° 90° 120° 150°

-60°

-30°

0°

30°

60°

150°120°90°60°30°0°-30°-60°-90°-120°-150°

60°

30°

0°

-30°

-60°

0°

Crustal melting

Impact diamonds

VALUE (US$)
Occurrence

Minor (<100M)
Major (100M – 1B)
World Class >1B)

LEGEND

Sudbury

Popigai

Reis

-30°-60°-90°

-120°-150°

30° 60° 90° 120° 150°

-60°

-30°

0°

30°

60°

150°120°90°60°30°0°-30°-60°-90°-120°-150°

60°

30°

0°

-30°

-60°

0°

Crustal melting

Impact diamonds

VALUE (US$)
Occurrence

Minor (<100M)
Major (100M – 1B)
World Class >1B)

LEGEND

Sudbury

Popigai

Reis

 

F
ig

u
re 

3
.3

 
 

G
lo

b
a
l 

d
istrib

u
tio

n
 

o
f 

sy
n

g
en

etic
 

d
ep

o
sits 

a
sso

cia
te

d
 

w
ith

 
im

p
a

c
t 

stru
ctu

re
s. 



 75 

deposits of Cu, Ni and PGE ores with total reserves exceeding 1.65 billion tons 

(Wallbridge Mining, 2002), possibly making it the largest single mineralising system on 

Earth.  Typical ore grades are 1.2% Ni, 1.05% Cu and 2 g/t PGE (Grieve and Masaitis, 

1994; Wallbridge Mining, 2002).  The Sudbury Camp is an area of active exploration, 

with new deposits still being discovered.  However, the nickel and copper sulphide ores 

from the Sudbury Camp had been mined for over 80 years before discovery of shatter 

cones in the footwall (target) rocks of the Sudbury Igneous Complex identified the 

structure as the heavily eroded and deformed remnant of a large impact crater (Dietz, 

1964).  Another 20 years passed before the direct relationship between the impact event 

and the formation of the Sudbury ores became widely accepted (Pye et al., 1984).  

 

The deposits are located around a 60 x 27 km elliptical structure known as the Sudbury 

Basin (Figure 3.4).  The base of the Sudbury Basin is defined by a 2.5 km thick layered 

igneous body that constitutes the 1.85 Ga Sudbury Igneous Complex (SIC) and is 

overlain by sedimentary rocks of the Whitewater Group, which includes lithic breccias 

and suevite of the Onaping Formation, and mudstones and turbidites of the Onwatin and 

Chelmsford Formations.  The SIC consists of mafic norite near the base, through gabbro 

to granophyre at the top of the sequence.  The Sudbury deposits formed near the base of 

the SIC, where primary sulphides within the melt sheet rapidly settled by gravitational 

separation.  The primary ore forming minerals of the Sudbury Mining Camp are 

pyrrhotite, pentlandite, chalcopyrite and pyrite with accessory minerals including other 

copper and nickel sulphides and platinum group minerals.  The geology of the SIC is 

discussed further in Naldrett (1997) and Rousell et al. (2003). 

 

The Sudbury deposits can be classified into three main styles based on their structural 

setting (Wallbridge Mining, 2002; Rousell et al., 2003).  Contact deposits are located at 

the base of the SIC and are generally formed within a clast-rich melt termed the 

“Sublayer”, where Archaean and Proterozoic target rocks have been assimilated into the 

melt sheet.  The thickness of the Sublayer is highly variable, ranging between 0 and 

700 m, and is believed to have been controlled by the topography of the footwall 

surface (Rousell et al., 2003), i.e. the shape of the crater floor.  The Sublayer is thickest 

in structural “embayments” where the footwall surface can drop by hundreds of metres, 

possibly reflecting terraces within the original crater (Grieve and Masaitis, 1994).  It is 

within these embayments that contact deposits are best developed.  Contact deposits 
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tend to be elevated in Ni and depleted in Cu and PGEs (e.g. Levak Main).  Footwall 

deposits are found as veins and dykes of massive sulphide within the Footwall and 

Sudbury Breccias (impact breccia and pseudotachylite) adjacent to the SIC.  

Mineralisation is generally concentrated within the Footwall Breccia, which acted as a 

conduit for the flow of fluids expelled from the Sublayer.  Footwall deposits are also 

spatially related to the structural embayments where the primary sulphide melt was 

concentrated.  Fractionation of the melt at the basal contact of the SIC (Sublayer) results 

in the formation of relatively high Cu and PGE ores within the footwall.  Examples 

include McReedy East and West, and the massive Frood-Stobie deposit within the 

South Range Breccia Belt.  While frictional melting of the country rock almost 

exclusively constitutes melt within the Sudbury Breccia, Offset Dykes are dioritic and 

have a composition similar to the Sublayer, and are interpreted to represent post-impact 

intrusion of the SIC into fractures in the base of the crater floor.  These dykes can also 

carry sulphide melt, resulting in the formation of several important deposits, most 

notably along the Copper Cliff Offset, where mining first started in the Sudbury Camp 

in 1886 and has continued until the present day.  

 

There are two other types of natural resource in the Sudbury Mining Camp, impact 

diamonds and exhalative hydrothermal ores.  These are found within the post-impact 

Whitewater Group in the Sudbury Basin and are discussed elsewhere in this chapter. 

 

While there is general agreement today that the Sudbury structure is the result of a very 

large meteorite impact, there is still little consensus on the original size of the crater, the 

origin of the melt producing SIC and the source of its associated sulphide deposits 

(Dressler and Sharpton, 1999).  The time of emplacement of the SIC, and hence the age 

of the Sudbury structure, is 1.85 Ga.  This age suggests the structure was formed during 

a major deformation event, the Penokean Orogeny (ca. 1.9-1.7 Ga), which was almost 

certainly the cause of the present day elongation of the Sudbury Basin along the South 

Range Shear Zone (Figure 3.4).  Geophysical studies have shown that this event 

deformed the original basin shape of the crater into a more complex structure, with the 

South Range steeply overturned to the north (Naldrett, 1997; Boerner et al., 2000). The 

present day extent of the Sudbury Basin probably represents the preserved central pit of 

a larger peak-ring or multi-ring crater.  An estimate of the original size of the crater was 
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Figure 3.4  Simplified geology of the Sudbury Mining Camp showing the locations 

of Ni-Cu-PGE and crater floor exhalative deposits (modified from Wallbridge 

Mining, 2002). 

 

(a) (b) (c)(a) (b) (c)
 

Figure 3.5  Images of impact diamonds; a) TEM image of a diamond pseudomorph 

of graphite from Popigai, b) translucent, yellow-brown diamond from Ries, and 

c) black diamond aggregate from the fallout breccia at Sudbury.  Diamond 

aggregates are 0.3 to 0.5 mm in diameter.  Images (a), (b) courtesy Rob Hough; (c) 

from Masiatis et al. (1997b). 
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made using the extent of shocked quartz and shatter cones in the target rocks as an 

estimate of the size of the transient cavity (110 km diameter) to predict a final crater 

diameter of 220 km (Stöffler et al., 1994).  This model also suggested the transient 

cavity may have excavated a hole 20 km deep, with melting of the crust below the 

transient cavity to a depth of 25-35 km beneath the pre-impact surface.   

 

Prior to 1994, various geological processes had been used to explain the origin of the 

SIC, involving either a plutonic source or, later, a mixed impact-plutonic source of the 

melt (Stöffler et al., 1994).  In order to account for the variable composition of the 

different layers of the SIC, multiple sources of melt, including possible mantle material, 

was required to be invoked.  Mantle-derived material was considered to be the probable 

source of base metals which produced the Sudbury deposits.  However, recent isotope 

analysis of all volcanic units within the SIC, including the Subzone, suggests the 

igneous complex formed as a single melt mass and does not contain material derived 

from the mantle (Naldrett, 1997; Dickin et al., 1999), or the meteorite itself.  Different 

levels of post-impact deformation are evident within SIC, with the least amount 

observed within the central layers of the complex, not near the top.     

 

The model proposed by Stöffler and his co-workers (1994) incorporates all these 

observations into a continuous sequence of events which is summarised here.  They 

suggest that the volume of melt (12,000 to 22,500 km
3
) created by impact melting of the 

Proterozoic and Archaean target rocks would be enough to produce the 2.5 km thick 

SIC.  The source of the metal forming the Sudbury deposits is inferred to be Archaean 

rocks in the lower crust that already had elevated concentrations of nickel and copper.  

Pseudotachylite dykes (Sudbury breccia) and footwall breccia were formed by frictional 

melting and tearing of the transient cavity walls during the excavation and crater 

modification.  The violent eruption and spreading of the impact melt on the crater floor 

caused the basal layer to become mixed with clasts of footwall material to form the 

Sublayer, which was covered by a clast free melt (the main mass of the SIC).  During 

the collapse of the transient cavity, the melt would have formed a roughly bowl-shaped 

pool, the top of which became contaminated with Proterozoic material falling back from 

the crater rim to form what is recognised today as the Basal Member (clast-rich melt) 

and Grey Member (suevite) of the Onaping Formation.  This was supplemented by fall-

out from the vapour plume resulting from the impact to produce the Green Member of 
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the Onaping Formation.  With an influx of water into the Sudbury Basin, normal 

sedimentation resumed, with the Onwatin and Chelmsford Formations deposited within 

the next 6 Ma (Boerner et al., 2000).  During the early stages of cooling of the SIC, 

sulphide-rich liquids exsolved and settled at the base of the melt layer.  This process 

must have occurred prior to the intrusion of the Sublayer to form the Offset Dykes, 

several thousand years after the impact event, though the mechanism which triggered 

the formation of these structures is poorly understood (Ivanov and Deutsch, 1999). 

 

Chilled margins would have quickly formed on the upper and lower surfaces of the SIC 

(Subzone and Onaping Formation) which are strongly deformed along the South Range 

Shear Zone.  However, the middle of the melt sheet would have remained molten for a 

long period of time, and is comparatively undeformed.  Numerical modelling (Ivanov 

and Deutsch, 1999) suggests the initial temperature of the melt sheet was 1500°C, close 

to the vaporization temperature of rock.  The melt separated by fractional crystallisation 

as it cooled over an estimated period of 1Ma to produce the layered structure of the SIC.  

Deformation during the later stages of the Penokean Orogeny (ca. 1750 Ma) resulted in 

the highly deformed structure of the South Range, though the North Range is little 

affected by this event (Boerner et al., 2000).   

 

3.2.2  Phase transition 

 

Phase transition refers to the rearrangement of atomic structure of minerals under shock 

compression, resulting in the formation of denser mineral species.  Common examples 

include the transformation of quartz to stishovite, then coesite at higher pressures, 

plagioclase to maskelynite and olivine to ringwoodite.  Such transitions are diagnostic 

of meteorite impacts, and are discussed further in Section 2.4 Recognition of impact 

craters.  If the target rocks are carbon-bearing, as graphite or coal, then it is possible for 

the shock resulting from an impact to transform this carbon into a diamond crystal 

structure.  The resulting mineral may be of the normal isometric form, or take a 

hexagonal crystal lattice to form lonsdaleite.  Lonsdaleite retains part of the hexagonal 

crystal structure of its precursor, graphite, and is only found naturally in meteorites and 

impact craters.  Lonsdaleite has several physical property differences from cubic 

diamond, most importantly hardness, which is only 7-8 on the Mohs scale. 
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Phase transition of carbon to diamond occurs at shock pressures greater than 35 GPa 

(Masaitis et al., 1999; Lo Giudice et al., 2001; and references therein).  Impact 

diamonds usually contain lonsdaleite and typically form as polycrystalline aggregates 

between 100-500 µm in diameter with individual crystals 0.1-1 µm in size.  The 

diamonds may be transparent or opaque and range in colour from yellow-brown to grey 

to black, depending on the level of contamination with carbonaceous matter.  They can 

form as stacks of flattened plates, most likely pseudomorphs of graphite (Figure 3.5a), 

or are shapeless or blocky in appearance (Figure 3.5b,c).  It is considered likely that 

some of the shapeless aggregates crystallised in the vapor plume and were deposited as 

fallout within the ejecta layer (Hough et al., 1995).  Impact diamonds are most 

commonly found in impact melt, which is often referred to as tagamite by Russian 

workers, and suevite surrounding the central uplift.  They may also be found in glassy 

bombs in the ejecta layer and may be reworked to form placer deposits up to hundreds 

of kilometres from the crater itself (Shelkov et al., 1998).  Diamonds are not commonly 

found within the central uplift, where temperatures exceed the point where carbon 

vaporises.  To date, impact diamonds have been found in melt rocks of the Popigai 

(Russia), Ries (Germany), Lappijarvi (Finland), Kara (Russia), Ust-Kara (Russia), 

Puchezh-Katunki (Russia), Zapadnaya (Ukraine), Ternovka (Ukraine), Boltysh 

(Ukraine) and Obolon (Ukraine) craters, and in fallout deposits from Sudbury and 

Chicxulub (Masaitis et al., 1999).  Attempts have also been made to link the carbonado 

diamonds mined from placer deposits in several locations around the world with 

Precambrian impact structures into carbon-bearing lithologies (Haggarty, 1999; and 

references therein).  However, the evidence supporting these claims is inconclusive 

(Grieve and Masaitis, 1994). 

 

While gem-quality diamonds are known for their unflawed transparence, most industrial 

diamonds are discoloured brown or grey and may be opaque.  Naturally occurring 

industrial diamonds are found in three forms: ballas, bort and carbonado (Indus Global, 

2003).  Ballas or “shot-balls” are roughly spherical masses composed of minute 

diamond crystals.  The lack of a defined cleavage in ballas makes them tough and 

difficult to split, which is ideal for use in many cutting applications.  Bort are single 

crystal stones, often composed of small fragments of near gem-quality diamond or 

larger, discoloured stones, which are commonly used in manufacturing drill bits.  

Carbonado is a polycrystalline microdiamond aggregate that is slightly porous, opaque 
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and black.  Due to its increased porosity it has a density slightly lower than crystalline 

diamond.  Carbonado has no cleavage and is valuable for use in diamond-set tools.   

 

The USA is the world’s largest consumer of industrial diamonds, with an annual 

consumption estimated at 504 million carats (Olson, 2001).  Industrial diamonds are 

produced from the same volcanic pipes and placer deposits from which gem quality 

diamonds are mined.  Since the 1960s synthetic diamonds have been produced by 

subjecting graphite powder to high pressures (~7 GPa) and temperatures above 1700°C, 

and through the decomposition of carbon-rich gases, such as methane, at very high 

temperatures (Indus Global, 2003).  In 2001 synthetic diamonds accounted for almost 

92% of the global supply of industrial diamonds (Olson, 2001).  While cut diamond 

gemstones can command prices of hundreds to thousands of US$ per carat (which 

equals 0.2 g), industrial diamonds are only worth between US$0.30 to $4 per carat.  It is 

currently uneconomic to mine diamond-bearing volcanic pipes, which typically grade 

up to a few carats per ton, unless they contain gem quality stones because of the low 

value of industrial diamonds. 

 

Impact diamonds most closely represent ballas, with micron-size diamond crystals 

forming sub-mm diameter clusters.  Their industrial application would depend on the 

hardness of the cluster.  For example, diamond clusters recovered from Popigai are 

tough and resistant to fracturing (Masiatis et al., 1997a) and would be suitable for use in 

a cutting tool.  However, the clusters recovered from the Sudbury fallout layer are 

friable (Masaitis et al., 1999), and the individual crystals would only be useful as a very 

fine polishing powder. 

 

As impact craters can only produce industrial diamonds, they are likely to be 

overlooked for commercial exploitation by the world’s major diamond producers.  It has 

been claimed that the melt sheets created by impact into graphite- or coal-bearing target 

rocks can contain a much greater concentration of diamond than any volcanic pipe 

(Grieve and Masiatis, 1994), though there is little documented evidence to support this 

claim. A resource of 1.5 Mt at 9.13 carats/t, and a further 16 Mt at 4.7 carats/t has been 

estimated for impact melt rocks produced from graphite-bearing granite gneiss at the 

4 km diameter Zapadnaja structure (Valter et al., 2000).  Perhaps the most famous 

impact diamond resource is found at the 100 km diameter Popigai structure.  The 
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Popigai tagamite (melt sheet) is 500 m thick and may be traced over 10-15 km of strike 

length (Grieve and Masiatis, 1994) suggesting a massive possible resource. However, 

diamond is typically only present in small concentrations of about 10 ppb or 0.05 

carats/t (cf a 1 mm-sized diamond weighs approximately 0.01 carats).  Local zones of 

diamond enrichment are present within the melt sheet.  An unknown Canadian company 

investigated one such zone for possible exploitation, though the project was considered 

unviable due to the remoteness of the site and restrictions imposed by the Russian 

government (Rob Hough, pers. comm., 2003).  Perhaps a more likely candidate for 

mining may be a placer deposit with diamonds derived from an impact source, such as 

those found on the Ebeliakh River, some 200 km east of Popigai (Shelkov et al., 1998). 

 

3.3  Epigenetic deposits 

 

Epigenetic deposits are related to the anomalous geologic processes and conditions 

which are created as the result of an impact event.  These include anomalously high 

fluid flow due to shattering or subsequent faulting of the target rock, generation of local 

heat sources from kinetic energy transfer and melt production, and the creation of a 

third-order sedimentary basin within the crater.  Epigenetic deposits are the most 

numerous of the three groups and are divided into the four types of mineralising 

processes discussed below.  The locations of known epigenetic deposits are shown in 

Figure 3.6. 

 

3.3.1  Hydrothermal systems 

 

Heat transferred into the ground by the impact and stored in the deformed rocks of the 

central uplift and the resultant melt sheet can interact with ground or meteoric waters to 

produce hydrothermal systems that may be active for thousands to many tens of 

thousands years after the event occurred (Ames et al., 2000; Osinski et al., 2001).  

Except for the origin of the melt, these hydrothermal systems are analogous to the 

convection cells set up by igneous intrusions and have the potential to remobilise metal 

and form epithermal deposits.  For example, hydrothermal deposits of carbonate and 

sulphides, including marcasite and pyrite with subordinate chalcopyrite, are present 

within the young (23 Ma), 24 km diameter Haughton (Canada) structure (Osinski et al., 
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2001).  The majority of the hydrothermal alteration at Haughton occurs within the 

impact breccia, where heat to drive the hydrothermal system is stored, and as hot 

springs located in the terraced terrain that are fed by heated groundwater travelling up 

listric faults from beneath the centre of the structure.  Temperatures within the breccia 

are interpreted to have dropped from 600°C to about 200°C within a couple of thousand 

years after the impact, but sustained a larger hydrothermal system, with temperatures in 

excess of 100°C for over 10,000 years.  From the examination of melt rocks and impact 

breccias of three large Russian structures, 100 km diameter Popigai, 65 km Kara and 

80 km Puchezh-Katunki, Naumov (2002) identified minerals indicating that 

hydrothermal systems with temperatures in the range of 50-350°C were active for 

several thousand years after the impact event.  The dominant hydrothermal minerals 

deposited were clays, zeolite and calcite, with the composition of secondary minerals 

determined by the chemical composition of the target rocks. 

 

Small marginal to sub-economic vein-hosted deposits have been found within, or close 

to, the central uplift of several impact craters that were formed in dolomitic target rocks 

(Grieve and Masiatis, 1994).  These include exploited deposits of 300kt @ 3% Pb, 1.5% 

Zn and 70 ppm Ag at the 55 km diameter Siljan (Sweden) structure, 1100t of 

historically mined vein barite and galena at the 7 km diameter Crooked Creek, and Pb-

Zn occurrences at the 8 km Serpent Mound and 6 km Decaturville structures in the 

USA, and the 7 km diameter Kardla structure in Estonia.  Sulphide mineralisation at the 

Kardla structure is deposited as a 4-5 m thick layer within fractured dolomite in the 

crater rim, typically grading 1-2% combined metal, and post-dates the impact event by 

at least 10 Ma (Suuroja, 2002).  However, metal enrichment is concentrated in rocks 

that were fractured by the impact event, suggesting that the impact formed a pathway 

for the mineralizing fluids.  Remobilisation of pre-existing carbonate-hosted Pb-Zn ore 

at temperatures in excess of 200°C has been proposed by Pirajno et al. (2003) just 

outside the Shoemaker (Australia) structure, though there is no conclusive link the 

impact event. 

 

Very large impact craters, which can maintain hydrothermal activity for around a 

million years, can produce their own exhalative systems in the overlying sedimentary 

rocks.  Two such deposits, with a combined resource of over 6Mt @ 4.4% Zn, 1.4% Cu 

and 1.2% Pb (Grieve and Masaitis, 1994), occur within the Sudbury Basin at the contact 
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between the 1.4 km thick impact breccia and suevite of the Onaping Formation and the 

overlying sedimentary rocks of the Onwatin Formation (Figure 3.4).  Localised 

carbonate “sinter” deposits are interpreted to have been formed on the flooded crater 

floor by the intrusion of dykes of Sudbury Igneous Complex into fractures within the 

Onaping Formation, forming hot springs on the palaeo-seafloor soon after the impact 

(Ames et al., 2000).  These carbonate mounds allowed the trapping of later, metal-rich 

hydrothermal fluids to form replacement type Zn-Cu-Pb deposits.  Hydrothermal 

alteration continued through the sediment pile to form metal-enriched haloes in the 

overlying carbonaceous sediment.  Hildebrand and Pilkington (2002) discovered similar 

carbonate mounds, which they named crater floor exhalative or “crafex” deposits, at a 

present day depth of 1.1 km above the Chicxulub (Mexico) structure.  These have not 

yet been tested for any potential metal association.   

 

Low-grade metamorphism of post-impact sediments within the Puchezh-Katunki 

structure in Russia has altered a gritstone deposited over the central uplift to produce up 

to 30% zeolite (Grieve and Masaitis, 1994; Naumov, 2002).  Zeolites are a group of 

framework alumino-silicates that have many applications in agriculture, hard-water 

filtration and waste disposal.  These zeolite deposits have not been exploited. 

 

3.3.2  Hydrocarbons 

 

Meteorite impacts can create a number of geologic effects which may be important for 

the generation and preservation of hydrocarbons.  It has been shown that impact 

structures formed in hydrocarbon producing basins are excellent targets for oil and gas 

deposits, with eleven out of the twenty-six known structures formed in North American 

basins directly related to commercially exploited fields (Table 3.2). A similar rate of 

success (approximately 50%) was given in an earlier tabulation by Donofrio (1998).  

 

The most important effect of meteorite impact is the creation of large reservoirs, with 

characteristics that produce high rates of flow.  This is primarily achieved through 

fracturing and brecciation of the target rock to form an autochthonous breccia, although 

allochthonous breccia and ejecta (Bunte breccia) deposits can also make good quality 

reservoirs.  Shock deformation due to impact can even produce reservoirs in crystalline 
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Table 3.2:  Hydrocarbon resources associated with impact structures formed in 

North American sedimentary basins (modified from Donofrio, 1998). 
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rocks that are not normally considered a target for petroleum exploration.  Donofrio 

(1981) examined the breccias created in crystalline target rocks at four impact sites 

exposed at the surface.  He showed that three of these would make productive reservoirs 

if they were filled with hydrocarbons.  This is further exemplified by the brecciated 

granite in the uplifted core of the Ames structure (Oklahoma), which not only contains 

oil, but has yielded flow-rate tests in excess of 7000 barrels per day (Donofrio, 1998). 

Canyon-like features surrounding the Tookanooka structure in southwest Queensland 

have been interpreted by Longley (1989) as channel incision during a period of 

subaerial exposure after the impact event, though these may, in fact, represent resurge 

gullies created as water flowed back into the excavated marine crater.  It is possible that 

these features would also make a good reservoir rock. 

 

The structural deformations caused by the impact event can form structural traps within 

pre-existing reservoir horizons.  This is most likely to occur in the outer terraces of the 

crater, but can also potentially be formed by faults within the central uplift and “ring-

faults” external to the crater, such as those surrounding the Silverpit structure in the 

North Sea (Stewart and Allen, 2002).  The ring-faults here may have been created as a 

direct result of the seismic disturbances caused by the impact event, or they may be due 

to post-impact slumping of the loosely consolidated sea-floor sediment.  Other possible 

trap-sites include pinchout of impact breccia, ejecta deposits or post-impact sediments 

against the inner crater walls or the raised crater rim (Donofrio, 1998), though these 

target types are yet to be recognised within a petroleum producing crater. 

 

The impact crater itself forms a unique environment where the local stratigraphy may 

significantly differ from the “normal” sequence in a sedimentary basin setting.  In 

addition to the deposition of coarse-grained breccia layer by mass flow, an overlying 

blanket of fine-grained fallout ejecta could form an ideal seal for the hydrocarbon 

reservoir in the underlying breccia layer.  The crater may also act as a local depocentre 

and form its own restricted basin, where sedimentary rocks are deposited that have no 

lateral equivalents elsewhere in the basin.  Water within the restricted basin may 

stagnate, leading to the deposition of organic-rich layers that can then become the 

source for hydrocarbons.  In a continental-shelf environment, carbonate reefs may form 

on the raised crater rim.  Lastly, hydrothermal systems generated by the heat energy 

produced during the impact can have both positive and negative effects on the potential 
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of the structure to produce and store hydrocarbons.  The hydrothermal solutions are 

likely to precipitate mobile silica and carbonate to fill voids, and decrease the porosity 

and permeability of potential reservoir rocks.  On the other hand, the hydrothermal 

system may also provide the heat required for the production of hydrocarbons from an 

immature kerogen source.  

 

The Campeche Bay area of the Gulf of Mexico, located 300 km to the west of the centre 

of the Chixculub (Mexico) impact structure (Figure 3.7), is one of the most prolific oil 

producing areas, with estimated total reserves in excess of 30,000 million barrels 

(Mbbl) of oil and 15,000 billion cubic feet (bcf) of gas (Donofrio, 1998).  The Cantarell 

field in this region is estimated to have contained reserves of 17,000 Mbbl of oil and 

3,400 bcf of gas and provides more than half of Mexico’s 2 Mbbl / day production 

(Grajales-Nishimura et al., 2000).  It is worth noting that the value of the hydrocarbon 

reserves within the Cantarell oilfield alone is roughly equivalent to the combined value 

of all the base metal mined from the Sudbury Mining Camp, or all the gold from the 

Witswatersrand Basin.  The Cantarell field produces from three horizons; dolomite 

layers within the Jurassic and Lower Cretaceous and a dolomitic breccia of Upper 

Cretaceous to Palaeocene age.  The uppermost of these zones contains about 70% of the 

oil produced from the field, and has been directly linked to the Chicxulub impact event 

(Grajales-Nishimura et al., 2000).  The carbonate breccia at Cantarell has close 

similarities to type sections of the Chicxulub breccia at onshore localities.  It consists of 

a thick (50-300 m) lower layer of dolomitised limestone breccia overlain by a (30 m) 

upper layer consisting of intercalated conglomerate breccia and dolomitised bentonic 

beds.  The lower breccia is oil bearing and has a porosity in the range of 8-12%.  The 

upper layer contains shocked quartz and plagioclase and contains patches of clay 

minerals interpreted as decomposed impact glass.  The overlying beds are impermeable 

and act as a seal for the lower breccia.  The lower breccia is interpreted to have been 

primarily deposited as a massive debris flow of the Yucatan Platform carbonates that 

were shattered by the seismic shockwave resulting from the impact.  The upper breccia 

layer represents ballistic and fallout ejecta deposited minutes to hours after the impact 

event.  Post-K/T tectonics within the Gulf of Mexico deformed the breccia formation to 

create the structural traps for oilfields such as Cantarell. 
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Figure 3.7:  Plan showing the relationship between the Bay of Campeche (Gulf of 

Mexico) oilfields and the distribution of Cretaceous-Tertiary (K/T) boundary 

carbonate breccia, which is believed to have been formed by the Chixulub impact 

event (modifed from Grajales-Nishimura et al., 2000). 
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The 15 km diameter Ames structure in Oklahoma (Figure 3.8a) was discovered by 

accident during routine petroleum exploration, but contains wells which have some of 

the highest known rates of daily production.  Stem flow tests in excess of 7200 bbl / day 

have been reported from holes within the structure (Donofrio, 1998).  A total 

hydrocarbon resource of more than 50 Mbbl of oil and 60 bcf of gas was estimated from 

early production results (Grieve and Masaitis, 1994), although high water flow through 

the structure has hampered optimal recovery (Donofrio, 1998).  The structure was 

formed in the Cambrian-Ordovician Arbuckle Dolomite, which overlies granitic 

basement.  The presence of an anomalous structure was first recognised from local 

thickening of the overlying Sylvan Shale, but an impact origin of the “Ames Hole” was 

not proposed until after the discovery of oil in a 500 m thick section of Arbuckle 

Dolomite within the crater rim (Grieve and Masiatis, 1994).  Oil was also discovered in 

granite and dolomite breccia within the central peak of the structure.  The rim and 

central uplift area are interpreted to have been exposed above water level as a result of 

the impact (Grieve and Masiatis, 1994).  This led to karsting of the dolomite and 

reworking to form talus deposits surrounding the uplift peak.  Without the increase in 

porosity and permeability due to the impact event and subsequent modification, the 

target rocks at Ames would have made poor reservoirs.  A total of 17 separate oil pools 

have been discovered within the structure; 11 in lithified granite breccia, dolomitic 

breccia and talus deposits from the eroded central uplift, 5 in Arbuckle dolomite on the 

crater rim and 1 in recrystallised dolomite ejecta to the west of the structure (Sandridge 

and Ainsworth, 1997).  The structure is covered by the Oil Creek Shale, which is thicker 

over the Ames structure than elsewhere in the region and is interpreted to have acted 

both as source and seal for the hydrocarbon resources (Koeberl et al., 2001).  

 

The South Barrow, East Barrow and Sikulik gas fields, with combined reserves of 50.5 

bcf (Kornbrath et al., 1998), are located on the flanks of the 12 km diameter Avak 

structure on the Barrow High, Alaska (Figure 3.8b).  While the South Barrow and East 

Barrow fields have been in production for several decades for local domestic usage, the 

remote location and low flow-rates has inhibited large-scale development of these 

fields.  The Avak structure is formed within Mesozoic clastic sediments that overlie a 

basement of deformed Palaeozoic mudstones.  Gas is primarily stored within a local 

sandy facies, named the “Barrow sand”, near the base of the Jurassic age Kingak Shale 
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Figure 3.8:  Plan and section views through petroleum producing impact craters; 

a) Ames, b) Avak, c) Red wing Creek and, d) Viewfield.  Dotted and dashed lines 

show the extent of the central uplift and crater rim.  Sections are vertically 

exaggerated.  Compiled from Koeberl et al., 1994; Kirschner et al., 1992; Grieve 

and Masiatis, 1994; and Donofrio, 1981. 



 92 

at a depth of about 670 m.  The structural trap for the gas fields are in “outwardly-

dipping country rocks forming a discontinuous ring of anticlines” (Kirschner et al., 

1992).  These probably represent the raised outer rim wall of the Avak crater.  

Impermeable mud filling the crater forms part of the seal.  Carbon isotope data indicate 

that the gas was produced by thermal processes, probably from kerogen, within the 

underlying Shublik Formation.  However, rocks at a similar stratigraphic horizon 

outside the Avak structure are thermally immature (Kornbrath et al., 1998).  This leads 

to the plausible hypothesis that heat generated by the impact event was probably 

responsible for generating the gas. 

 

The 9 km diameter Red Wing Creek structure is located near the centre of a well-

explored hydrocarbon province, the Williston Basin in North Dakota.  It is of particular 

importance because it contains the largest known petroleum field within an impact 

crater.  The structure was formed in Palaeozoic age sedimentary rocks, mainly 

carbonates with minor sandstone and evaporite (Grieve and Masaitis, 1994).  Oil is 

stored in a mega-breccia of the Carboniferous (Mississippian) age Mission Creek 

Dolomite, created by the impact within the 3 km central uplift of the structure (Figure 

3.8c).  The thickness of the oil column near the centre of the structure was 820 m in a 

steeply dipping, brecciated and thrust repeated sequence of dolomite at a depth of about 

2000 m (Donofrio, 1981; Grieve and Masaitis, 1994).  The total hydrocarbon resource 

has been estimated in excess of 130 Mbbl of oil and 100 bcf of gas, roughly half of 

which is recoverable (Grieve and Masaitis, 1994).   

 

The 2.4 km diameter Viewfield (Saskatchewan) structure was found during routine 

petroleum exploration in the Williston Basin.  The structure was identified from the 

deposition of an anomalously thick section of Jurassic red beds within a 200 m deep 

cavity excavated into Carboniferous (Mississippian) carbonate (Donofrio, 1981; Grieve 

et al., 1997).  The oil-bearing carbonate breccia on the flanks of the structure (Figure 

3.8d) was also thought to be deposited during the Carboniferous, but probably 

represents ejecta formed by the mid-Jurrasic impact event.  Total oil in place in the 

carbonate breccia was estimated to exceed 75 Mbbl, with about 25% of this recoverable 

(Donofrio, 1981).  The height of the oil column is similar to the thickness of breccia, 

ranging from 4 to 52 m.  Oil is also produced from undeformed target rocks near the 

structure, although these accumulations are largely unrelated to the Viewfield crater.    
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Hydrocarbons are produced from five other craters in the United States and Canada; 

Calvin, Marquez, Newporte, Sierra Madera and Steen River.  These are summarised in 

Table 3.2, and additional information may be found in Donofrio (1998).  The only 

impact structure outside of North America where a possible relationship to hydrocarbon 

fields has been noted is the Tookanooka structure in Australia.  This structure is 

discussed in Section 6.2. 

 

3.3.3  Sedimentary deposits 

 

The impact crater itself can often form a third-order basin where the pattern of 

deposition is different to the surrounding area.  As previously mentioned, this may 

range from the local thickening of post-impact sediments to the deposition of units that 

have no lateral equivalents.  If a crater lake is formed, this can provide an excellent 

location for producing evaporate deposits in a warm climate. 

 

One group of sedimentary deposits with a high potential for economic importance is oil-

shales.  Oil-shales are sedimentary rocks, commonly marls, which contain a high 

proportion of insoluble organic matter that can be converted into oil or gas.  Most of the 

organic content of the rock is kerogen, which is the source for many oil and gas 

deposits.  Unlike coal, oil-shale has a high content of mineral matter, mainly silicates 

and carbonates.  While it is possible to extract oil and gas from oil-shale by 

synthetically decomposing or “cracking” the kerogen at temperatures greater than 

500°C, this is an expensive process and cannot currently compete economically with the 

conventional production of petroleum from oil and gas fields.  Oil-shales have also been 

burned as a direct source of fuel for power stations, primarily in Estonia which accounts 

for more than half of the world’s oil-shale production.  However, this has created 

numerous environmental problems as it generates large quantities of ash and sulphur 

dioxide waste (Russell, 1990, Chapter 34). 

 

The Boltysh crater in the Ukraine (Figure 3.9) contains a large resource of medium-

grade oil-shale.  Approximately 3743 Mt of oil-shale were deposited as seams, up to 

several metres thick, within a sequence of Eocene siltstone and marl (Russell, 1990, 

Chapter 34).  When processed, the shale can produce between 125 and 167 litres 
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(slightly less than a barrel) of oil per ton.  This equates to a potential resource of oil in 

excess of 3500 Mbbl, although it is presently uneconomic to recover.  Oil-shale deposits 

are also found in the nearby Rotmistrovka and Obolon structures, also in Estonia 

(Grieve and Masaitis, 1994). 

 

Other examples of crater fill deposits of economic value are summarised in Grieve and 

Masaitis (1994).  As well as the mining of impact breccia to produce cement, beds of 

lignite (coal) and bentonite (an industrial mineral also used in medicine) are found 

within the 24 km diameter Ries crater in Germany.  Diatomite deposits, a siliceous rock 

composed of diatoms and used for producing filter paper, are found within the 9 km 

Ragozinka (Russia) structure.  Phosphorite deposits, used in producing fertiliser, are 

found within the 17 km diameter Logoisk crater in Belarus.  Gypsum deposits have 

been quarried since 1901 from a 10 m thick layer at Gypsumville within the 40 km 

diameter St. Martin structure in Manitoba, Canada.  Small deposits of chemical 

sediments, mainly chloride and carbonate salts of sodium and potassium, were also 

exploited from the lakes formed within the 1.8 km diameter Lonar Lake structure 

(India) and the 1.1 km diameter Tswaing crater (formerly known as the Pretoria 

Saltpan) in South Africa. 

 

3.3.4  Water resources 

 

Perhaps more important than the transient hydrothermal cells driven by heat generated 

by the impact event, deformation of the target rocks will have a long term effect on the 

local hydrogeology around the impact site.  Shattering of the target rocks beneath the 

crater as well as concentric and radial faults, both inside and external to the crater, will 

obviously increase local ground water flow.  The same breccia material that is a good 

reservoir for hydrocarbons will also be a good aquifer.  Craters are also a natural place 

to form large lakes.  Water stored within impact craters can be used for any number of 

domestic, agricultural or industrial purposes. 

 

The present day remnant of the deeply eroded Manicougan (Quebec, Canada) structure 

consists of a distinctive 70 km diameter annulus, which is largely water filled.  When 

the mouth of the river flowing out of the crater was dammed in 1968, it produced a lake 
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Figure 3.9:  Geological cross section of the oil-shale bearing Boltysh crater, 

approximately 5 times vertical exaggeration (after Grieve and Masaitis, 1994). 
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Figure 3.10: Space shuttle image of the Manicouagan structure showing the 

locations of the Manic-5 and Manic-5A hydroelectric power stations (image 

courtesy NASA). 
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with a surface area of 1950 km
2
, an average depth of 85 m, and holds around 142 

trillion litres of water (ILEC, 2003).  Outflow from this reservoir powers two 

hydroelectric stations (Figure 3.10), with a further three stations downstream.  Manic-5 

and Manic-5A have a combined power production capacity of more than 2500 MW, 

with a total of 4500 MW generated by all five stations fed by the Manicouagan water 

resource system (Hydro-Quebec, 2003).  Hydroelectric power is also reported to be 

generated from water stored within the 80 km diameter Puchezh-Katunki (Russia) 

structure (Grieve and Masaitis, 1994).   

 

Impact breccia within the 7 km diameter Kardla (Estonia) impact crater is water filled.  

One hole drilled into the centre of the structure for scientific studies intersected drinking 

quality mineral water, which was bottled and sold under the name “Kardla”, though 

production stopped in 1990 due to economic reasons (Suuroja, 2002).  A water well for 

Manson City on the flanks of the central uplift of the 36 km Manson (Iowa) structure 

was found to contain unusually soft ground water (Hartung and Anderson, 1996), 

possibly due to the structural removal of a layer of dolomite that covers the surrounding 

area.  Anomalously high water flow in the Agaton Borefield (Passmore, 1969), 200 km 

north of Perth, Australia, coincides with structural disturbances created by the 12 km 

diameter Yallalie structure (Dentith et al., 1999).  Aquifers within this structure are 

currently being investigated for use in agriculture (Burton, 2002). 

 

3.4  Discussion and Summary 

 

Meteorite impact craters should be considered valid targets for the exploration of 

exploitable natural resources.  This chapter has demonstrated that resource-forming 

processes can be found to be associated with more than a quarter of the world’s known 

impact craters.  While not all of the resources formed by these processes are 

economically exploitable, 10 have estimated values in excess of a billion US dollars, 

with a further 7 worth more than one hundred million dollars.  This suggests that more 

than 10% of all craters can be associated with a significant economic resource, 

representing a relatively good chance of success by minerals or petroleum exploration 

standards. 
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From a strategic point of view, the targeting of craters within Phanerozoic basins for 

impact-related hydrocarbon reservoirs offers the best chance of exploration success.  

This strategy combines a high frequency of occurrence, almost half the craters in 

petroleum producing basins of North America are related to hydrocarbon resources, 

with a high economic value.  Hydrocarbons may be stored in shattered rock beneath the 

centre of the structure, in trap sites created by the terraces of the crater or uplift of strata 

at the rim, or within impact generated mass-flow or ejecta deposits outside the structure.  

The best producing impact craters seem to be formed in relatively hard target rocks, 

such as dolomite or granite (as basement rocks exposed in the central uplift), where the 

shockwave resulting from the impact shatters the rock and increases porosity.  The size 

of the impact crater does not seem to be important.  Good producing fields are found in 

small, simple craters as well as larger, complex structures.  None of the producing 

craters are exposed at the surface.  Shallow craters are possibly not buried deeply 

enough to have generated hydrocarbons, or else the connection of internal faults with 

the surface has allowed the hydrocarbon to escape.  However, the potential for traps to 

be formed within the sub-floor structure, up to depths of more than 1000 m for even a 

medium sized (10 km diameter) crater, should not be dismissed. 

 

While the Sudbury Mining Camp is one of the world’s most important mining districts 

and has been intimately linked to the melt sheet produced by the Sudbury impact event, 

it is probably unique on the Earth.  However, deposits formed by crustal melting may be 

important targets for mineral exploration on other planetary bodies.  This style of 

deposit requires a sufficiently thick melt sheet to allow the concentration of metal, either 

through gravitational settling of dense sulphide minerals or by fractional crystallization 

processes such as those that form tin deposits.  The minimum size of crater that could 

generate such a volume of melt is estimated to be 150 km.  Of course, this melt must 

also be preserved until the present day.  A large volume of metal is required to create 

these deposits, suggesting that the target rocks were already enriched prior to the impact 

event.  

 

Progenetic deposits can also potentially contain a high value resource, however they 

depend on the presence of a pre-existing orebody.  Perhaps the best strategy in 

searching for this type of deposit is to concentrate on structures formed in known 
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mineral provinces.  A crater diameter of about 5 km is suggested as the lower limit for 

which internal faulting will have a significant affect on the regional geology.   

 

Deformation of the target rocks by the impact will affect the local hydrogeology and 

will generally increase their ability to store ground water.  Due to the high permeability 

of shattered rock, impact craters should make excellent locations for high-draw bore 

fields.  In the case of Manicouagan, the capacity of the crater to act as a large natural 

reservoir for surface water is important for the powering of several hydroelectric 

stations, providing a continuous, renewable and very profitable resource.     

 

Oil-shale crater fill and industrial diamonds represent two examples of large, impact-

related resources that are currently uneconomic to exploit.  The oil-shale bearing craters 

of Estonia occur within an area of known oil-shale production.  Within this district, 

however, craters represent third-order basins where sedimentation, including that of the 

kerogen-rich marls, can potentially be thicker.  Impact generated diamonds are formed 

in carbon bearing target rocks, particularly if they are graphitic or coal bearing.  While 

the transformation to diamond requires high pressures and temperature, they are 

unlikely to be found in the centre of the structure where the vaporisation point of carbon 

was exceeded.  Impact diamonds are most likely to be found within impact melt and in 

glassy ejecta thrown out of the crater.  Impact diamonds commonly form as clusters of 

micron-sized crystals up to about half a centimeter in size.  Although grades far greater 

than in volcanic pipes are reported to occur within impactites, a further concentration by 

alluvial processes is probably required before impact generated diamonds can be mined 

economically, due to the lack of gem quality stones.  

 

Remobilisation of sulphides by hydrothermal fluids driven by heat sources within 

impact melt, breccia and the structural uplift can create small epithermal deposits.  The 

metal for these deposits is generally sourced from carbonate target rocks, making 

impacts into this type of stratigraphy the best candidates for hydrothermal deposits.  

While the ore can be of economic grade, the remobilised sulphide deposits discovered to 

date are very limited in size.  Exhalative “crafex” deposits formed in a submarine 

environment on the crater floor of a very large impact structure have the potential to 

produce orebodies similar to VMS or sedex type deposits.  
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Industrial evaporitic or sedimentary minerals have been deposited in the restricted 

basins formed by impact craters. The economic value of these resources is generally 

very small, and they have only been exploited as a quarrying operation to support a 

local industry. 
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4.  GEOPHYSICAL SIGNATURES OF AUSTRALIAN IMPACT CRATERS  

 

One of the best preserved and most complete records of meteorite impacts over the last 

billion years of the Earth’s history is found in Australia.  There are two main reasons for 

this.  The first is geological.  The Australian geological environment is ideal for the 

long-term preservation of the structures formed by impact events.  Most of the continent 

is tectonically stable, where deformation during the Phanerozoic and, in many areas, 

since the Neoproterozoic, has been mild.  Consequently, low rates of sedimentation and 

erosion, particularly in the Archaean and Proterozoic shield areas that cover close to 

half the continent, means that older structures will not be so deeply buried or heavily 

eroded that they are undetectable.  The second reason is sociological.  This is partly 

because of the excellent regional geological and geophysical data which has been 

collected over the entire continent and is still being added to by second and third pass 

investigations by the government Geological Surveys and private industry.  Perhaps the 

most important factor, however, is that people have been actively searching for impact 

craters on the Australian continent for more than 30 years.  Particular note should be 

made of the efforts of geologist Eugene Shoemaker, astronomer Carolyn Shoemaker 

and geophysicist Jeff Plescia of the USGS, who made many trips to Australia during the 

1980s and 1990s to identify and confirm suspected impact structures and published 

compilations of Australian astroblemes (eg Shoemaker and Shoemaker, 1987).  A 

consequence of these visits has been a greater understanding and interest in meteorite 

craters by Australian researchers, who have also made many recent contributions to the 

growing list of known or suspected impact structures. 

 

There are currently 30 structures in Australia that have good evidence to support a 

hypervelocity impact origin, as summarised in Table 4.1.  The locations of these 

structures, and other circular features suspected to be of impact origin, are shown in 

Figure 4.1.  Six new impact structures, and several good candidates, have been reported 

since the last major published compendium of Australian impact-related features 

(Glikson, 1996).  It is likely that more will be identified at the same rate as in recent 

years, around one or two per year.  Several of these new structures are buried and were 

originally identified from the routine compilation and interpretation of regional 

potential field geophysical data.  The majority of impact structures are located in the 
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Name Long Lat AMG E AMG N Zone 250k sheet Diam Age (Ma)CriteriaErosion Target

Probable and confirmed

Acraman 135.45 -32.02 544700 6456900 53 Yardea 55 ~590 abefgx 7 crystalline

Boxhole 135.20 -22.62 520550 7498500 53 Huckitta 0.17 0.03 am 1 crystalline

Crawford 139.03 -34.72 324500 6164600 53 Adelaide 8.5x3.5 Eoc-Olig? p 3-4 crystalline

Dalgaranga 117.28 -27.67 527600 6939300 50 Cue 0.024 <0.003 abm 1 -

Flaxman 139.07 -34.62 320700 6155500 53 Adelaide 10x1 Eoc-Olig? p(bx) 3-4 crystalline

Foelsche 136.78 -16.67 689800 8156000 53 Robinson River 6 NeoP aegp 4 P_sed

Goat Paddock 126.67 -18.33 253700 7971700 52 Mt Ramsay 5 <50 abexp 4 P_sed

Gosses Bluff 132.30 -23.82 225500 7363100 53 Hermannsburg 24 142.5+0.8 abegxp 5 sedimentary

Goyder 135.03 -13.47 503200 8510900 53 Blue Mud Bay 15 <1400 axp 7 P_sed

Henbury 133.17 -24.58 314700 7280300 53 Henbury 0.18 0.0042 abesm 1 -

Kelly West 133.95 -19.93 390400 7796200 53 Tennant Creek 6.6 NeoP abx 7 P_sed

Lawn Hill 138.65 -18.68 250000 7932400 54 Lawn Hill 20 <1670 abex 7 P_sed

Liverpool 134.05 -12.40 396700 8629000 53 Milingimbi 1.6 >140 abp 3 P_sed

Mt Toondina 135.37 -27.95 241200 6905500 53 Oodnadatta 4 <35 agx 6-7 sedimentary

Shoemaker 120.88 -25.87 288500 7141400 51 Nabberu 30 1630+5 agxp(e) 7 mixed

Spider 126.08 -16.73 188629 8148000 52 Mt Elizabeth 12 >700 ax 7 P_sed

Strangways 133.58 -15.20 347500 8139000 53 Hodgson Downs 30 646+42 abesx 7 mixed

Tookoonooka 142.82 -27.33 680100 6975700 54 Thargomindah 55 128+5 begup 4 sedimentary

Veevers 125.37 -22.97 743000 7457800 51 Ural 0.07 <0.02 abm 1 -

Wolfe Creek 127.77 -19.17 373500 7879300 52 Billiluna 0.88 0.3 aegms 2 sedimentary

Woodleigh 114.65 -26.05 264900 7116650 50 Yaringa 65 Dev-Jur bgup 5 mixed

Yarrabubba 119.83 -27.16 780400 6992700 50 Sandstone 30 PaleoP aegpx 7 crystalline

Possible

Amelia Creek 134.83 -20.92 482300 7686700 53 Bonney Well 20x12 >550 (bx) 7 P_sed

Connolly Basin 124.75 -23.53 679400 7396000 51 Morris 9 <60 abg 5 sedimentary

Darwin 145.67 -42.30 390400 5316000 55 Queenstown 1 0.81+0.01 aeg 2-3 sedimentary

Mulkarra 138.92 -27.87 295500 6915400 54 Gason 19 105+3 gu 7 sedimentary

Piccaninny 128.42 -17.42 438400 8073900 52 Dixon Range 7 <360 ab 6-7 sedimentary

Snelling 127.77 -19.35 370800 785000 52 Billiluna 0.025 <0.005 ab 1 -

Talundilly 144.62 -24.73 259300 7263000 55 Blackall 30 128+5 gu 4? sedimentary

Yallalie 115.77 -30.45 381900 6631800 50 Moora 12 85+5 bgu 5 sedimentary

Suspected

Bedout Offshore NW Shelf 90? 253+5 gu 4-5 sedimentary

Buchanan 132.67 -18.30 254100 7974000 53 South Lake Woods 10 <600 gu ? P_sed

Camooweal 138.12 -19.25 197200 7869000 54 Camooweal 30 >550 gu 6-7? P_sed

Glikson 121.57 -23.98 354500 7347200 51 Gunanya 16 >800? ag(px) 7? P_sed

Gulpuliyul 134.10 -13.32 482300 8527300 53 Mt Marumba 10 MesoP ag ? P_sed
 

Table 4.1:  Catalogue of Australian impact craters and astroblemes, and circular 

structures suspected to be of an impact origin.  Descriptions of target, criteria, 

erosion level and target type are given in Appendix 1.  The locations of these 

structures are shown as Figure 4.1. 
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Figure 4.1:  Distribution of impact structures and features suspected to be of 

impact origin on a simplified tectonic map of Australia (geology courtesy of 

Geoscience Australia).  Named structures are described in the text in detail.   
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western half of the country, particularly within Western Australia and the Northern 

Territory.  This is partly a reflection of the age of the rocks in these States; with 

Precambrian shield and Proterozoic sedimentary basins common in the west, while 

younger Phanerozoic basins occur in the eastern and southern States.  As the rate of 

crater formation has remained constant over the last billion years, it is unsurprising to 

find a greater number of craters in the older terrains.  There has also been a conscious 

effort made by workers from the Western Australian and Northern Territory Geological 

Surveys to investigate unusual circular features found during geological mapping and 

detailed geophysical surveys for a possible impact origin.   

 

The sizes of the proven and possible impact structures in Australia are shown in 

Figure 4.2.  They range in size from tens of metres for the small, meteorite bearing 

craters that were formed in Recent geological time, to a few large structures over 50 km 

in diameter.  While claims have been made for two of these structures, Acraman and 

Woodleigh, to be greater than 100 km in diameter based on the interpretation of 

geophysical data, these claims are not universally accepted (Hawke, 2003; Renne et al., 

2002; Hough et al., 2003) and more conservative estimates of their size are reported 

here.    

 

The relative ages of the structures are shown in Figure 4.3.  Compared to the age 

distribution worldwide, the Australian record contains far more very old (Precambrian) 

and very young (Recent) structures.  Due to the high degree of preservation of old 

structures, Australia contains almost half of the world’s total population of Proterozoic 

impact craters.  The greater than average number of discoveries of relatively small, 

young craters is probably due to the same factors that make Australia such a good place 

to look for “soft-landed” meteorite fragments; the low rates of erosion and sparse 

vegetation in the arid centre of the country means they are not quickly eroded or 

obscured from view by dense foliage.   

 

Also shown in Figure 4.3 is a generalised summary of the target rock types which form 

the tectonic provinces within Australia.  They are categorised here in to three main 

groups: crystalline rocks of primarily igneous origin; Proterozoic basins of 

metasedimentary rocks; and Phanerozoic sedimentary basins.  It should be expected that 
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Figure 4.2:  Sizes of Australian impact structures 

 

Figure 4.3:  Ages of Australian impact structures overlain on the target geology 

(courtesy Geoscience Australia).  Phanerozoic basins are divided into hydrocarbon 

producing and carbonate-hosted base-metal provinces.  
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the target environment will have a significant influence not only on the dynamics of the 

impact process, but also the geophysical signatures of the resultant structure and the 

types of economic deposits that may be found.  The effects of different target lithology 

will be discussed further in Chapter 6. 

 

The following section a collection of case studies describing the geological and 

geophysical characteristics of eight Australian structures that are confirmed or of 

possible impact origin.  Each case study is self-contained and provides information on 

the location and size of the structure, previous work, the regional geological setting, 

crater geology and diagnostic criteria, as well as the geophysical and remote sensing 

data that have been compiled from government and industry sources.  Where it is 

deemed appropriate, a reinterpretation of the observations of past workers may be given.  

A more detailed discussion of the Yallalie structure is provided in the following chapter. 

 

4.1  Acraman, South Australia 

 

4.1.1  Location and size 

 

The Acraman structure is centred at 32°01’S, and 135°27’E, located on the northern 

Eyre Peninsula, approximately 400 km northwest of the city of Adelaide (Figure 4.4).  

Access to the structure is via 80 km of bush track north from the township of Minnipa, 

which is situated on the Eyre Highway.  

 

Acraman may be identified in regional geology and remote sensing data from numerous 

sub-circular and roughly concentric features (Figure 4.5, 4.6); including the 20 km 

diameter ephemeral Lake Acraman, a 30 km diameter topographic depression, a 90 km 

diameter raised platform of Mesoproterozoic volcanics and a postulated outer ring 150 

to 160 km diameter, in part defined by the eastern margin of Lake Gairdner.  This led 

the discoverer (Williams, 1986) to initially suggest the structure formed a multi-ringed 

basin with a diameter of 90 km, or possibly 150 km, making it one of the largest known 

impact craters in the world. 
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Figure 4.4:  Simplified tectonic map of South Australia showing the location of the 

Acraman structure and occurrences of Acraman ejecta (after Schmidt and 

Williams, 1996; Williams et al., 1996) 
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Acraman has been identified as the probable source of an ejecta horizon (Figure 4.4) 

preserved within the Neoproterozoic Bunyeroo Formation of the Adelaide Geosyncline 

300 km to the east (Gostin et al., 1986) and Rodda Beds of the Officer Basin 450 km to 

the northwest (Wallace et al., 1989). 

 

The suggested dimensions of the Acraman structure (Williams, 1994; Williams et al., 

1996) include: a central uplift or “peak-ring”(?) of 20 km diameter defined by a subdued 

magnetic response; a transient cavity diameter ranging from 30 km, coinciding with the 

Acraman depression, to 40 km, determined by scaling the extent of disruption of the 

target rocks for an assumed level of erosion; and a final crater diameter of 85-90 km.  

Using apatite fission track analysis and an estimated rate of erosion, Williams (1994) 

suggests that up to 2 km of erosion has occurred at Acraman since the time of impact. 

 

From their own field investigations, Shoemaker and Shoemaker (1996) found that 

disruption and shock effects within the Proterozoic volcanic rocks do not extend past a 

radial distance of 19 to 20 km from the centre of the structure.  They suggest that the 

crater was not much larger than the present day topographic depression, perhaps 35-40 

km in diameter.   

 

A later size estimate by Gostin and Zbik (1999) relied on the empirical relationship 

between ejecta thickness and the hemispherical cavities produced in relatively small 

explosive events from nuclear test blasts, ranging up to observations at Meteor Crater, 

derived in McGretchin et al. (1973).  Such an estimate relies on the assumptions that 

ejecta will be deposited evenly on all sides of the crater, which is not true except in the 

rare event of a vertical impact, and that the distribution of ejecta can be scaled from a 

small, simple crater to large, complex structures.  It was assumed by Gostin and Zbik 

(1999) that this cavity represents the material excavated during the impact event, which 

defines the transient cavity.  Gostin and Zbik (1999) suggested the diameter of the 

transient cavity to be about 34 km using the formula: 

  t = 0.04 R
0.74

 (r/R)
-3

   (McGetchin et al., 1973) 

where t is the thickness of the ejecta layer at distance r from the crater rim and R is the 

diameter of the cavity.   

 



 108 

Re-calculations using this formula for typical observations of the Acraman ejecta within 

the Adelaide Geoscyncline (r ~300 km, t ~3.4 cm; Gostin et al., 1986) and Officer Basin 

(r ~450-500 km, t ~1.7 cm; Wallace et al., 1989) yield a cavity diameter closer to 

30 km.  This is about the same size as the “Acraman depression”, and which can be 

reasonably expected to define the extent of the transient cavity.  By further applying 

relationships between the size of the transient cavity and final crater diameter, 

summarised in Therriault et al. (1997), the collapse crater diameter can be predicted to 

be between 54 and 60 km in diameter.  

 

The analysis of the geophysical data presented here suggests the structure has a single-

peak central uplift, 18 km in diameter, coinciding with the extent of a circular zone of 

subdued magnetic response and a negative gravity anomaly.  The extent of the crater is 

interpreted from a disruption of the regional gravity field to be approximately 55 km in 

diameter.  These estimates of the size of the central uplift and crater diameter are in 

agreement with the morphometric relationships given in Therriault et al. (1997).  

 

4.1.2  Previous work 

 

The presence of the Acraman structure was first suspected from the near circular 

appearance of Lake Acraman observed in satellite imagery (Figure 4.5) by mining 

company geologists in 1979 (Williams, 1986; 1987).  Other arcuate trends consisting of 

a series of lineaments including the “Yardea Corridor” were found at a diameter of 85-

90 km, and the shoreline of Lake Gairdner at 150 km.  An impact origin of the structure 

was verified from the discovery of shock metamorphic features on “islands” of outcrop 

within Lake Acraman during follow-up field work the following year (Williams, 1987).  

Subsequent field investigations (Williams, 1994) suggest the highly shocked materials 

are restricted to the Lake Acraman area. 

 

Ejecta created by the Acraman event was independently discovered within the shales of 

the Neoproterozoic Bungaroo Formation, some 300 km to the east (Gostin et al., 1986).  

The debris was found while searching the Adelaide Geosyncline for volcanic material 

suitable for geochronology studies.  Petrography and age dating of the ejecta material 

suggest a source identical to the target rocks at Acraman.  The ejecta layer was also 
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Figure 4.5:  Landsat visible spectrum image over the Acraman structure.  Circular 

trends associated with the Acraman depression (30 km diameter), Yardea corridor 

(90 km) and the northern and western margins of Lake Gairdner (150 km) have 

been interpreted from the data (Williams, 1986; 1987; 1994), but are not 

necessarily all related to the Acraman structure.  (Image courtesy Earth Impact 

Database, University of New Brunswick). 



 110 

found in drillholes intersecting the Rodda Beds of the Officer Basin, 450 km to the 

northwest of Acraman (Wallace et al., 1989).  Other occurrences of Acraman ejecta 

have been discovered at a similar stratigraphic level in sedimentary basins near the 

Northern Territory / South Australia border (Grey et al., 2003). 

 

Analysis of the remanent magnetic properties of Acraman melt-rock yielded a high-

temperature magnetisation direction of dec=48.3°, inc=54.7° to a 95% confidence of 

5.2° (Schmidt and Williams, 1996).  This is unlike the remanent magnetisation direction 

of the target outside the structure and is interpreted to reflect the direction of the 

ambient magnetic field at the time of impact.  The position of the magnetic pole at the 

time of impact was estimated to be 18.1°S, 16.3°E, suggesting that impact occurred at a 

paleolatitude of 15°S.  A similar position of the magnetic pole was calculated from the 

detrital magnetic remanence of the Bunyeroo Formation, providing further evidence that 

these events occurred concurrently. 

 

4.1.3  Geology 

 

The Acraman structure was formed in Mesoproterozoic rocks of the Gawler Range 

Volcanics.  This volcanic suite overlies older metamorphic and granitoid rocks and is 

intruded by the Hiltaba Granite.  Proterozoic rocks are mantled by a weathered laterite 

surface, assumed to have formed during the Miocene or early Pleistocene (Williams, 

1994), and recent alluvial and colluvial deposits.  The ephemeral Lake Acraman is 

formed within a topographic depression denoting the centre of the crater, though it is 

offset to the northwest from the point of impact as interpreted from geophysical data.  

The geology of the Acraman structure is summarised as Figure 4.6. 

 

The oldest rocks in the vicinity of Acraman (generalised here as “older” metamorphics) 

include basaltic flows and calc-silicate hornfels, which were probably deposited as 

interbedded lava and carbonate during the Late Achaean (Blissett, 1985).  Archaean 

rocks were later intruded by the Palaeoproterozoic Glenoth Granite, dated using Rb/Sr 

systematics at 2300+33 Ma (Webb and Thompson, 1977).  This granite is a medium- to 

coarse-grained pale pink-brown to grey gneiss and gneissic granitoid.  Neither the 

Archaean rock nor the Glenoth Granite is shown in Figure 4.6, though they are exposed 
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Figure 4.6: Summary geology and stratigraphy of the Acraman impact structure 

(compiled from Blissett, 1985; Blissett et al., 1988; Rankin and Flint, 1991). 
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near “Kokatha” on the Gairdner 1:250 000 sheet, approximately 75 km north of Lake 

Acraman.  The Archaean and Early Proterozoic basement beneath the Acraman 

structure is collectively named the Mulgathing Complex (Fanning et al., 1988). 

 

The Gawler Range Volcanics are a widespread suite of continental lavas and pyroclastic 

ash flows (Blissett, 1985; Fanning et al, 1988).  The volcanic rocks are interpreted to 

have erupted from a number of individual centres leading to the formation of several 

overlapping, but separate, volcanic piles.  The suite covers much of the northern Eyre 

Peninsula and is estimated to presently cover an area in excess of 25,000 km
2
.  In the 

vicinity of Acraman, the volcanics have an exposed thickness in excess of 1 km.  A 

maximum thickness of up to 4 km for the volcanic sequence has been estimated from 

gravity modelling (Williams, 1994).   

 

The Gawler Range Volcanics are interpreted to have formed during two intervals of 

igneous activity (Fanning et al., 1988).  The lower sequence consists of overlapping 

piles of basalt, dacite and rhyolite, representing deposition of volcanics from separate 

eruptive sources.  While the lower volcanic sequence is not exposed at Acraman, nearby 

outcrops to the north and west suggest it is representative of the Glyde Hill Volcanic 

Complex (Blissett, 1985).  The Glyde Hill Complex is an assemblage of acid lavas and 

ash-flows, differentiated by colour, texture and composition differences.  The Glyde 

Hill Complex includes the Childera Dacite (and Mangaroongah Dacite), a greenish-

grey and red-brown porphyritic dacite and rhyodacite; Wheepool Rhyolite, a yellow-

brown and red-brown porphyritic rhyolite and pyroclastic breccia; and Yantea 

Rhyodacite, a massive red to red-brown porphyritic rhyodacite and dacite.  The upper 

volcanic sequence is primarily composed of the Eucarro Dacite and Yardea Dacite.  

Both units are formed of massive, porphyritic dacite to rhyodacite containing 

phenocrysts of quartz, plagioclase and orthoclase.  The Yardea Dacite is a widespread 

volcanic unit outcropping over an area of 12,000 km
2 

(Williams, 1994), where it often 

forms topographic highs (see Figure 4.7e; elevation data extracted from AUSLIG 

9 second DEM).  It is characterised by amorphous haematite, which gives it a red-

brown or purple-red colour.  The composition of the Yardea Dacite shows remarkable 

chemical and mineralogical homogeneity over its outcrop area and ranks as one of the 

world’s largest known felsic volcanic units (Williams et al, 1996).  The Eucarro Dacite 

has an estimated thickness of about 300 m.  Near Acraman, the Yardea Dacite has an 
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exposed thickness of 250 m, however an unknown amount of this unit has been 

removed by erosion.   

 

An age of 1592+3 Ma was obtained by zircon U-Pb dating for the Yardea Dacite, which 

is statistically indistinguishable from dates obtained for the “older” suite of volcanics 

(Fanning et al, 1988).  Consequently, the entire sequence of Gawler Range Volcanics 

was interpreted to have been extruded over a brief interval of geologic time, with a 

pooled age of 1592+2 Ma (Fanning, et al, 1988).  The Gawler Range Volcanics were 

subsequently intruded by the Hiltaba Granite Suite, a pink leucocratic granite and 

adamellite, with a Pb-U age of 1585+16 Ma (Rankin and Flint, 1991).   

 

Intensely shattered and shocked outcrops of dacite, including evidence of shatter-cones 

and PDFs, are found on “islands” in the southeastern part of Lake Acraman (refer Fig. 

3, locs. 3,12,13,14, 15 in Williams, 1994).  Up to 90% of quartz grains within the 

shattered rock were reported to exhibit PDFs, often decorated with cavities.  Analysis of 

the PDFs suggested formation at shock pressures of 15 GPa.  An unshattered, glassy 

impact melt was found at one location to envelope a block of shattered dacite.  While 

these rocks are interpreted as Yardea Dacite, this seems unlikely as they outcrop within 

the area of the central uplift.  The vertical displacement of the central uplift for a 

structure the size of Acraman should be of the order of kilometres, which is much 

greater than the 250 m thickness of the Yardea Dacite.  These outcrops probably 

represent a unit within the “older” Gawler Range Volcanics, perhaps the Childera or 

Mangaroona Dacite, which is mineralogically similar to the Yardea Dacite.  Shattered 

dacite rocks (probably Yardea Dacite) also outcrop on the northern and western margins 

of Lake Acraman (Williams, 1994).  However, no evidence of high shock features 

(shatter cones, PDFs) was found and these are interpreted to lie outside the extent of the 

central uplift.  Outside the 30 km diameter topographic depression surrounding Lake 

Acraman, the Yardea Dacite is essentially undeformed (Williams, 1994; Shoemaker and 

Shoemaker, 1996). 

 

Structural features such as the “Yardea corridor” and arcuate lineaments interpreted at 

diameters of 90 and 150 km from remote sensing data by Williams (1986; 1987; 1994) 

may represent ring faults outside the crater, though these should not be interpreted to 

represent the outer extent of the collapse crater.  
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Occurrences of the Acraman ejecta layer in the Adelaide Geosyncline, consisting of 

ballistic fallout and accompanying sedimentary material, were identified over a strike 

length of 160 km, and vary in thickness between <1 and 40 cm, although it is usually 

less than 10 cm thick (Gostin et al., 1986).  The ejecta consists of pink to red porphyritic 

volcanic rock, generally composed of poorly-sorted, angular, sand-sized grains, though 

there are occasional blocks up to 30 cm in diameter.  Quartz and feldspar grains within 

the ejecta display evidence of fracturing, with up to 90% of quartz grains bearing 

multiple sets of PDFs.  Small shatter cones are found preserved within some of the 

larger volcanic fragments.  The ejecta horizon is enriched in Ir, Au, Pt, Pd and Ru, with 

levels of Ir 50 times greater than background within the Bunyeroo Formation, and over 

100 times greater than the target rock at the impact site (Wallace et al., 1996).  The 

ejecta layer is about 7 mm thick in the Officer Basin and consists of medium to coarse 

sand size clasts of red volcanics.  Shocked quartz and elevated levels of Ir are present 

within the layer, supporting its interpretation as fallout resulting from a meteorite 

impact.   

 

4.1.4  Age 

 

An attempt to date the crystallization age of melt rock from near the centre of the 

Acraman structure using conventional K/Ar and 
40

Ar/
39

Ar methods yielded apparent 

ages of 436+4 Ma and 441.5+2.1 Ma, respectively (Baldwin et al., 1991).  This age was 

considered to represent low-temperature authigenic replacement of feldspars within the 

sample and should only be considered as a minimum constraint on the age of impact. 

 

The age of the structure is well constrained by the stratigraphic position of the ejecta 

layer within the Bunyeroo Formation.  The ejecta horizon lies conformably below strata 

bearing Ediacran (570-590 Ma) fauna (Gostin et al, 1986; Baldwin et al., 1991).  The 

currently accepted age of the Acraman event was determined by whole-rock Rb-Sr 

dating of the Yarloo Shale, a stratigraphic equivalent of the Bunyeroo Formation, which 

yielded an age of 593+32 Ma (Williams, 1994). 
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4.1.5  Geophysics 

 

Magnetics 

Magnetic data were collected by the Department of Primary Industries and Resources of 

South Australia (PIRSA) as part of the South Australian exploration initiative in 1993.  

Data were collected on 400 m spaced lines at a nominal terrain clearance of 80 m.  

Images of the magnetic data are shown in Figures 4.7a,b.  A simplified interpretation of 

the geophysical data is given in Figure 4.7f.  Numbered elements in this figure are 

referred to in the text below.  

 

A strong magnetic response, with anomalies of up to 500 nT magnitude, coincides with 

outcropping Yardea Dacite.  The northern extent of the Yardea Dacite is identified by a 

prominent magnetic marker (1).  A high frequency magnetic character to the south of 

this marker supports the interpretation of shallow magnetic sources.  Northeast trending 

lineaments are observed, particularly in the southern half of the image.  These are 

possibly due to a structural fabric parallel to the Yardea Corridor, which forms a 

prominent magnetic lineament in the southeast corner of the magnetic images.  A 

weaker magnetic response to the north and northwest correlates with units near the base 

of the Gawler Range Volcanics (2).  This suggests these units either have a lower 

magnetic susceptibility or form a thin layer over a relatively non-magnetic basement 

(Glenoth Granite?).  In contrast, a strong magnetic response trending to the northwest 

correlates with the Wheepool Rhyolite (3), possibly indicating a local thickening of the 

volcanic pile or a magnetic basement (mafic rocks within the Mulgathing Complex?).  

Zones of low magnetic character to the west identify plutons of non-magnetic Hiltaba 

Granite that have intruded through the Gawler Range Volcanics (4).  An irregularly-

shaped zone of high frequency magnetic response is located to the southeast of 

Acraman (5).  This feature may also reflect a late intrusion, though obviously different 

from the non-magnetic Hiltaba granite.  Alternatively, it may represent one of the feeder 

vents through which the Gawler Range Volcanics were erupted.  A gravity low 

coincident with this feature could support either interpretation. 

 

The central uplift of the Acraman structure is defined by a circular zone of low 

magnetic intensity, 18 km in diameter (6), which is best seen in the image of the first 

vertical derivative.  Past workers (Williams, 1994; Williams et al., 1996) have 
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suggested additional lobes of lowered magnetic intensity outside this circular feature (7) 

may define the extent of the central uplift and proposed uplift diameters of 

approximately 30 km and 20 km, respectively.  While these features do have a weaker 

magnetic response than normal for the Yardea Dacite, the first vertical derivative image 

shows they have a greater magnetic character than the response over the central uplift.  

The most obvious explanation of the reduced magnetic response is shock 

demagnetisation of the target rock by the impact event.  Samples of shattered dacite 

outcropping near the southeastern part of Lake Acraman were found to have a 70% 

lower magnetic susceptibility compared to undisturbed Yardea Dacite (Schmidt and 

Williams, 1996).  However, the lower magnetic susceptibility readings may also be due 

to more rapid weathering of the shattered dacite, or the normal magnetic susceptibility 

of a lower volcanic unit within the Gawler Range Volcanics (Childera Dacite?) 

outcropping within the central uplift of the structure.  A magnetic high, located near the 

middle of the central uplift, is roughly 5 km in diameter and has an amplitude of 800nT 

(8).  This feature may be approximated by a simple magnetic dipole due to a spherical 

source.  Forward modelling of this feature (Schmidt and Williams, 1996; Williams et 

al., 1996) suggests the feature can not be adequately explained by a purely induced 

magnetic source with a geologically reasonable geometry.  These workers concluded 

that the anomaly was caused by a remanently magnetised source up to 2 km in diameter, 

centred 1 km below the surface.  Remanent magnetic intensity was estimated to be 

between 0.5-1.5 A/m, and to be magnetised in a direction similar to that measured for 

samples of melt rock.  It was postulated that the anomaly was due to remanently 

magnetised basement within the central uplift, or a large concentration of impact melt. 

 

The 18 km diameter circular zone of lowered magnetic response is interpreted here to be 

mostly due to a sharp stratigraphic contact, with a thin layer of partially demagnetised 

Gawler Range Volcanics concealing a weakly magnetic basement.  The magnitude of 

the dipolar magnetic anomaly would suggest that remanently magnetised basement is 

the likely cause of this feature.  Lobes of lowered magnetic susceptibility located 

between a radial diameter 9 and 15 km are probably the result of shock demagnetisation 

of the Yardea Dacite within the transient cavity. 
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Figure 4.7:  Images of geophysical data over the Acraman structure.  A dotted line 

shows the structural rim, a dashed line the extent of the central uplift.  See text for 

discussion of interpretation. 
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A set of northeast and northwest trending lineaments, including the Yardea Corridor, 

can be interpreted to form a rhomboid pattern around the structure (9) at a diameter of 

roughly 90 km.  These features are of a similar dimension to the extent of deformation 

of the Acraman structure interpreted by Williams and his co-workers, and hence its 

diameter.  While reactivation of faults along these trends may have occurred during the 

Acraman impact event, they are interpreted here to lie well outside the rim of the crater. 

 

Gravity 

The gravity data presented here are extracted from the 2002 gravity database provided 

by the Department of Primary and Industrial Resources of South Australia (PIRSA).  

Stations are spaced at a separation of about 6 km over most of the structure, with a 

detailed survey located on its western flank.  Images of the Bouguer Anomaly (2.67 

g/cc) and the first vertical derivative of Bouguer Anomaly are shown in Figures 4.7c 

and 4d.  The numbered features discussed below are also shown of Figure 4.7f. 

 

High gravity responses to the north, east and south of Acraman possibly reflect the 

thickness of the Gawler Range Volcanics, or denser bodies within the Archaean 

basement.  A gravity high trending to the northwest (10) is almost certainly due to a 

basement source, perhaps similar to the basaltic rocks exposed near “Kokatha” on the 

Gairdner 1:250 000 sheet.  The low gravity response to the southwest is interpreted as a 

large batholith of Hiltaba Granite, near surface exposure of which is clearly identified 

by the magnetic data (4).   

 

A sub-circular gravity low coincides with Acraman.  The variability of the basement 

response makes the amplitude of this response difficult to estimate, though is estimated 

to be between 7.5 and 9.0 mGal.  This low is best developed over the “Acraman 

depression”, which was previously shown to correlate with the extent of the transient 

cavity (see Section 4.1.1).  A negative anomaly of 6 mGal coincides with this area and 

probably represents fracturing of the target rock.  An additional 3 mGal low coincides 

with the central uplift.  This feature may reflect (fractured?) Glenoth Granite, brought 

closer to the surface by the uplift. 

 

The original size of the Acraman crater can be inferred from the disruption of trends of 

higher gravity that is considered part of the background response outside of the structure 
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(Figure 4.7c).  As mentioned previously, an interpreted diameter of roughly 55 km 

agrees with size estimates obtained by other methods. 

 

4.2  Connolly Basin, Western Australia 

 

4.2.1  Location and size 

 

The Connolly Basin structure is centred at 23°33’S, and 124°45’E in a remote location 

within the Gibson Desert of Western Australia.  The structure may be accessed by an 

off-road track that joins the Gary Highway 167 km north of the Gunbarrel Highway.   

The nearest populated centres are the Warburton Roadhouse, 370 km to the southeast, 

and the township of Wiluna, approximately 550 km to the southwest of the Connolly 

Basin structure.  

 

The Connolly Basin forms a circular topographic depression roughly 9 km in diameter.  

The floor of the basin is 25-30 m lower than the rim, which is raised slightly compared 

to the surrounding terrain.  The central uplift of the structure is, in part, expressed as a 

5 m topographic high roughly 1 km in diameter, exposing basement rocks.  While this 

has previously been interpreted as the extent of the central uplift (Shoemaker et al., 

1989; 2001), interpretation of the geophysical data presented here suggests a central 

uplift diameter of 2.2 km.  The latter estimate agrees reasonably well with the diameter 

of the central uplift predicted by morphometry, which predicts a diameter between 

2.25 km (Pike, 1985) and 3 km (Thierrault et al., 1997) for a 9 km diameter central-peak 

crater.   

 

4.2.2  Previous work 

 

The circular topographic depression defining the Connolly Basin was first noted by 

Crowe (1979) during regional geological mapping, though a salt diapir was considered 

the likely cause of the feature.  An impact origin for the structure was first proposed on 

the basis of geological mapping and gravity surveying completed during 1985 and 1986 

by workers from the US Geological Survey (Shoemaker and Shoemaker, 1989; 

Shoemaker et al., 1989).   
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The Connolly Basin structure was fortuitously covered by Space Shuttle borne synthetic 

aperture radar during 1994 (McHone et al., 2001).  The radar images can be related to 

surface topography and ground cover.  Broad flat areas scatter radar waves and form 

dark areas in the final image.  Long wavelength radar waves are absorbed by sand, 

while shorter wavelengths are reflected from lateritic gravels to produce a bright image 

response.  An RGB composite image created from the C- (6 cm) and L-band (24 cm) 

radar data is draped on a 3D topographic model (created from the AUSLIG 9 second 

DEM) and presented as Figure 4.8.  The circular topographic depression forming the 

Connolly Basin and the remnant of a raised crater rim can be clearly seen in this image. 

Laterite capping on the tops of the hills show up as a pale blue response, as does 

outcrop within the central uplift of the structure.  Sandy crater fill and alluvial channels 

are dark in colour.   

 

4.2.3  Geology 

 

The Connolly Basin is formed within Mesozoic to Palaeozoic sedimentary rocks at the 

boundary between the Officer (Gunbarrel) Basin to the southwest and the Canning 

Basin to the northeast.  Seismic coverage in the area is poor, though the margin between 

the two basins has been loosely defined by a high gravity ridge (Perincek, 1997) which 

is interpreted as a basement high.  Laterite, presumed to be of Miocene age, was formed 

over much of the exposed sedimentary rock.  A thin layer of Quaternary alluvium and 

sand covers low-lying areas, including most of the Connolly Basin.  The stratigraphy 

and geology of the Connolly Basin is summarised as Figure 4.9 (modified from 

Shoemaker and Shoemaker, 1989; with additional interpretation using radar imagery).   

 

The oldest outcropping rocks are exposed in the centre of the Connolly Basin.  These 

consist of a medium- to coarse-grained sandstone with rare conglomerates, forming a 

nearly continuous circular ledge, which overlies units of siltstone and fine-grained 

sandstone (Shoemaker et al., 2001).  Without any biostratigraphic or chronological 

evidence to provide constraint, Shoemaker et al. (1989) provisionally assigned these 

rocks to the Permian age Patterson Formation of the Officer Basin or its Canning Basin 

equivalent, the Grant Group.  Since then, the Phanerozoic sequence, including the 

Patterson Formation, has been redefined as the Gunbarrel Basin which unconformably 

overlies the Proterozoic sedimentary rocks of the Officer Basin (Hocking et al., 1994). 



 121 

 

Figure 4.8:  RGB image of space-borne synthetic aperture radar data draped on 

topography of the Connolly Basin structure (from AUSLIG 9’ DEM), viewed from 

the south.  Image adapted from McHone et al. (2001).  Width of view is 18 km, 

topography is vertically exaggerated 40 times. 
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A fossil-bearing marine sandstone and siltstone on the northeast rim of the structure is 

identified as the Samuel Formation.  The fossil assemblage indicates an Aptian (Early 

Cretaceous) age of deposition (Jackson and van de Graff, 1981).  The exposed thickness 

of the Samuel Formation near the Connolly Basin is estimated to be about 30 m (Crowe, 

1979).  The Samuel Formation is unconformably overlain by fluviatile deposits named 

the Lampe Beds.  These deposits are generally less than 2-3 m thick and consist of 

poorly sorted medium to coarse grained sandstone grading to a quartz pebble 

conglomerate and breccia.  From its relationship to other rock units, a Late Cretaceous 

to Palaeocene age is inferred (Jackson and van de Graff. 1981).  

 

Evidence to support an impact origin of the Connolly Basin includes a circular 

morphology, brecciated and structurally uplifted rock in the centre of the basin, 

shattered quartz grains and geophysics (Shoemaker and Shoemaker, 1989; Shoemaker 

et al., 2001).  The central uplift has a complex structure, with the dip of bedding steep to 

overturned.  Target rocks are pervasively crushed and sheared and, in part, brecciated 

(Shoemaker and Shoemaker, 1989; Shoemaker et al., 2001).  The flanks of the uplift are 

puckered with small scale, tight upright folds.  Bedding is locally chaotic within the 

core of the structure (Shoemaker and Shoemaker, 1989).  On the microscopic scale, 

quartz grains are fractured and splintered (Shoemaker et al., 2001), although PDFs and 

have not been reported.   

 

An analogy was made by McHone (2001) between the pattern of faults mapped in detail 

in the central uplift of the Connolly Basin by Shoemaker et al. (2001) with those in the 

Spider structure (Shoemaker and Shoemaker, 1996), suggesting that this structure may 

also have been formed by a low-angle impact.  However, the centrally located uplift and 

low eccentricity in the shape of the Connolly Basin structure does not support this 

interpretation. 

 

Outcrops of sandstone, surrounding the central uplift at a diameter of roughly 3 km, are 

interpreted as post-impact crater fill (Shoemaker and Shoemaker, 1989).  These authors 

provisionally assigned this unit to the Lampe Beds, although it may represent a separate 

and unique sandstone unit deposited within the restricted basin formed by the crater. 
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Figure 4.9:  Summary geology and stratigraphy of the Connolly Basin structure 

(modified from Shoemaker and Shoemaker, 1989).  Solid lines show the location of 

the ground geophysical traverses.  Numbered dots indicate seismic shotpoints. 
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4.2. 4  Age 

 

The age of formation of the Connolly Basin structure is poorly constrained.  

Stratigraphic constraints are provided by the Aptian (~110-120 Ma) age Samuel 

Formation, which outcrops on the northeast rim of the crater, and post-impact 

laterisation, which probably occurred during the Eocene and early Miocene (Jackson 

and van de Graff, 1981). 

 

Interpretation of the unassigned post-impact sandstone within the Connolly Basin 

(Figure 4.9) as the Lampe Beds would imply that the structure was formed pre- or syn-

deposition of this unit.  A Palaeocene (<60 Ma) age of impact, given in the most recent 

published compilation of Australian impact structures (Glikson, 1996), would suggest 

the post-impact sandstone is unrelated to the more regional deposition of the Lampe 

Beds. 

 

4.2.5  Geophysics 

 

Seismic 

One line of 2D seismic reflection data (line 81-05) was collected across the Connolly 

Basin structure during 1981 as part of the Gibson North Seismic Survey for Swan 

Resources Ltd. (Perincek, 1997).  The location of this line is shown in Figure 4.9.  Data 

were acquired by Horizon Exploration using explosive sources with a 12-fold of stack.  

The survey was intended to assess suspected salt diapirs for their hydrocarbon trap 

potential.  Data quality is generally fair to poor.  The seismic sections were scanned and 

reprocessed by the Geological Survey of Western Australia, who made the data 

available for study here.  Part of this section, covering the Connolly Basin structure, is 

shown in Figure 4.10.  

 

The seismic traverse crosses the Connolly Basin to the east of the sandstone outcrop 

exposed within the central uplift of the structure, offset roughly 500 m from the point of 

impact.  Two strong reflector horizons are evident in the data, as previously noted by 

Shoemaker et al. (2001).  A reflector at 0.5 sec, marked in magneta, is estimated to be 

mapping a feature 400 to 500 m below the surface.  This feature possibly reflects the  

 



 1
2

5
 

T
w

o
-w

a
y 

ti
m

e
  
(s

)

0.0

0.6

1.2

uplif t?

400 300 200 100shotpt

T
w

o
-w

a
y 

ti
m

e
 (
s

)

0.0

0.6

1.2

400 300 200 100shotpt

2 km

T
w

o
-w

a
y 

ti
m

e
  
(s

)

0.0

0.6

1.2

uplif t?

400 300 200 100shotpt

T
w

o
-w

a
y 

ti
m

e
 (
s

)

0.0

0.6

1.2

400 300 200 100shotpt

2 km

 

F
ig

u
re 4

.1
0
:  S

eism
ic

 sec
tio

n
 a

n
d

 in
te

rp
reta

tio
n

 o
f lin

e 8
1

-5
 a

cro
ss th

e C
o

n
n

o
lly

 

B
a
sin

 stru
ctu

re. 



 126 

unconformity at base of the Patterson Formation.  This contact was identified at a depth 

of 407 m at the nearest stratigraphic well, Dragoon 1, which is located 80 km to the 

south (Moors and Apak, 2002).  This reflector is highly disrupted over an approximately 

2 km interval, between shotpoints 210 and 295, near the centre of the topographic low 

defining the Connolly Basin.  The seismic data in this area is somewhat chaotic, with 

numerous small offsets interpreted as fault surfaces dipping both outwards and towards 

the centre of the structure.  This zone of disruption correlates with a local gravity high 

(see Gravity and Magnetics below) and is interpreted to define the extent of the central 

uplift.  The estimated diameter of the central uplift along this traverse is 1.9 km. 

 

A deeper seismic horizon at 0.7 to 0.8 sec appears to be less disrupted by the central 

uplift.  This horizon is parallel with shallower reflectors, suggesting it might also be due 

to bedding within the Palaeozoic sequence of the Officer Basin, although its 

stratigraphic source is unknown.  Surprisingly, this horizon seems to be displaced 

downwards in the centre of the zone of disruption and is not uplifted as expected.  This 

feature could be interpreted to reflect a structural collapse of the central uplift.  

Alternatively, it may simply reflect a low-velocity artifact created by fractured target 

rocks, although this interpretation does not agree with the evidence provided by the 

gravity data (below). 

 

Inward dipping faults are identified in the seismic data at the edges of the topographic 

low.  These features are interpreted as collapse structures within the terraced terrain of 

the crater and the outer wall of the crater itself.  The relatively small displacements on 

these terrace faults are consistent with impact into sedimentary target rocks that have 

low shear strength.   

 

Gravity and magnetics 

Regional geophysical data over the Connolly Basin structure were collected by the 

Bureau of Mineral Resources (now Geoscience Australia).  Gravity data were collected 

at an 11 km station spacing and give little information about the response of the 

structure.  However, the position of a strong gravity gradient interpreted from these 

data, arbitrarily defining the transition between the Officer and Canning Basins 

(Perincek, 1997), is shown in Figure 4.9.  Magnetic data were collected at 1600 m line 

spacing and 300 m flying height.  These data map features within the magnetic 
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basement beneath the sedimentary basins, and show no response associated with the 

Connolly Basin structure.  Large scale images of the regional magnetic and gravity data 

over the Officer Basin are shown in Perincek (1997). 

 

Detailed gravity data were collected on two orthogonal traverses across the structure 

during field work in 1985 and 1986 by Shoemaker et al. (1989).  A north-south traverse 

was located to coincide with the earlier seismic line, with an east-west traverse crossing 

through the centre of the structure (Figure 4.9).  Gravity data were collected using a 

Worden Master Model meter.  Station elevations were optically surveyed.  Stations 

were spaced at a 176 m (500 ft) interval.  Due to the remoteness of the survey area, no 

attempt was made to tie the data to the national gravity network and an arbitrary base 

level has been assigned to both gravity and elevation data.  Located raw gravity data 

were kindly provided by Jeff Plescia (USGS) and have been reprocessed using the 1971 

IGRF theoretical gravity formula and a Bouguer density of 2.67 g/cc.  Profiles of 

Bouguer Anomaly and a polynomial residual are shown in Figure 4.11. 

 

Gravity anomalies associated with the Connolly Basin structure are superimposed on a 

regional gradient due to the basement high at the transition between the Officer and 

Canning Basins.  A residual profile was created by removing an estimated regional from 

the observed data.  This shows the Connolly Basin to be characterised by a positive 

gravity anomaly, with peak values in the central uplift roughly 2.0 mGal greater than 

the surrounding area.  A dip in the gravity field coincides with edges of the central 

uplift, as interpreted from the seismic section, although the overall gravity response 

remains positive to the rim of the crater.  Using this dip as a guide, the diameter of the 

central uplift is estimated to be 2.2 km, as measured on the east-west line which crosses 

the centre of the structure. 

 

Forward models were constructed by Shoemaker et al. (1989) to define the possible 

geometry of the sources of the gravity anomaly observed over the Connolly Basin.  The 

central peak anomaly was modelled by a high density region correlating with the 

structural uplift.  This region was assumed to be due to denser and more lithified 

Permian stratigraphy, probably the Patterson Formation, uplifted by about 1 km.  The 

model suggested the uplift to be about 2.5 km in diameter near its base, with its top  
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Figure 4.11:  North-south and east-west profiles of topography, gravity, ground 

magnetic and seismic data across the Connolly Basin structure (compiled from 

Shoemaker et al., 1989; Plescia et al., 2001; seismic data courtesy of the Geological 

Survey of Western Australia).  Coordinates are in AMG84 Zone 51. 
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correlating with the extent of the outcropping Permian rock.  A density contrast of 

+0.07 g/cc relative to the surrounding rock was used.  The remainder of the gravity 

response was interpreted to be due to two near-surface layers, consisting of a low 

density layer representing impact breccia overlain by a higher density unit representing 

crater fill.   

 

Ground magnetic readings were made coincident with the gravity stations, at a station 

interval of 176 m (Plescia et al., 2001).  Measurements were made with a Geometrics 

G816 magnetometer, with diurnal corrections applied by reoccupation of stations during 

the survey.  A base level of 54200 nT was removed from the data prior to presentation.  

Profiles of the ground magnetic data were digitised from this paper and are shown in 

Figure 4.11. 

 

The magnetic character across the Connolly Basin structure is subdued, with variations 

generally less than 100 nT.  While no anomalous magnetic response was identified by 

Plescia et al. (2001), zones of elevated magnetic response can be interpreted outside of 

the central uplift at a radial distance of between 2 and 4 km from the centre of the 

structure. These anomalies may be due to deposits of remanently magnetised melt 

material or hydrothermal alteration of the target rocks and breccia surrounding the 

central uplift.  The magnetic character over the central uplift is lower than the rest of the 

profile.  The Connolly Basin is a good candidate for further detailed magnetic 

investigations to define the geometry and determine the cause of these anomalies. 

 

4.3  Foelsche, Northern Territory 

 

4.3.1  Location and size 

 

The Foelsche structure is centred at 16°40’S, and 136°47’E, in a remote location on 

Robinson River station, approximately 700 km southeast of Darwin.  The area may be 

accessed by the unsealed Wollogorang - Borroloola Road that joins the Carpentaria 

Highway at the township of Borroloola, approximately 130 km to the northwest. 

 

Foelsche is a roughly circular feature that can be identified from aerial photographs, 

topography and geological mapping (Haines and Rawlings, 2002).  However, the 
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structure is perhaps best defined by a prominent circular magnetic anomaly (Figure 

4.12, 4.14b) estimated here to be 6.2 km in diameter.  Haines and Rawlings (2002) 

previously estimated the anomaly to be 5.5 km in diameter, which defines the extent of 

the circular magnetic low.  A smaller concentric magnetic anomaly, with an inner 

diameter of roughly 2.1 km is interpreted to represent the extent of the central uplift.  

Haines and Rawlings (2002) interpret the original crater rim to be approximately 6 km 

in diameter, based on interpretation of magnetic data and the mapped extent of 

deformation of bedding.  These estimates are consistent with the morphometric 

relationships of Therriault et al. (1997). 

 

A second magnetic anomaly to the southwest of Foelsche (Figure 4.12) is also 

suggested by Haines and Rawlings (2002) as a candidate for further studies to test for an 

impact origin.  This feature is approximately 4 km in diameter and has been named 

Barramundi.  The structure is completely concealed beneath post-impact sedimentary 

rocks, so drilling would be required to search for diagnostic shock metamorphic 

features. 

 

4.3.2  Previous work 

 

While Foelsche was primarily identified from its magnetic signature, the impact origin 

of the structure was verified by the identification of PDFs during field investigations 

(Haines and Rawlings, 2002).  Detailed geological mapping of the structure was 

completed by Rawlings (2002).  From this work, Foelsche is interpreted as a partially 

buried complex impact structure.   

 

4.3.3  Geology 

 

The Foelsche structure is formed within sedimentary and volcanic rocks in the southern 

part of the Proterozoic McArthur Basin.  The McArthur Basin is an approximately 5 to 

15 km thick succession of weakly deformed rocks, exposed over an area of 

approximately 180 000 km
2
 across northern Australia (Rawlings, 1999).  The southern 

McArthur Basin is subdivided into four main unconformity-bounded groups, named 

(from oldest to youngest) the Tawallah, McArthur, Nathan and Roper Groups.   
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Figure 4.12:  Regional aeromagnetic image (TMI) showing the circular magnetic 

features identified as the Foelsche and Barramundi structures. 
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However, in the vicinity of the Foelsche structure this sequence appears to be 

substantially thinned (Haines and Rawlings, 2002).  Rocks of the McArthur Basin are 

partially overlain by relatively thin sequences of Neoproterozoic/Cambrian, Mesozoic 

and Cainozoic age.  The stratigraphy and geology of the Foelsche structure are shown in 

Figure 4.13 (after Rawlings, 1999; Rawlings, 2002; Haines and Rawlings, 2002). 

 

The lowest stratigraphic unit present near Foelsche is of the Tallawah Group, though 

only the upper part is locally exposed.  Using data available from limited surface 

exposure and an exploration hole drilled some 3 km south of the structure, Haines and 

Rawlings (2002) identify dolomitic mudstone and sandstone of the Aquarium and 

Wollogorang Formations, which is intruded by dolerite sills identified as the Settlement 

Creek Volcanics.  The Wollogorang Formation is reported to be thin or absent due to 

erosion prior deposition of the Nathan Group.  However, an age of 1729+4 Ma for this 

unit (Rawlings, 1999) constrains the timing of deposition of the Tallawah Group.  

 

The McArthur Group is absent at Foelsche, possibly due to erosion prior to the 

deposition of the Nathan Group.  The Nathan Group is represented by a thin (<30 m) 

unit of dolostone, named the Karns Dolomite.  An age of 1589+3 Ma was obtained for a 

stratigraphically equivalent unit of the Nathan Group (Rawlings, 1999).  

 

A fine-gained, cross-bedded sandstone unit, identified as Limmen Sandstone, is the only 

unit present representing the Roper Group.  The unit is estimated to be less than 20 m 

thick, and was probably eroded prior to the deposition of the post-McArthur Basin 

sediments.  The Limmen Sandstone is Mesoproterozoic in age, indicated by a U-Pb 

zircon age of 1492+4 Ma for the conformably overlying Mainoru Formation (Abbott 

and Sweet, 2000). 

 

The Bukalara Sandstone is a shallow marine coarse-grained pebbly sandstone unit that 

unconformably overlies and covers the McArthur Basin sequence.  The Bukalara 

Sandstone was been previously considered of Cambrian age (Yates, 1963), however, 

Haines and Rawlings (2002) suggest a Neoproterozoic age based on biostratigraphic 

evidence of an assumed stratigraphic equivalent. 
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Figure 4.13:  Summary geology and stratigraphy of the Foelsche impact structure 

(after Rawlings, 2002; Haines and Rawlings, 2002). 
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A roughly circular outcrop of Bukalara Sandstone forms a topographic high roughly 

5 km in diameter over the centre of the structure (Figure 4.14e; data from the AUSLIG 

9 second DEM).  An unusual layer of pebbly sandstone and conglomerate identified on 

the northern margin of this outcrop by Haines and Rawlings (2002) appeared to 

conformably underlie the Bukalara Sandstone, though is not recognised regionally.  

This conglomerate was found to contain reworked quartz grains bearing PDFs, and is 

interpreted as a crater fill deposit that represents a unique and presently un-named local 

member of the Bukalara Sandstone. 

 

Tangentially striking outcrops of a fine-grained sandstone, identified as the Limmen 

Sandstone, were interpreted by Haines and Rawlings (2002) to roughly define a ring 

5 to 6 km in diameter.  While these outcrops are described as being faulted and 

brecciated, evidence for shock metamorphism diagnostic of meteorite impact (shatter 

cones, PDFs) is yet to be discovered within these target rocks.  However, it is likely that 

these outcrops represent part of the outer terraced terrain of the structure where 

evidence of high shock pressures would not be expected to be found. 

 

Evidence of hypervelocity impact is provided by the presence of PDFs within 2-10% of 

quartz grains at the base of the conglomeratic sandstone unit overlying the Foelsche 

crater (Haines and Rawlings, 2002).  Individual quartz grains show evidence for a shock 

pressure (rarely) up to 20 GPa.  The presence of un-shocked quartz overgrowths, and no 

evidence for shock within the sandstone matrix, suggests that it is the individual quartz 

grains and not the sandstone unit that was deformed by the impact event.  It is 

interpreted that the PDF-bearing grains represent reworked material derived from 

shocked rocks within the crater that were probably deposited shortly after the impact 

event.  The presence of fragments of a glassy impact melt within the conglomerate is 

also suggested by Haines and Rawlings (2002). 

 

4.3.4  Age 

 

An absolute age for the Foelsche impact event has yet to be determined.  However the 

age is constrained by the Limmen Sandstone, the youngest rock unit forming the crater, 

and the overlying Bukalara Sandstone.  The abundance of reworked PDF bearing quartz 

grains present within the conglomerate at the base of the Bukalara Sandstone suggests 
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that Foelsche was likely to have formed shortly before the deposition of this unit.  

Hence, the later part of the Neoproterozoic has been assigned as the probable age of this 

structure (Haines and Rawlings, 2002). 

 

4.3.5  Geophysics 

 

Magnetics and radiometrics 

Magnetic and radiometric data were collected as part of the Robinson River regional 

survey commissioned by the Northern Territory Geological Survey in 1996.  Data were 

collected on 500 m spaced, east-west lines at a nominal flying height of 100 m.  

Magnetic data were collected using a caesium vapour magnetometer.  Radiometric data 

were acquired using a 32 litre volume of crystal.  Images of the magnetic data are 

shown in Figures 4.14a and 4.14b, a ternary radiometric image is shown as Figure 4.14f. 

 

The observed radiometric response largely reflects lithology.  Sandstone units including 

both the Bukalara Sandstone and the Limmen Sandstone outcropping to the north of 

Foelsche are characterised by a low-count thorium-uranium (green-blue) response.  

Volcanic rocks of the Settlement Creek Dolerite have a strong potassium (red) response.  

The mapped extent of the Karns Dolomite has a mottled radiometric character, 

possessing in places both a strong (red-white) and weak (green-blue) response.  

However, this response may be due to transported regolith partially covering the 

Dolomite.  A potassium (red) response defines a roughly circular trend with an outer 

diameter about 6.2 km in diameter, coinciding with the interpreted crater rim.  This is 

interpreted to reflect sub-cropping Settlement Creek Volcanics (or Karns Dolomite) 

exposed by the inner wall of the crater.  

 

The main magnetic unit present in the vicinity of Foelsche is interpreted to be the 

doleritic sills of the Settlement Creek Volcanics.  While this unit is laterally extensive 

over much of the area surrounding Foelsche, it is likely to be relatively flat-lying 

(dipping <15°) and hence will not produce prominent anomalies except where it crops 

out.  This layer is folded and tilted by the Foelsche structure, particularly around the 

central uplift and the outer rim wall, and truncated by excavation within the crater.  A 

combination of these effects is preferred as the interpreted source of the two circular 

anomalies coincident with the outer margin of the central uplift and the crater rim. 
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Figure 4.14:  Images of geophysical data over the Foelsche impact structure.  

Radiometric data is presented as a standard RGB image, with red = K, green = Th 

and blue = U. 
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In an attempt to constrain the geometry of the sources of the circular magnetic 

anomalies observed at Foelsche, simple inversion models were constructed using the 

University of British Columbia “mag3D” software (Li and Oldenburg, 1996).  Total 

magnetic intensity data were modelled over a 10.0 x 10.6 km area centred on the 

structure.  The model mesh consisted of voxels of 200 x 200 x 50 m to a depth of 

900 m, with the thickness of the cells doubling thereafter.  Gridded magnetic data were 

resampled to a spacing of 200 m prior to inversion.  A uniform half-space of low 

magnetic susceptibility (0.0001 SI) was used for the starting model.  Depth weightings 

between 1 and 10 were trialed to try and confine the magnetic sources to the near-

surface, though all produced very similar results.  Sections and depth slices through the 

recovered susceptibility model (depth weighting = 3) are shown as Figure 4.15. 

 

The model suggests the outer magnetic "ring" to be formed by a tabular magnetic source 

with a top about 150 m below the surface, dipping outwards at a high angle 

(approximately 45°).  The unit is modelled to be about 100 m thick, though this has 

likely been exaggerated by smoothness constraint forced on the inversion.  The inner 

anomaly is modelled by a vertical to inward dipping magnetic source at a depth of 150-

200 m.   

 

These modelled geometries do not agree well with the shape expected for an impact 

crater.  A comparison between the schematic cross section through the Foelsche 

structure and the results of inversion modelling is shown in Figure 4.16.  While the 

outer wall of the crater is often raised above the surrounding terrain, it usually only 

raises up gently, at an angle of 15° or less.  The susceptibility model suggests the 

magnetic sources on the flanks of the structure (probably the Settlement Creek 

Volcanics) dip outwards at close to 60°.  Strata around the central uplift are expected to 

be folded outwards, but not be completely overturned as is suggested by the inversion.  

The unexpected source geometries may be the result of a too coarse mesh size, or the 

inability to include the effects of magnetic remanence in the model.  The inner magnetic 

source may also reflect the combined response of the Settlement Creek Volcanics with 

an impact melt unit deposited within the crater “moat”.   
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Figure 4.15:  Cross sections and depth slices through the magnetic susceptibility 

model created by inversion of magnetic data over the Foelsche structure.  Section 

locations are shown by white lines through the depth slices.  Coordinates are given 

in AMG84 Zone 53. 
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Figure 4.16:  Comparison of a schematic cross section through the Foelsche 

structure (after Haines and Rawlings, 2002) with the inversion magnetic 

susceptibility model.  While the horizontal scale of the two sections is 

approximately the same, the vertical scales are different.   
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A number of regional northwest trending faults can be inferred from the regional scale 

image of the magnetic data (Figure 4.12).  A splayed fault intersects the southwest 

margin of Foelsche, offsetting both the outer and inner magnetic markers.  While most 

of the deformation in the McArthur Basin is assumed to have occurred prior to the 

Foelsche event (Peter Haines, pers. comm.), this shows there was at least some 

reactivation of these faults by post-impact tectonics. 

 

The likely cause of the magnetic anomaly at Barramundi (Figure 4.12) is removal of the 

Settlement Creek Volcanics, through either upward doming, or possibly excavation 

during an impact event. 

 

Gravity 

The only gravity data currently available over the Foelsche structure is from the 

11x11 km Geoscience Australia national gravity database.  There are no stations 

overlying the structure.  While images of the regional gravity field created from these 

data is shown as Figures 4.14c and 4.14d, there is insufficient information to determine 

the gravity response of the Foelsche structure. 

 

4.4  Kelly West, Northern Territory 

 

4.4.1  Location and size 

 

The Kelly West astrobleme is centred at 19°56’S, and 133°57’E, approximately 40 km 

south-southwest of Tennant Creek.  The structure may be accessed by a gravel road that 

joins the Stuart Highway at Kelly Well 25 km to the east. 

 

The central uplift of the Kelly West structure is exposed at the surface as a slightly 

elliptical outcrop of Proterozoic sandstone roughly 2 km in diameter.  The rim of the 

collapse crater is not seen at surface due to widespread Cambrian and Cenozoic cover.  

Estimates of the crater size have ranged from 8 to 20 km in diameter (Shoemaker and 

Shoemaker, 1996) based on the size of the central uplift.  Assuming the central uplift is 

little bigger than the 2 km diameter outcrop, it is likely that the crater diameter is at the 

lower end of this estimation. 
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From the interpretation of geophysical data presented here, the present day size of the 

Kelly West astrobleme is interpreted to be 6.6 km in diameter.  

 

4.4.2  Previous work 

 

An impact origin of the Kelly West structure was first proposed by Tonkin (1973) from 

the presence of shatter cones within the circular sandstone outcrop, which is now 

recognised as the central uplift.  Tonkin (1973) also identified planar microstructures 

(PDFs) within quartz grains in thin-sections taken from the shatter cones.  Cambrian 

chert and limestone, also mapped within the circular outcrop, showed no evidence of 

shock metamorphism, providing a minimum age constraint on the time of impact. 

 

Detailed geological mapping and interpretation of the outcrop was completed by 

Shoemaker and Shoemaker (1996), including orientation measurements of 86 shatter 

cones.  This work confirmed the structure to be an astrobleme.  A gravity survey over 

the central uplift area was also completed during field work in 1989.  No distinct 

negative gravity was observed.  The results of the survey were considered inconclusive 

because of the complex pattern observed in the gravity field.   

 

4.4.3  Geology 

 

The Kelly West structure is formed in Palaeo- to Mesoproterozoic rocks of the Central 

Province of the Tennant Creek Inlier.  Regionally, the Tennant Creek Inlier forms part 

of the North Australian Craton, consisting of a core of metamorphosed 

Palaeoproterozoic turbidites and overlying sedimentary and volcanic rocks (Ferenczi 

and Ahmad, 1998). Locally, the structure was formed near the axis of a synclinal inlier 

of Mesoproterozoic sandstone (Shoemaker and Shoemaker, 1996).  Most of the area 

surrounding Kelly West is concealed beneath a thin layer of Cainozoic alluvium and 

scree deposits.  An outcrop geology map and stratigraphic column of the Kelly West 

structure is shown as Figure 4.17 (after Shoemaker and Shoemaker, 1996; Donnellan, 

1998). 

 

The oldest unit exposed in the Tennant Creek Inlier is the Warramunga Group, which is  
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Figure 4.17:  Summary geology and stratigraphy of the Kelly West astrobleme 

(after Shoemaker and Shoemaker, 1996; Donnellan, 1998). 
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exposed in a small outcrop 6 km to the southeast of the centre of the Kelly West 

structure.  The Warramunga Group is a fine-grained volcanoclastic turbidite sequence 

that was rapidly deposited in a subsiding basin around 1862+9Ma (Compston, 1995; 

Ferenczi and Ahmad, 1998).  Regional metamorphic grade within this unit does not 

exceed lower greenschist facies.  The Warramunga Group was intruded by granodioritic 

and granitic melts (the “Tennant Creek Granites”) during the Barramundi Orogeny 

between 1850 and 1840Ma (Ferenczi and Ahmad, 1998).   

 

Felsic volcanoclastic sedimentary rocks of the Flynn Subgroup of the Churchills Head 

Group commonly overlie the Warramunga Group in the Central Province of the 

Tennant Creek Inlier.  However, this unit is not exposed in the Kelly West area, hence it 

is not displayed in Figure 4.17.  

 

The Hatches Creek Group is a 10 km thick succession of sandstone and volcanic rocks, 

which was intruded by sills of dolerite and granophyre prior to a second phase of 

regional deformation (Ferenczi and Ahmad, 1998).  The Hatches Creek Group is 

divided into three subgroups, the Ooradidgee, Wauchope and Hanlon Subgroups, based 

primarily on the volcanic component of the rocks.  Of these, only the dominantly clastic 

rocks of the Wauchope Subgroup are exposed in the Kelly West area, which is 

represented by the Errolota Formation, Yeeradgi Sandstone, and Unimbra Sandstone.  

A maximum age of 1820 to 1810 Ma for the Hatches Creek Group is provided by U-Pb 

dating of felsic volcanics within the lower Ooradidgee Subgroup.    

 

The Gum Ridge Formation is a cherty limestone that unconformably overlies the 

Proterozoic rocks of the Tennant Creek Inlier, and forms thick deposits in the Georgina 

Basin to the east.  It has been dated from biostratigraphic markers to be of Middle 

Cambrian age (Donnellan, 1998).  

 

Outcrops of Hatches Creek Group quartzite forming the 2 km diameter central uplift of 

the structure are typically elevated 16 m above the surrounding plain (Tonkin, 1973).  

From limited structural measurements taken by Tonkin (1973) the central uplift displays 

a complex geometry with the quartzite generally dipping towards the east at 20 to 40°.  

This suggests that the target rocks were folded prior to the impact event.  The quartzite 
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is commonly fractured and jointed and contains abundant, well-developed shatter cones, 

without which it would have been unlikely that the structure was identified. 

 

The central uplift was remapped in detail by Shoemaker and Shoemaker (1996).  An 

attempt has been made (Figure 4.17) to relate the descriptive division of the Hatches 

Creek Group in this map to the Errolota, Yeeradgi Sandstone, and Unimbra Sandstone 

Formations of the Wauchope Subgroup defined by Donnellan (1998).  Structural 

features common to the central uplifts of other impact craters were also noted by 

Shoemaker and Shoemaker (1996) including outward plunging radial folds and thrust 

repetition of strata toward the centre of the structure.  Intensely brecciated quartzite 

(autochthonous breccia) was mapped in the very centre of the structure.  A sedimentary 

breccia deposited on shocked quartzite was interpreted by Shoemaker and Shoemaker 

(1996) as reworking of the autochthonous breccia soon after the impact event.   

 

Limestone deposits of the Gum Ridge Formation are preserved in structural (erosional?) 

depressions within the central uplift.  The limestone is flat-lying, does not display signs 

of shock deformation, unconformably overlies and onlaps Proterozoic strata in the 

central uplift (Tonkin, 1973; Shoemaker and Shoemaker, 1996), and clearly post-dates 

the Kelly West impact event.   

 

4.4.4  Age 

 

The age of the Kelly West structure is poorly constrained.  A maximum age of 1810 Ma 

is provided by the Hatches Creek Group and minimum age of the Middle Cambrian 

from the undeformed limestone of Gum Ridge Formation overlying the central uplift.  

By imposing an additional constraint that the structure was formed after the Middle and 

Late Proterozoic, when deep erosion of the Tennant Creek Inlier occurred, Shoemaker 

and Shoemaker (1996) suggest a Neoproterozoic age for the Kelly West impact event. 

 

4.4.5  Geophysics 

 

Magnetics and radiometrics 

Magnetic and radiometric data were collected as part of the Tennant Creek regional 

survey commissioned by the Australian Geological Survey Organisation (now 
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Geoscience Australia) in 1998.  Data were collected at a 200 m line spacing on north-

south lines at a nominal flying height of 60 m.  Magnetic and radiometric data were 

collected using standard acquisition and processing procedures with a caesium vapour 

magnetometer and a 32 litre volume of scintillometer crystal.  Images of the magnetic 

data are shown in Figures 4.18a and 4.18b, a ternary radiometric image is shown as 

Figure 4.18f.  An image of the digital terrain model, created as a by-product of the 

airborne geophysical survey, is shown in Figure 4.18e.  

 

A weak, northwest-trending magnetic fabric (Figure 4.18b) to the north of Kelly West 

probably reflects bedding within the Hatches Creek Group or Flynn Subgroup.  Minor 

north-northwest trending lineaments in the data are interpreted as post-impact faults.  A 

magnetic high to the west and southeast of the structure is probably due to a layered 

volcanic unit, possibly a dolerite sill within the Hatches Creek Group.  This magnetic 

unit can be interpreted to have been originally continuous across the Kelly West 

structure, but was deformed and partially demagnetised at a radial distance of 3 to 3.5 

km from the centre of the structure by the impact.  This contact is interpreted to reflect 

the outer wall of the collapse crater, giving a present day diameter of the Kelly West 

structure of 6.6 km. 

 

The radiometric data (Figure 4.18f) largely map variations in the Cenozoic regolith, 

which covers most of the area surrounding the central uplift of the Kelly West structure.  

The Proterozoic sandstones have a low count response, which is expected for a fairly 

clean, quartz arenite.  A ridge of Cambrian Gum Ridge Formation to the southeast of 

the central uplift correlates with a high count response in all three elements.  High count 

responses adjacent to this ridge and surrounding the southern half of the central uplift 

are interpreted as limestone scree or Gum Ridge Formation beneath a thin layer of 

regolith.    

 

Gravity 

Gravity data were collected at a 2 x 2 km station spacing over the Kelly West structure 

as part of a regional program covering the Tennant Creek Inlier by the Northern 

Territory Geological Survey in 2001 to augment previous surveys collected by the 

Bureau of Mineral Resources (now Geoscience Australia).   
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Figure 4.18:  Images of geophysical data over the Kelly West structure. 
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A detailed gravity survey was completed over the central uplift of the structure by 

workers from the USGS (Shoemaker and Shoemaker, 1996) and a digital copy of this 

data was made available by Jeff Plescia.  Data were collected along tracks at an average 

station interval of about 400 m, with an additional three profiles collected in a radial 

pattern over the central uplift.  No attempt was made to tie the survey to the National 

Gravity Network and an arbitrary base level was assigned to both gravity and elevation 

data.  The survey was merged with the regional data sets, with a level achieved by 

comparison of repeat surveying along station tracks.  The merged dataset was 

reprocessed to Bouguer Anomaly values using the 1971 IGRF and a density of 2.67 

g/cc.  Images of the Bouguer Anomaly and first vertical derivative of the combined data 

are shown as Figures 4.18c and 4.18d. 

 

A northwest trending regional gravity low through the Kelly West structure is probably 

related to regional tectonics, with metasedimentary rocks of the Warramunga Group or 

Flynn Subgroup the likely cause of gravity highs to the north and south of the structure.  

Subtle gravity features related to the Kelly West structure are best seen in the image of 

the first vertical derivative (Figure 4.18d). A partially-defined annular gravity anomaly 

and disruptions of regional trends delineate an area about 6.5 km in diameter that 

correlates with the outer extent of the collapse crater interpreted from the magnetic data.  

A 2 km diameter circular gravity high, 0.6 mGal greater than the background response, 

closely correlates with the extent of the central uplift.  A central gravity low, 0.8 mGal 

lower than the surrounding high, coincides with the middle of the central uplift.  Plescia 

(2003) suggested this low may reflect a small breccia filled central pit (concealed 

beneath the Gum Ridge Formation) within the central uplift.  However, at 6.6 km in 

diameter the Kelly West is much smaller than the transition between central-peak and 

peak-ring craters.  It is more likely that this central low reflects the normal density 

variations of the target rocks, similar to the gravity response over the Gosses Bluff 

structure (Milton et al., 1996).   
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4.5  Mulkarra, South Australia 

 

4.5.1  Location and Size 

 

The Mulkarra structure is located at 27°52’S, and 138°56’E, approximately 250 km 

west-northwest of Marree.  The area may be accessed via the Birdsville Track, which 

crosses the western half of the structure at a point roughly half way between the towns 

of Marree and Birdsville. 

 

The Mulkarra structure has no surface expression as it is completely concealed by 

750 m of post-impact sedimentary rocks. The size and shape of the structure is best 

constrained from sections of 2D seismic (Figures 4.19 and 4.20). A bowl-shaped 

depression roughly 9 km in diameter, coincident with a negative gravity anomaly, was 

identified from the seismic data and is surrounded by a 17 km diameter zone of 

anomalously high deformation (Flynn, 1989).  This was interpreted by Flynn (1989) as 

a 9 km diameter simple impact crater, though he notes that a crater of this size should be 

of the complex type. 

 

The Mulkarra structure is more likely to be an example of a peak-ring crater.  The bowl-

shaped depression interpreted as a simple crater probably represents a central pit within 

the 9 km diameter peak-ring, and is likely to be filled with allochthonous breccia or 

post-impact sedimentary material.  The “anomalous zone” described by Flynn (1989), 

consisting of a 600 m thickness of intensely faulted Eromanga Basin sediments and 

overlain by continuous seismic reflectors, is interpreted as structure beneath the crater 

floor forming the peak ring and collapsed terraces (Figure 4.20).  These structures form 

a 19 km diameter area of disturbance, which is the assumed size of the crater. A similar 

interpretation of the shape of the Mulkarra structure was proposed by Plescia (1999). 

 

The ratio of central uplift diameter to rim-to-rim diameter of the Mulkarra structure of 

approximately 1:2 is the expected morphology of a peak-ring structure.  If this 

interpretation is correct, then Mulkarra will be the smallest known peak-ring crater on 

the Earth and significantly smaller than the 24 km diameter Ries structure.  The 

unusually small size for this type of complex crater formation may be due to the impact 

occurring in a low strength, unconsolidated sedimentary target. 
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Figure 4.19:  Location, petroleum wells, seismic line coverage and generalised 

stratigraphy of the area near the Mulkarra structure.  The extent of the ring 

anticline forming the central uplift and the zone of deformation interpreted from 

selected 2D seismic lines is also shown. 
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Figure 4.20:  Seismic section and interpretation of 85-ZKM, which crosses the 

centre of the Mulkarra structure.  Seismic line location and marker horizons are 

shown in Figure 4.19. 
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4.5.2  Previous work 

 

Mulkarra was discovered during routine petroleum exploration in the Mulka Block of 

the western Eromanga Basin, approximately 140 km west of the giant gasfields located 

at Moomba.  An impact was proposed to explain an “anomalous seismic zone” of 

disrupted reflectors within an area known for mild tectonic activity (Flynn and Fawcett, 

1987; Flynn, 1989).  Other plausible causes to explain the seismic response were 

considered; including igneous intrusion, a volcanic collapse structure and diapiric 

piercement (Flynn and Fawcett, 1987).   

 

An impact origin was preferred from the similarity of the gravity and ground magnetic 

data, in conjunction with the structures interpreted from the seismic sections, to that 

observed at Gosses Bluff (Busuttil, 1988; Flynn, 1989).  Additional gravity surveying 

and a reinterpretation of the structure were completed by Plescia (1999).  From this 

work he identified Mulkarra as a 20 km peak-ring impact crater and noted similarities in 

the geophysical responses to the 13 km Marquez structure in Texas.  Marquez, also 

formed in an active sedimentary basin, is interpreted from seismic data to be a single-

peak, complex crater and has a prominent gravity high coinciding with the central uplift 

(Wong et al., 2001).  Unlike Mulkarra, however, a small dip in the gravity response of 

this structure at the point of impact is interpreted by Wong et al. (2001) to be due to 

structural collapse of the central uplift and not the result of forming a true peak-ring. 

 

Diagnostic evidence to support an impact origin is yet to be described at Mulkarra, and 

the structure can only be considered a possible impact structure.  Despite the fact that 

petroleum exploration well Crater 1 (Lipski, 1993) was drilled into the peak-ring 

(Figure 4.19), the geological interpretation was based on mudlogging and wireline data 

only.  No sidewall cores are available to search for shock metamorphic textures. 

 

4.5.3  Geology 

 

The Mulkarra structure is formed within the Mesozoic sedimentary rocks of the 

Eromanga Basin and the underlying Cambro-Ordovician metasediments of the 

Warburton Basin.  Mulkarra is formed on a northeast trending structural high named the 

Birdsville Track Ridge, which controlled the development of the Simpson and Cooper 
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Basins of Permo-Triassic age (Alexander and Sansome, 1996) and was later reactivated 

during the Oligocene.  Generalised stratigraphy for the Mulkarra area is shown in 

Figure 4.19, which follows the geologic log for wildcat exploration well Crater 1 

(Lipski, 1993).  However, previous workers (Flynn, 1989; Plescia, 1999) have 

incorrectly used stratigraphic equivalents for the Early Cretaceous marine sequence that 

are more appropriate for a more marginal setting in the southern Eromanga Basin.  The 

following discussion of the stratigraphy of the Eromanga Basin is largely summarised 

from Alexander and Sansome (1996). 

 

Deposition within the Eromanga Basin occurred continuously through the Early Jurassic 

to Late Cretaceous and was widespread over northern South Australia, the Northern 

Territory and Queensland.  The stratigraphy can be broken into three packages 

representing early non-marine, marine and later non-marine sedimentation.  Jurassic to 

Early Cretaceous sedimentation consisted largely of sand-dominated fluvial braided-

stream systems (Hutton Formation, and Adori Sandstone and Namur Sandstone 

Members of the Mooga Formation) interspersed with fine-grained lacustrine and minor 

coal-bed deposits of the Birkhead and Westbourne Formations.  The Cadna-owie 

Formation marks the transition from fluvial to marine deposition.  It grades upwards 

from siltstone to sandstone, interpreted as the transition from lacustrine to a near-shore 

environment.  The seismic “C” horizon, which can be correlated across the entire Basin, 

roughly approximates the top of the Cadna-owie Formation.  The Early Cretaceous 

marine sequence is dominated by thick transgressive shales (Bulldog Shale, Oodnadatta 

Formation) interbedded with a thin, fine-grained regressive sandstone unit (Coorikiana 

Sandstone).  Towards the centre of the Basin, where this regressive sandstone is absent, 

argillaceous sedimentation continued and the marine sequence is replaced by a laterally 

equivalent siltstone and mudstone interval comprising the Wallumbilla Formation, 

Toolebuc Formation and Allaru Mudsone.  The organic-rich Toolebuc Formation was 

deposited in a restricted marine environment and is characterised by a high natural 

gamma response in wireline logs that has been identified in both Crater 1 and the nearby 

Mulkarra West 1 (Nugent, 1989) exploration wells.  The Mackunda Formation was 

deposited during several phases of marine regression and transgression resulting in an 

alternating sequence of sandstone and shale.  The Late Cretaceous Winton Formation 

represents a final stage of coarse-grained fluvial deposition interbedded with floodplain 
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deposits, coal swamps and lakes before a long period of non-deposition and erosion 

until the Early Cenozoic.   

 

The Mulkarra structure is entirely concealed by post-impact sedimentation, so 

geological information is restricted to one well, Crater 1, which intersects the outer limb 

of the ring-anticline and from the interpretation of the seismic data (described more 

fully in the Geophysics section).  Mulkarra is best defined on seismic line 85-ZKM 

(Figure 4.20), which nearly bisects the structure.  The fault bound zone of disrupted 

bedding defining the extent of the collapse crater can be clearly seen between shotpoints 

1530 and 2040, around which the sedimentary layers are undeformed.  A structural high 

(ring-anticline) that forms the peak-ring has peaks at shotpoints 1660 and 1870 and 

encloses a central pit that seems to partially excavate the Wallumbilla Formation.  

Normal faults outside of this structural high define the terraces formed during the 

collapse stage of crater formation. 

 

Stratigraphic control is provided by the Crater 1 well located on seismic line SRC92-03 

(Figure 4.21).  Deformation of the sedimentary layers within the Mulkarra structure is 

interpreted from the seismic data below 0.65 sec (TWT), corresponding with the lower 

half of the Eromanga Basin stratgraphy, up to the top of the Wallumbilla Formation and 

including the Cambro-Ordovician basement.  The central pit is filled with material that 

appears homogeneous on the seismic section.  This may represent an allogenic breccia 

deposited at the time of impact or the rapid deposition of an unnamed sedimentary unit 

soon afterwards.  A bright seismic reflector covering both the ring-antiform and the 

central pit places a constraint on the time of formation of the structure.  Overlying 

sediments drape the Mulkarra structure and only show evidence of minor fracturing, 

probably due to settling of the crater.  The wireline sonic log from the Crater 1 well 

(Lipski, 1993) suggests two possible sources for the bright seismic horizon, a sandy 

interval at 740-750 m depth (Coorikiana Sandstone / Toolebuc Formation equivalent?) 

and a calcareous siltstone at 780 m.  Both these intervals occur within the upper part of 

the Wallumbilla Formation. 

 

The Mulkarra structure was formed during the deposition of a conformable sequence of 

marine sediments.  While the Wallumbilla Formation has been excavated by the impact  
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Figure 4.21:  Seismic section and interpretation of line SRC92-03, along which was 

drilled wildcat petroleum exploration well Crater 1, across the central uplift of the 

Mulkarra structure.  Seismic line location, well stratigraphy and seismic marker 

horizons are shown in Figure 4.19.   
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it appears to be unchanged from the normal sequence outside of the crater.  The 

presence of the Toolebuc Formation immediately overlying impact deformed strata 

suggests that the structure was formed in a marine setting near the centre of the 

Eromanga Basin.  There is no evidence to suggest that the structure was exposed to the 

atmosphere and it is expected that little erosion occurred before the structure was 

buried.  Consequently, the Mulkarra structure is very well preserved. 

 

4.5.4  Age 

 

The time of formation of the Mulkarra structure is constrained by the bright seismic 

reflector within the upper Wallumbilla Formation.  Biostratigraphic dating of this 

sedimentary unit (Alexander and Sansome, 1996) suggests the impact event probably 

occurred near the middle of the Albian (Early Cretaceous, 105+3 Ma).  The same age 

was previously estimated by Flynn (1989), despite the misinterpretation of stratigraphy 

for the Early Cretaceous marine succession. 

 

4.5.5  Geophysics 

 

Seismic 

A total of 12 lines of 2D reflection seismic data were recorded over the Mulkarra 

structure between 1984 and 1992 as part of petroleum exploration programs by Delhi 

Petroleum / Santos and, later, Stirling Resources.  Locations of these lines are shown in 

Figure 4.19.  All surveys were collected using a “Vibroseis” source with an increasing 

fold of stack in later years, ranging from 16-fold in 1984 to 24-fold in 1985 and 60-fold 

in 1992.  Data quality is generally fair to good, with many regional seismic markers, 

including the top of Cambro-Ordovician basement (“Z” horizon) and top Cadna-owie 

Formation (“C” horizon), traceable over the entire survey area.  Interpretation of two 

seismic sections are presented here; 85-TZQ (Figure 4.20), which shows all the 

structural features of Mulkarra, and SRC-92 (Figure 4.21), collected as part of a detailed 

program to assess the petroleum potential of the ring-anticline and central pit.   

 

Seismic line 85-TZQ shows the “zone of deformation” described by Flynn (1989) 

between shotpoints 1530 and 2040.  Deformation consists predominantly of a number of 

normal faults and grabens, which is consistent with slump structures formed in the outer 
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terraced terrain of a complex impact crater.  Bedding appears somewhat chaotic within 

the Mulkarra structure to the point where the “C” and “Z” seismic horizons are 

untraceable beneath the structure’s central pit.  Relic parabolic “smiles” in the disturbed 

seismic zone are the result of limitations in the migration routines to correct for the 

complex three-dimensional structure.  The seismic reflector marking the top of the 

Mulkarra structure (“Bx” horizon) was correlated by Flynn and Fawcett (1987) and 

Flynn (1989) with the Coorikiana Sandstone.  Flynn and Fawcett (1987) also noted that 

this horizon changes its character over the zone of deformation, with a larger amplitude 

response than that seen outside the Mulkarra structure.  This character change is 

repeated on all seismic lines over the structure, although its cause remains unknown.  

Material filling the crater pit is largely seismically isotropic, which is the expected 

response of allochthonous breccia. 

 

Time contours of the “Bx” seismic horizon interpreted from all seismic lines over the 

Mulkarra structure are shown in Figure 4.22f (adapted from Beattie, 1992).  This clearly 

shows the geometry of the ring-anticline and central pit forming the structural uplift.  A 

structural high at the western edge of the contoured area is interpreted as part of the 

outer rim of the crater. 

 

Magnetics 

Airborne magnetic data were collected on east-west lines at an 8000 m line spacing and 

500 m flying height by Delhi Petroleum as part of regional surveying in 1961.  Total 

field and first vertical derivative images of this data reprocessed and gridded by 

Geoscience Australia are presented as Figures 4.22a and 4.22b.  Located data for this 

survey were not supplied.  The stippled texture of these images is probably an artefact 

in the grids created by spatial aliasing from using a cell size (25 m) that is too small for 

the data spacing.   

 

A north-trending regional magnetic high that passes through the Mulkarra structure 

(Figure 4.22a) is probably related to a second-order magnetic basement high parallel to 

the Birdsville Track Ridge.  Disruptions of this trend at a radial distance of about 9 km 

from the centre of the structure are interpreted to define part of the outer wall of the 

final collapse crater.  A poorly defined magnetic low in the middle of the structure is 

possibly due to depression of the magnetic basement beneath the central pit of structure.  
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Figure 4.22:  Images of geophysical data over the Mulkarra structure.  Seismic 

interpretation shown in f) is adapted from Beattie (1992). 
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Gravity 

Regional gravity data were extracted from the South Australian Department of Primary 

Industry and Resource (PIRSA) database.  Data are spaced at a station interval of about 

5.5 km over the structure.  As part of their investigation of the Mulkarra structure, 

Santos acquired gravity data along the seismic traverses that crossed the structure 

(Busuttil, 1988).  Data were collected at a station spacing of 375 or 400 m using a 

Lacoste and Romberg gravity meter.  Both gravity and elevation data were set to an 

average regional datum and were not tied to the National Gravity Network.  A 400 m 

offset was noted between the detailed gravity survey stations with the line locations of 

the corresponding seismic traverses.  In reprocessing the Santos gravity data, it was 

assumed that the gravity station locations were surveyed correctly, however this may 

not be the case.  An attempt was made to level the Santos survey to regional data, 

though only a poor fit could be achieved.  This is possibly due to high noise in the 

regional gravity data, which is often only accurate to +0.5 mGal, or mislocation of the 

detailed survey.  Bouguer Anomaly values were recalculated for the best fit merged data 

set using the 1971 IGRF and a density of 2.67 g/cc.  Images of the Bouguer Anomaly 

and first vertical derivative of the combined data sets are shown in Figures 4.22c and 

4.22d. 

 

Additional gravity data over the Mulkarra structure were collected in 1993 along four 

diagonal profiles centred on the gravity anomaly defined by the Santos gravity survey 

(Plescia, 1999b).  While these data were not available digitally to compile with the other 

gravity surveys, an image of the third order residual of the gravity field shown in 

Plescia (1999b) shows a gross similarity to Figure 4.22d. 

 

A regional trend in the gravity field of 0.7 mGal/km towards the east is related to a 

basement high formed by the Birdsville Track Ridge (Flynn and Fawcett, 1987).  This 

may be effectively removed from the data by the subtraction of a second order 

polynomial surface.  A residual gravity anomaly 0.8 mGal higher than background is 

coincident with the peak-ring.  A negative gravity anomaly, 1.4 mGal lower than the 

surrounding high, is correlated with central pit.  An outer, low gravity ring of less than 

0.5 mGal amplitude is best defined by the extended data set presented in Plescia 

(1999b).  The outer limit of this gravity low is roughly 20 km in diameter, which is 

slightly larger than the size of the Mulkarra structure defined from the seismic data. 
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Figure 4.23:  Forward model of gravity data over the Mulkarra structure.  

Residual profiles were created by subtracting the estimated regional response.  
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Basic 2.5D forward modelling of the gravity data was unable to adequately resolve the 

geometry of the sources of these gravity anomalies.  A nearly identical fit could be 

achieved for tabular bodies at depths ranging from 800 to 1400 m by varying the size 

and density contrast to fit both the peak-ring high and central pit gravity low.  A 

preferred interpretation is that the gravity response reflects the depth to the Cambro-

Ordovician basement.  Low-density sediment or allochthonous breccia within the 

central pit may also contribute to the central gravity low (Figure 4.23).  

 

4.6  Shoemaker, Western Australia 

 

4.6.1  Location and Size 

 

The Shoemaker structure, formerly known as the Teague Ring (Pirajno and Glikson, 

1998), is located on the southern margin of the Proterozoic Earaheedy Basin in central 

Western Australia, centred at latitude 25° 52’ S and longitude 120° 53’E.  The nearest 

town is Wiluna, which is located 110 km to the southwest. The structure may be 

accessed by station tracks from Millrose Homestead to the south or from the No. 7 Bore 

on the Canning Stock Route to the west of the structure.   

 

The Shoemaker impact structure is most easily recognised at the surface by the 

deformation of the erosion resistant sediments of the Frere Formation and upper Yelma 

Formation of the Earaheedy Group.  Two circular outcrop trends can be easily identified 

in satellite imagery, as shown in Figure 4.24.  An arc of Frere Formation to the south of 

the structure, with a diameter of 30 km, delineates the present day extent of the 

structure.  A similar pattern of deformation can be observed in the rocks of the Chiall 

Formation to the north of the structure, though this trend is perhaps best defined in the 

magnetic data (see Section 4.6.5: Geophysics).  The inner outcrop of Frere Formation, 

appearing as slightly elliptical loop with long and short axes of 15 and 12 km 

respectively, surrounds crystalline basement that is exposed by the central uplift.  The 

position of the central uplift is slightly offset from the middle of the crater (Figure 4.25).  

Due to the absence of overthrust faults within the structure, such as those observed at 

the Spider structure (Shoemaker and Shoemaker, 1996), both the apparent eccentricity 

and offset of the central uplift are not interpreted to be a result of oblique impact.   
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Figure 4.24:  RGB image of Landsat principal components 1,2,3 draped on a 

topographic model of the Shoemaker structure (vertical exaggeration is 15 times).  

Width of view is approximately 45 km, looking to the northeast (after Pirajno, 

2002). 
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Tilting of the structure to the northeast during regional deformation of the Earaheedy 

Basin prior to erosion is the preferred explanation of the cause of both these geometric 

features. 

 

4.6.2  Previous work 

 

An impact origin for the Shoemaker structure was first proposed by Butler (1974), who 

named the enigmatic circular feature the Teague Ring.  Cross-sections drawn by Butler  

show Archaean granite in the central uplift surrounded by a ring syncline.  Further 

mapping and study by Bunting and his co-workers during the late 1970s resulted in the 

identification of pseudotachylite and shock metamorphic features, including shatter 

cones and shocked quartz, associated with the structure (Bunting et al., 1980).  

However, they concluded that these were the result of an explosive release of gases 

triggered by a granitoid intrusion.   

 

After reviewing this work and visiting the site, Shoemaker and Shoemaker (1996) 

showed that the Teague Ring meets many of the criteria for identification as an impact 

structure, including a negative gravity anomaly identified from a reconnaissance survey.  

This defined a 12 mGal anomaly, primarily associated with the central uplift, from 

detailed gravity traversing along station tracks and fencelines (Plescia, 1999a), though 

this survey was cut short by equipment failure.  In an attempt to characterise the 

subsurface architecture of the Shoemaker structure, Plescia (1999a) constructed a 

forward model which included bodies depicting three main stratigraphic elements, 

crystalline basement rocks of the Archaean Yilgarn Craton, sedimentary rocks of the 

Earaheedy Basin and a granitic core.  Two additional bodies reflecting inhomogeneities 

in the Archaean basement were required to fit the southern half of the model.  The low-

density core was interpreted as uplifted and fractured Archaean basement.  While 

limited by the lack of adequate petrophysical information, the model suggested that 

modification of the basement extended to a depth of 5 km below the present day 

surface. 

 

Most recently, geological and geophysical studies were completed over the structure by 

the Geological Survey of Western Australia (GSWA) and as a part of this study 

(Pirajno, 2002; Hawke, 2003; and Pirajno et al., 2003).  This work is summarised here.   
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4.6.3  Geology 

 

The Shoemaker structure was formed in the Palaeoproterozoic sedimentary rocks of the 

Earaheedy Group which unconformably overlie Archaean granite-greenstone basement 

of the Yilgarn Craton.  Outcrop geology and stratigraphy of the Shoemaker structure is 

shown in Figure 4.25.  Much of the Precambrian geology is concealed beneath 

Quaternary lacustrine, alluvial and aeolian sediment associated with the ephemeral Lake 

Nabberu – Lake Teague playa lake system.  The following description of the geology is 

based on Bunting et al. (1982), Jones et al. (2000) and Pirajno (2002). 

 

Granite and greenstone rocks of the Yilgarn Craton crop out to the south and west of the 

Shoemaker structure.  Granitic rocks are generally mapped as monzogranite.  

Greenstone is exposed to the southwest of the Shoemaker structure adjacent to the 

Lockeridge Fault.  To the south is a pluton of hornblende-bearing monzogranite, which 

is characterized by a high magnetic response.  This pluton, with a SHRIMP U-Pb zircon 

age of 2664 ± 4 Ma (Nelson, 1999), is interpreted as a slightly younger intrusion based 

on the presence of thermally altered greenstone at its western margin. 

 

The Earaheedy Group is a conformable 5000 m sequence of siliclastic and chemical 

sediments.  The Earaheedy Group is divided into the lower Tooloo Subgroup, consisting 

of the Yelma, Frere and Windidda Formations, and overlying Miningarra Subgroup 

including the Chiall and Wongawol Formation, Kulele Limestone and Mulgarra 

Sandstone.  The estimated age of the Earaheedy Group is between 1.9 and 1.8 Ga.  The 

highest mapped stratigraphic unit preserved at the Shoemaker structure is the Princess 

Range Member of the Chiall Formation.  As the Yelma, Frere and Chiall Formations are 

the only units preserved in the vicinity of the Shoemaker structure, only these are 

included in Figure 4.25.  While the upper formations of the Earaheedy Group were 

possibly present at the time of impact, these have been subsequently been removed by 

erosion.   

 

The Yelma Formation consists of between 3 and 500 m of shale, sandstone and 

carbonate that were deposited in shallow marine and locally fluvial environments.  The 

Frere Formation is a 600 m sequence of granular iron formation separated by three  
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Figure 4.25:  Summary geology and stratigraphy of the Shoemaker impact 

structure (after Pirajno, 2002). 
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major shale bands and minor carbonate.  The overlying Windidda Formation consists of 

a 600 m thick interval of shale, local carbonate and granular iron formation.  The 

Windidda Formation is interpreted to represent a carbonate shelf in the southeast of the 

basin that is laterally equivalent to the upper Frere Formation.  The Chiall Formation 

consists of 1000 m of siliclastic rocks and combines the former Wandiwarra Formation 

(Bunting et al., 1982) with the Princess Range Member.  

 

The Shoemaker structure is heavily eroded and is preserved as an inner ring syncline 

and an outer ring anticline, surrounding a central core of basement uplift (Figure 4.25).  

Rocks of the Frere Formation form an almost continuous circular outcrop, defining one 

limb of the inner syncline. On the northern side of the inner ring, shale units of the Karri 

Karri Member of the Chiall Formation also crop out.  In the eastern sector of the inner 

ring, the base of the Yelma Formation occurs in faulted contact with the granitic rocks 

in the central uplift.  The outer ring is formed within the Chiall Formation and granular 

iron formation units of the Frere Formation.  In the northeast, the outer ring is within the 

Chiall Formation.  To the east, the outer ring is poorly exposed, but is interpreted from 

magnetic data to be composed of complexly folded shale of the Windidda Formation 

and Karri Karri Member of the Chiall Formation. In the southwest and west, the outer 

ring is well-defined by outcrops of the Frere Formation, where they form ridges 50-70 

m above the salt lakes in the centre of the structure.  Well developed shatter cones up to 

1 m in length are found in sandstones of the Yelma Formation and the granular iron 

formation of the Frere Formation surrounding the central uplift (Pirajno, 2002).   

 

Archaean granite-greenstone basement is exposed in central uplift of the structure.  

Basement exposure, consisting of syenite and granite collectively named the Teague 

Granite (Pirajno, 2002), is restricted to the eastern flank of the crystalline core.  The 

Teague Granite is interpreted to reflect an original Archaean granitoid that has 

undergone intense potassic, sodic-calcic and silicic metasomatism.  Planar deformation 

features (PDFs), diagnostic of meteorite impact, have been identified in quartz grains 

within the granite (Pirajno, 2002).  The remainder of the structural uplift is concealed 

beneath Quaternary cover.  Undifferentiated Archaean granite and greenstone, together 

with the Teague Granite, is interpreted beneath this cover from magnetic and gravity 

data.   
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Post-impact hydrothermal activity is evident at the Shoemaker impact structure in the 

form of widespread silicification and metasomatism of the Teague Granite.  Pods of 

chert and jasperoidal quartz are mapped in the Teague Granite and Frere Formation in 

the southeast corner of the structural uplift (Pirajno, 2002).  These were interpreted to 

represent hydrothermal fluid pathways of local hot-springs driven by the high thermal 

gradients created by impact, such as those observed at the similar-sized Haughton 

impact structure in Northwest Territories, Canada (Osinski et al., 2001). 

 

4.6.4  Age 

 

The timing of the impact that formed the Shoemaker structure is not well constrained.  

A maximum age of 1700 Ma may be imposed by the deposition of the Earaheedy 

Group, which is deformed by the structure.  A SHRIMP U-Pb age of 2648+8 Ma from 

zircons extracted from the Teague Granite was interpreted as the age of magmatic 

crystallization of the primary granitoids (Nelson, 1997).  A Rb-Sr isochron age of 1630 

Ma obtained from samples of the Teague Granite by Bunting et al., (1980) was 

interpreted by Shoemaker and Shoemaker (1996) as a resetting age of the granite due to 

the impact.   

 

Ages of 694±25 Ma and 568±20 Ma were obtained by K-Ar systematics for different 

size fractions of illite and smectite from a samples of Teague Granite (Pirajno, 2002), 

indicating a hydrothermal event (at temperatures of greater than 250°C) occurred at this 

time.  A number of possible causes of this resetting event are considered, including far 

field tectonic events such as the 580-520 Ma Petermann Orogeny (Walter et al., 1995) 

and deep thermal events that affected Gondwanaland during the Neoproterozoic 

(Veevers, 2003).  Pirajno et al. (2003) speculate that this event may represent post-

impact hydrothermal activity, implying a Neoproterozoic age of formation for the 

Shoemaker structure. 

 

4.6.5  Geophysics 

 

Magnetics and radiometrics 

Magnetic and radiometric data were acquired over the Shoemaker impact structure as 

part of regional surveying of the Nabberu 1:250 000 sheet by the Australian Geological 
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Survey Organisation (now Geoscience Australia) during 1996.  Data were collected on 

east-west lines spaced 400 m apart at a nominal flying height of 80 m.  Magnetic data 

were measured using a caesium-vapour magnetometer at a sample interval of 7 m, 

radiometric data were collected using 32 litres of crystal at an along line sample spacing 

of 70 m.  Images of the magnetic data are shown in Figures 4.26a and 4.26b, a ternary 

radiometric image is shown as Figure 3f.  An image of the digital terrain model, created 

as a by-product of the airborne geophysical survey, is shown in Figure 4.26e.  

 

The Shoemaker structure is expressed in the magnetic data by two circular patterns 

which correlate with the outer ring anticline and inner ring syncline of the impact 

structure.  The outer circular pattern, approximately 28 km in diameter, is marked by 

positive magnetic anomalies to the south and a generally negative response to the north 

(Figure 4.26a).  The positive magnetic anomalies are related to iron-rich rocks within 

the Frere Formation.  The low (negative) magnetic response to the north is not 

interpreted to be a result of shock demagnetisation of the target rock, rather it likely 

reflects north-dipping Frere Formation concealed beneath a thick sequence of non-

magnetic Chiall Formation.  The inner circular feature, with a maximum diameter of 

about 16 km, is identified by a strong TMI response circling the eastern margin of the 

central uplift.  This magnetic response continues on the western flank of the structure, 

but is considerably weaker and can only be readily identified in the image of the first 

vertical derivative (Figure 4.26b).   

 

The magnetic highs are interpreted to be sourced primarily from the Frere Formation, 

with the complex pattern of positive and negative anomalies related to the change in dip 

direction as it encircles the structural uplift.  Increased magnetic intensity on the 

southwest corner of the structure, with a peak amplitude of 11,500 nT, correlates with 

the extensive quartz veining and alteration of the Frere Formation mapped by Pirajno 

(2002) and is interpreted to reflect hydrothermally generated magnetite formed by post-

impact hot-spring activity.   

 

From the magnetic data, the granite which forms the core of the Shoemaker structure 

can be categorised into two main groups; those which possess a moderate magnetic 

response, which is best seen in the first vertical derivative, and those that are only  
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Figure 4.26:  Images of geophysical data over the Shoemaker impact structure. 
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weakly magnetic.  The Teague Granite, which outcrops on the eastern flank of the 

structural uplift, is moderately magnetic.  The magnetic character of the granites within 

the crystalline core may give some clue to their origin.  The weakly magnetic granite is 

interpreted as Archaean monzogranite.  The Teague Granite is interpreted to be an 

altered form of the younger hornblende-bearing monzogranite, which forms a strong 

magnetic response to the south of the Shoemaker structure.  

 

The radiometric image (Figure 4.26f) and digital elevation model (Figure 4.26e) 

strongly reflects surface geology.  The erosion-resistant Frere Formation forms 

prominent hills that surround the central uplift and define the southern extent of the 

structure.  The Frere Formation is characterised by a thorium (green) radiometric 

signature.  Smaller outcrops of Princess Range Member in the north of the structure are 

identified by minor ridges in the elevation model.  Large salinas forming part of the 

Lake Nabberu – Lake Teague system are identified by a weak potassium radiometric 

response, possibly reflecting a concentration of KCl in the highly saline waters.   

 

Granites to the south of Shoemaker are identified by a strong potassium response and 

greenstone a thorium-uranium response.  Where exposed, the Teague granite also has a 

strong potassium response.  It is not possible to differentiate granite species from their 

radiometric signature. 

 

Gravity 

Two stages of gravity surveying have been completed over the Shoemaker structure.  

Station locations for these surveys are shown in Figure 4.27.  Approximately 140 

stations of gravity data were collected along station tracks and fencelines at a 500 m 

station interval over the western and southern half of the Shoemaker structure during 

August 1996 (Plescia, 1999a).  Station locations were surveyed by differential GPS and 

tied to a local benchmark.  Observed gravity data were not tied to the National Gravity 

Network and were set to an arbitrary level.   

 

An additional 132 stations were surveyed over a 35 x 35 km area centred on the 

Shoemaker structure during August 2001 as a part of this project.  Stations were located 

by differential GPS relative to Department of Land Administration (DOLA) benchmark  
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Figure 4.27:  RGB image of Landsat channels 3,2,1 draped on a topographic model 

of the Shoemaker structure showing gravity survey coverage and base station 

locations.  Cartesian coordinates are given in AMG84 Zone 51. 
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GN7, from which a semi-permanent network of five base stations was constructed 

(Figure 4.27).  Gravity data were collected using a Lacoste and Romberg gravity meter.  

Repeat station occupations suggest a survey accuracy to better than 10 cm and errors in 

gravity measurement of less than 0.07 mGal.  As no suitable absolute gravity station 

was present near the survey area, the gravity datum was established by occupation of 

several points within 100 m of regional GA stations.  A similar method was employed 

to establish a level with the gravity readings from the previous survey (data courtesy J. 

Plescia, USGS).  The compiled raw gravity data was reprocessed and reduced to 

Bouguer Anomaly values using the 1971 IGRF and a density of 2.67 g/cc.  Images of 

the Bouguer Anomaly and first vertical derivative are shown in Figures 4.26c and 

4.26d. 

 

A negative gravity anomaly is coincident with the crystalline core of the Shoemaker 

structure.  The absolute magnitude of this negative response is somewhat difficult to 

determine given the regional variations of the gravity field due to Archaean greenstone 

in the basement which forms gravity highs on the western, southern and northeast flanks 

of the structure.  Assuming the gravity field to the east of Shoemaker as background, 

this negative anomaly has an amplitude of 10 mGal.  The source of the negative 

anomaly is interpreted to be due to low-density granite in the crystalline core of the 

structure.  On the basis of forward modelling, Plescia (1999a) suggested that impact-

related fracturing of the target rock may have slightly lowered this density relative to an 

unmodified Archaean granite.  However, this can not be verified without petrophysical 

information.  A local gravity high, which appears to bisect the crystalline core in a 

northwest trend, is interpreted as a small wedge of Archaean greenstone that has also 

been caught within the central uplift of the structure. 

 

A small gravity shoulder on the outer margin of the gravity low is best defined from the 

first vertical derivative image (Figure 4.26d) as a weak positive gravity anomaly 

encircling the crystalline core.  The source of this response is interpreted to be the dense 

chemical sediments within the Yelma and Frere Formations.   
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4.6.6  Inverse modelling of geophysical data 

 

Three-dimensional models of the sources of the magnetic and gravity fields over the 

Shoemaker structure were created using the University of British Columbia (UBC) 

geophysical inversion utilities “mag3d” (Li and Oldenburg, 1996) and “grav3d” (Li and 

Oldenburg, 1998).  These algorithms solve for best-fit magnetic susceptibility or density 

values of a mesh of rectangular cells to recover the observed response.  

 

Magnetic data were modelled over a 40 x 34 km area centred on the Shoemaker 

structure.  A model mesh with a cell size of 400 x 400 x 200 m was used for the 

inversion.  This mesh was chosen as a tradeoff between source resolution and the time 

required to model the data.  The magnetic data were desampled to a 400 m grid prior to 

inversion as it is not possible to model magnetic anomalies smaller than the mesh size.  

UBC’s default inversion parameters were selected for the inversion.  There was no 

directional bias imposed on the shape of the magnetic sources.  As there was little 

geological or petrophysical control available to constrain the model, the starting 

magnetic model consisted of a uniform half-space, with a magnetic susceptibility of 

0.001 SI.  

 

The recovered susceptibility block model is presented as a series of east-west sections 

and two depth slices as Figure 4.28.  A comparison between the magnetic response of 

the modelled sources with the observed TMI is also shown.  While the model is limited 

by the mesh cell size, an adequate fit is achieved for the major magnetic features.  The 

magnetic response is attributed to two main stratigraphic units; the granular iron 

formation of the Frere Formation and magnetic Archaean granitoids including 

hornblende-bearing monzogranite (Agzq) and the Teague Granite (APgte).  Frere 

Formation surrounding the central uplift of the structure is identified by the circular 

pattern of magnetic sources, which is shown best in the cross-sections.  The Frere 

Formation on the western half of the structure is modelled to have a peak susceptibility 

of 0.006 SI.  The susceptibility of the Frere Formation to the east is two to three times 

greater, where secondary magnetite is interpreted to have formed by post-impact 

hydrothermal activity.  The Frere Formation is interpreted as the source of several other 

near-surface features, such as those observed at the western end of 7145000N and the  
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Figure 4.28:  Depth slices and sections through the magnetic susceptibility model 

created by inversion of the magnetic data over the Shoemaker impact structure.  

Coordinates are given in AMG84 Zone 51.  Agzq = hornblende-bearing monzo-

granite, APgte = Teague Granite, PEf = Frere Formation. 
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eastern end of 7135000N.  Deeper magnetic sources are interpreted as Archaean 

hornblende-bearing monzogranite.  While granite of this type outcrops to the south of 

Shoemaker, modelling suggests it continues to the north of the structure, concealed 

beneath at least 1200 m of Earaheedy Group sediment.  The granites are modelled to 

have a magnetic susceptibility of greater than 0.025 SI.  While the depth to base of 

magnetic sources is poorly resolved by inversion, this model suggests the granite has a 

maximum thickness of 3 km.  Magnetic anomalies within the Teague Granite are 

relatively shallow, with the source tops within a few hundred metres of the surface.  

Magnetic bodies modelled within the Teague Granite have a limited areal extent, 

suggesting a high degree of variability in the composition of the granite. 

 

Gravity data were modelled over a similar sized area.  The inversion was performed on 

the Bouguer Anomaly and no attempt was made to model the gravitational effects of the 

terrain.  A model mesh of 500 x 500 x 200 m was used, requiring the resampling of 

gridded gravity data to a 500 m cell size prior to inversion.  A uniform half-space with 

no density contrast was used as the starting model.  The density model obtained from 

inversion is shown in Figure 4.29.  Anomalous low densities modelled at the ends of 

each section show the limitation of the inversion process where little data is available.  

Most of the variation in density model can be related to geologic units.  A layered 

transition from low to high density rock near the top of each section is interpreted as the 

contact between the siliclastic sediments of the Chiall and Windidda Formations (PEc) 

and denser iron formation and dolomite within the Frere and Yelma Formations (PEf).  

High density bodies at depth are interpreted as a belt of Archaean greenstone (Ab), 

which has been deformed by the Shoemaker structure.  Only one small outcrop of 

greenstone adjacent to the Lockeridge Fault is mapped within the Shoemaker study 

area.  Large greenstone bodies are interpreted to be concealed beneath 1500 m of 

granite to the south of Shoemaker, and up to 2000 m of Earaheedy Group to the north 

and west of the structure.  The geometry of the central uplift of Shoemaker is well 

defined by the gravity inversion.  Low density granitic rocks forming the central core of 

structure, surrounded by a collar of dense Frere Formation iron formation can be 

interpreted from the sections.  The inversion has insufficient resolution to determine 

whether the granite within the central uplift has a lower density than unmodified granite 

outside the structure.  High density material within the structural uplift is interpreted as 

a minor band of greenstone concealed beneath Quaternary sediment. 
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Figure 4.29:  Depth slices and sections through the density model created by 

inversion of the gravity data over the Shoemaker impact structure.  Coordinates 

are given in AMG84 Zone 51. 
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An interpretation of the magnetic and gravity inversion results along a northwest  

trending geological section constructed by Pirajno (1999) is shown as Figure 4.30.  The 

shape of the central uplift is well constrained by the magnetic and gravity data, which 

primarily maps the Frere Formation.  High magnetic susceptibility within the Frere 

Formation to the south of the structural uplift is interpreted to be due to the secondary 

generation of magnetite by post-impact hydrothermal activity.  A strong magnetic 

source at the northern end of the section is interpreted to be due to structural thickening 

of the Frere Formation within a tight fold.  Magnetic and dense features at the southern 

end of the section are due to magnetic monzogranite and greenstone within the 

Archaean basement, respectively.  Minor magnetic anomalies within the structural uplift 

are interpreted as a magnetic granite, the Teague Granite.  A minor zone of high density 

in this area, which is also slightly magnetic, is interpreted as greenstone. 

 

4.7  Strangways, Northern Territory 

 

4.7.1  Location and Size 

 

The Strangways astrobleme is centred at 15°12’S, and 133°35’E, located approximately 

65 km east-southeast of the township of Mataranka and 400 km southeast of Darwin.  

While no tracks are mapped to the structure, the area may be accessed from the Roper 

Highway, which passes within 20 km to the north of the structure.  

 

Strangways is identified at the surface by an arcuate outcrop of Mesoproterozoic 

sedimentary rock that encircles a central core of crystalline basement.  Other structural 

features of the crater, including the ring syncline and outer rim, are not interpreted.  This 

is probably due to deep erosion of the structure and partial concealment beneath post-

impact Cretaceous and Cainozoic cover.   

 

The diameter of the central uplift has been previously estimated to be between 9 and 

11 km (Spray et al., 1999), which is consistent with the geophysical data presented here.  

The maximum extent of deformation of bedding is approximately 13 km from the centre 

of the structure.  From this, the accepted diameter of the Strangways crater has been 

interpreted to be 26 km (Ferguson et al., 1978; Spray et al., 1999).   
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Figure 4.30:  Geologic interpretation of the magnetic and gravity inversion models 

across a northwest section through the Shoemaker structure.  Geological cross-

section from Pirajno, 1999.  Ab = greenstone, Ag = monzogranite, Agzq = horn-

blende-bearing monzogranite, APgte = Teague Granite, PEy = Yelma Formation, 

PEf = Frere Formation, PEc = Chiall Formation. 



 178 

Using the distribution of shatter cones as an indication of the size of the transient cavity, 

Zumsprekel (2002) estimates the original size of the collapse crater to have been 

between 21 and 29 km.  From the size of the central uplift, Shoemaker and Shoemaker 

(1996) suggested the original crater diameter may have been 40 km or more.  Assuming 

an intermediate estimate of 10 km for the diameter of the central uplift, the 

morphometric relationships of Therriault et al. (1997) suggest an original crater 

diameter of about 30 km.   

 

4.7.2  Previous work 

 

The circular outcrop of sedimentary rocks surrounding weathered acid and intermediate 

volcanics at the core of the Strangways structure was first identified by Dunn (1963) 

during regional mapping, although this was interpreted to be due to a volcanic collapse 

structure.  Detailed mapping of the central uplift and sedimentary collar of the structure 

was later completed by Ferguson et al. (1978) and Shoemaker and Shoemaker (1996). 

 

An impact origin for Strangways was first proposed by Guppy et al. (1971).  

Similarities were noted between rocks near the centre of the structure and those in the 

central uplift of Gosses Bluff.  This was supported by the discovery of shatter cones and 

PDF-bearing clasts within a rock interpreted as melt breccia.   

 

Enriched siderophile element concentrations were found in impact melt rocks by 

Morgan et al. (1981).  Nickel is enriched 10 to 60 times above the background in 

country rock, and iridium by more than a factor of 20, up to 2.8 ppb (Shoemaker and 

Shoemaker, 1996).  From an analysis of trace element chemistry of the melt sheet, 

Morgan and Wandless (1983) suggest the meteorite which produced the Strangways 

crater may have been an olivine-rich achondrite and possibly contributed up to 3 wt% of 

the melt.  

 

An attempt to automatically map impactites in the target rocks using multispectral and 

GIS-analysis by Zumsprekel (2002) was unsuccessful.  However, these processes were 

successful at differentiating target lithologies.  A perspective view of the terrain model 

for the Strangways structure created by Zumsprekel (2002) by combining digitised 

topographic maps with satellite radar (ERS-SAR) data is shown in Figure 4.31. 



 179 

 

Figure 4.31:  Landsat image of the Strangways crater draped on a topographic 

model created from satellite radar data (courtesy of Heiko Zumsprekel).  Width of 

view approximately 35 km. 
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4.7.3  Geology 

 

The Strangways impact structure was formed in quartz-dominated sedimentary rocks of 

the Mesoproterozoic Roper Group of the McArthur Basin.  The Roper Group is 

unconformably overlain by Cambrian sedimentary and volcanic rocks.  The structure is 

partially concealed by post-impact deposits of Cretaceous sandstone (named the 

Mullamen Beds) and surficial Cainozoic sediment.  The north-trending Strangways 

Fault, located 16 kilometres to the east of the crater, was probably active during the 

deposition of the Mesoproterozoic and has affected the distribution and preservation of 

Proterozoic and Cambrian stratigraphy.  The stratigraphy and geology of the 

Strangways structure is summarised in Figure 4.32 (after Dunn, 1963; Shoemaker and 

Shoemaker, 1996; and Spray et al., 1999). 

 

Ages of 1686+107 Ma and 1598+35 Ma obtained by Ar-Ar analysis of biotites from the 

shock-deformed granite-gneiss within the central uplift are considered indicative of the 

intrusion age of the granitoid (Spray et al., 1999).  These authors correlated the intrusive 

rocks with the Palaeoproterozoic granitiod outcropping near Maranboy, on the 

Katherine 1:250 000 sheet, approximately 100 km to the northwest of the Strangways 

structure.  Alternatively, these rocks are possibly related to acid igneous rocks in the 

Tawallah Group, which underlie the Roper Group and outcrop in the northeast corner of 

the Hodgson Downs 1:250 000 sheet. 

 

The summary geology presented in Figure 4.32 simplifies the Roper Group into Lower 

and Middle Units and the Maiwok Sub-Group.  The Lower Roper group combines the 

Limmen Sandstone, Crawford and Mainoru Formations.  These consist of quartz 

dominated sandstone and siltstone, with a minor dolomitic component.  A 

Mesoproterozoic age for the Roper Group is confirmed by a U-Pb zircon date of 

1492+4 Ma for Mainoru Formation (Abbott and Sweet, 2000).  The Middle Roper 

Group comprises the Abner Sandstone, Corcoran Formation and Bessie Creek 

Sandstone.  These units are formed mostly of quartz-rich sediments, with a finer grain-

size defining the Corcoran Formation.  The total thickness of Lower and Middle Roper 

Group near Strangways is approximately 1.5 kilometres (Dunn, 1963; Spray et al., 

1999).  This is considered a minimum constraint on the vertical displacement of the  
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Figure 4.32:  Summary geology and stratigraphy of the Strangways structure 

(after Dunn, 1963; Shoemaker and Shoemaker, 1996). 
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central uplift.  The Maiwok Sub-Group appears to be thin and of limited extent to the 

west of the Strangways Fault.  Cross-cutting dolerite dykes and sills that intrude the 

Roper Group were dated around 1280 Ma by McDougall et al. (1965).  These have 

recently been redefined as the Derim Derim Dolerite, which has been dated at 

1324±4 Ma (Polito et al., 2004). 

 

Cambrian sandstones of the Bukalara and Cox Formations stratigraphically underlie 

basaltic rocks of the Nutwood Downs and Antrim Plateau Volcanics.  The distribution 

of these units is strongly related to the Strangways Fault.  A limestone unit which 

overlies the basaltic rocks is correlated with the Middle Cambrian Tindall Formation 

(Dunn, 1963). 

 

Extensive sub-crops of granite within the central uplift of the structure, ranging from 

highly shocked and melted to coherent rock, were identified, as well as impact breccia 

formed from both granitic and sedimentary rocks.  Small outcrops of PDF-bearing 

impact melt-bearing breccia (suevite) are restricted to the central crystalline core of the 

central uplift (Shoemaker and Shoemaker, 1996).  Poorly developed shatter cones have 

been noted in both the granitic rocks of the central uplift (Spray et al., 1999) and the 

Limmen Sandstone in the surrounding sedimentary rocks (Zumsprekel, 2002). 

 

Undeformed carbonate rocks overlapping the centre of the structure were originally 

mapped by Ferguson et al. (1978) as Cambrian limestone, suggesting a Precambrian age 

of impact.  However, these were subsequently interpreted as Cainozoic calcrete 

(Shoemaker and Shoemaker, 1996). The nearest outcrops of bona-fide Cambrian age 

rock lies on outcrops on the relatively undeformed outer margins of the structure, 

making this age constraint invalid.  

 

The Lower and Middle Roper Group sedimentary rocks that surround the central uplift 

are upturned, and locally overturned, and generally dip away from the core at angles 

varying from >80° to 15-30° (Spray et al., 1999).  Strata are consistently younging away 

from the centre of the structure.  No evidence is preserved of the ring syncline or crater 

rim of the structure, although faults at a radial distance of about 10 km to the north of 

the centre of the Strangways structure were interpreted as possible terraces by Spray et 

al. (1999).   
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4.7.4  Age 

 

A maximum age for Strangways of 1324 Ma is set by the impact deformed dykes and 

sills of the Derim Derim Dolerite.  A minimum age constraint of 145 Ma is given by the 

unshocked Cretaceous Mullamen Beds which overlie the central uplift.   

 

An age of 472 Ma was suggested for the impact event based on the youngest of three 

argon-release measurements from impact melt rocks, which ranged from 472 – 618 Ma 

(Bottomley et al., 1990).  Subsequent age determinations using 
40

Ar-
39

Ar data gave a 

combined age estimate of 646+42 Ma (Spray et al., 1999), which is currently accepted 

as the age of formation of the Strangways structure.   

 

4.7.5  Geophysics 

 

Magnetics and radiometrics 

Magnetic and radiometric data over most of the Strangways structure were collected in 

1994 by the Northern Territory Geological Survey as part of the Urapunga regional 

survey.  Data were collected on 500 m spaced, east-west lines at a nominal flying height 

of 100 m.  Magnetic data were collected using a caesium vapour magnetometer.  

Radiometric data were acquired using a 32 litre volume of crystal.  Images of the 

magnetic and radiometric data are shown in Figures 4.33a, 4.33b and 4.33e.  A 

simplified interpretation of basement geology from the magnetic and radiometric data is 

shown as Figure 4.33f. 

 

The principal source of the magnetic response (Figures 4.33a, 4.33b) is probably the 

Derim Derim Dolerite intruding the Roper Group.  The Maiwok Sub-Group is a 

secondary magnetic source.  A circular magnetic anomaly, encompassing the eastern 

two-thirds of the crater, is probably due to a deformation of a dolerite sill that intruded 

near the mapped base of the Abner Sandstone.  There is no satisfactory explanation for 

the lack of this response to the west, though fault truncation of the magnetic horizons by 

the central uplift, or demagnetisation by shock or hydrothermal processes are plausible 

suggestions.  Similar circular magnetic trends, inferred to closely correlate with bedding 

in the Abner Sandstone, are observable to a radius of approximately 10-11 km.  This is 

not interpreted as the original rim of the crater, but rather the point where the dip of 
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bedding flattens.  This is more likely to reflect the position of the ring syncline of the 

structure.  The low magnetic response of the Tallawah Group in the central uplift is 

probably a reflection of its normal magnetic character and is not necessarily due to 

shock demagnetisation of the target. 

 

Two sets of pre-impact faults are interpreted from the data.  North-south faults, 

including the Strangways Fault, were active during the Proterozoic and are probably 

related to the development of the McArthur Basin.  A second set of northeast trending 

faults are also interpreted from the data.  These were possibly formed during the fold 

event which produced the syncline to the north of the Strangways crater. 

 

Several faults become curvilinear in the vicinity of the Strangways crater, most notably 

the Strangways Fault.  However, it is not possible to determine whether this is a result 

of the impact or if it is due to normal geological processes. 

 

Radiometric data (Figure 4.33e) are a useful lithology mapping tool, particularly in the 

northern half of the area, where there is little Cretaceous or alluvial cover.  Sub-crop 

within the central uplift of the structure is characterised by a high potassium (red) 

response, suggesting a high feldspar content of the granitic core.  The sediments of the 

Lower Roper Group, exposed on the eastern flank of the structural uplift, also show a 

moderate count radiometric response.  The Middle Roper Group may be differentiated 

into its formations from their radiometric signature.  The Abner Sandstone has a low 

count uranium-potassium (dull blue and violet) response, while the Bessie Creek 

Formation is practically free of radioelements.  Radiometrics can also be used to 

separate units within the Maiwok Sub-Group.  Dolerite sills intruding the Roper Group 

are identified by a potassium (red) response.  Cambrian units have a strong potassium 

response, probably representing a high feldspar content of the sandstone beds.   

 

Gravity 

Gravity coverage over the Strangways structure consists of regional GA data at a station 

spacing of 11x11 km.  Images of gravity data are presented in Figures 4.33c and 4.33d.  

Most of the features observed in this coarse spaced data are interpreted to be sourced at 

5-10 km depth, within the crystalline basement beneath the Roper Group.   
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Figure 4.33:  Images and simplified interpretation of geophysical data over the 

Strangways structure. 
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Only a few stations of data have been collected over Strangways.  There is the 

suggestion of a high gravity response coincident with the outer extent of the structure 

(Figure 4.33d).  No data has been collected within the central uplift.  There is an 

inadequate sampling of data to determine the gravity field response over the Strangways 

impact structure.  

 

4.8  Wolfe Creek, Western Australia 

 

4.8.1  Location and Size 

 

The Wolfe Creek Crater is located at 19°10’S and 127°48’E, 100 km south-southeast of 

Halls Creek, in the Kimberley Region of Western Australia.  The structure is the 

primary attraction of the Wolfe Creek National Park, as the world’s second largest 

impact crater on land from which meteorite fragments have been recovered, and is a 

popular tourist destination.  The crater may be accessed by an unsealed track joining the 

Tanami Road at a distance of 145 km south of Halls Creek.  

 

Wolfe Creek is one of the best-preserved examples of a large, simple impact crater.  The 

outer wall of the crater slopes up at an angle of about 15º to form a raised crater rim 

35 m above the surrounding plain (Figure 4.34).  The inner walls are steep, facing 

inwards at angles up to 40º (Bevan and McNamara, 1993).  The crater floor is presently 

about 55 m below the rim and 20-25 m below the surrounding plain.  The crater was 

probably initially 150 m deep, though this has been reduced by erosion of the rim and 

partial filling by aeolian sand and evaporite (gypsum and calcite) deposits.  

 

The crater is slightly elliptical in plan view, with major and minor axes of 935 m and 

825 m, with an average diameter of about 880 m.  This is likely to reflect an oblique 

impact, with the meteorite incident on a trajectory from the northeast or southwest.  The 

present-day crater floor has an average diameter of about 700 m.   

 

4.8.2  Previous work 

 

The Wolfe Creek Crater was first recognised in 1947 by geologists of the Vacuum Oil 

Company during airborne reconnaissance of the Canning Basin (Reeves and Chalmers, 
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1948).  Originally named “Wolf Creek” after a local waterway, historical research has 

revealed the surname of the person after it was named was in fact, “Wolfe” (Bevan, 

1996).  While the crater and nearby creek have been renamed, the earlier name is still 

used for the meteorite fragments recovered from the site.  The structure was initially 

thought to be of explosive volcanic origin, but was later reinterpreted as an impact 

crater after comparison with photographs of Meteor Crater (Arizona, USA).  An impact 

origin for the crater was confirmed in 1948 by a field party from the Bureau of Mineral 

Resources, who recovered samples of highly weathered meteorite material (Guppy and 

Matheson, 1950).   

 

Fresh meteorite fragments are rare, with only 1.3 kg of unoxidised material collected 

from the site (Bevan, 1996).  Several small samples weighing up to tens of grams were 

recovered 4 km southeast of the crater by Taylor (1965).  However, there is uncertainty 

as to whether these fragments are related to the Wolfe Creek Crater or represent a 

separate meteorite fall.  More common are heavily weathered iron-shale “balls” of 

meteorite (Cassidy, 1954; McCall, 1967; Bevan and McNamara, 1993), which can be 

found up to several tens of centimetres in diameter.  Similar iron-shale balls have been 

reported at Meteor Crater.  The iron shale balls contain only a small component of fresh 

metal, which is often microscopic in size (LaPaz, 1954; Knox, 1967).  The several 

tonnes of weathered meteorite collected indicate that the crater was formed by an iron-

nickel meteorite.  To produce a crater the size of Wolfe Creek, the meteorite was 

probably around 50 m in diameter.  Analysis of fresh material yielded a chemical 

composition including 9.22% Ni, 18.4 ppm Ga, 37.3 ppm Ge and 0.036 ppm Ir, placing 

the meteorite into chemical group IIIAB (Scott et al., 1973).   

 

An anomalously dense quartz grain exhibiting shock lamellae was collected from the 

crater rim by Miura (1995).  From trace amounts of Fe, Ni and Ti, Miura suggested the 

grain was recrystallised in the vapour plume resulting from the impact.  However, this 

claim is not substantiated by documented photographs or chemical analyses of the grain. 

 

A quartz grain exhibiting planar fractures (PFs), shown as Figure 4.35, was identified 

by Franco Pirajno of the Geological Survey of Western Australia in a sample taken 

several hundred metres to the north of the crater rim by Robert Cross (Western  
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Figure 4.34:  Landsat 741 image draped over a topographic model of the Wolfe 

Creek Crater (viewed from the south).  Width of view is approximately 3.5 km. 

 

 

 

1mm1mm

 

Figure 4.35:  Quartz grain bearing planar features (PFs), possibly representing 

weakly shocked ejecta from the Wolfe Creek Crater.  Fractures are spaced at 50-

300µm intervals.  Dark red material is iron oxide (photo courtesy of Franco 

Pirajno). 
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Australian Department of Mineral and Petroleum Resources).  Planar fractures are 

spaced at irregular intervals between 50 and 300 µm. Such features are indicative of low 

levels of shock, in the range of 5 to 8 GPa (French, 1998, p.42).  These grains may 

represent shocked ejecta material; however it is also possible that the planar features are 

unrelated to the Wolfe Creek impact event. 

 

4.8.3  Geology 

 

The geology of the Wolfe Creek crater is summarised in Figure 4.36.  The crater was 

formed in gently folded sandstone, mapped by Blake et al. (1977) as belonging to the 

Ima Ima Beds of the Mesoproterozoic Birrindudu Basin, described as a medium- to 

coarse- grained quartz arenite with interbeds of flaggy micaeous arenite.  However, 

Myers and Hocking (1998) reinterpret this sandstone as part of a sequence of Devonian 

sediments of the eastern Canning Basin.  Surface laterite was probably developed 

during the Miocene.  The plains surrounding the Wolfe Creek crater are covered with a 

thin veneer of aeolian sand, which often forms longitudinal dunes tens of kilometres in 

length.   

 

There is strong apparent asymmetry to the crater, with sand banked high on the 

northeast side of the rim and a greater exposure of bedrock to the southwest.  This is 

most likely a wrap-around dune, an effect of the prevailing wind depositing sand on the 

windward side of the raised crater wall whilst sweeping clear the leeward side, and not 

the result of an oblique impact.   

 

The crater has been largely filled with aeolian sand, producing an almost perfectly flat 

crater floor.  The centre of the crater floor is occupied with dark gray deposits 

containing gypsum and calcite.  These evaporite deposits contain linear chains of 

“sinkholes” possibly reflecting increased water flow along fractures within the 

sandstone basement.  A curvilinear stand of trees in the western crater floor is also 

likely to be the result of increased water flow along internal faults within the structure. 

 

The sandstone beds on the inner wall of the crater have been folded outwards by the 

explosion resulting from the impact, with deformation ranging from gentle updoming to  
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Figure 4.36:  Aerial photograph of the Wolfe Creek Crater with a simplified 

geological interpretation (adapted from McCall, 1965; Bevan and McNamara, 

1993). 
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complete overturning of the stratigraphy similar to that seen at Meteor Crater (McCall, 

1965).  A localised inversion of stratigraphy is observed by the sandstone target rocks 

overlying Miocene laterite (White et al., 1967).   

 

Oxidised iron-shale fragments of the Wolfe Creek meteorite have been found on the 

flanks of the crater, up to several hundred metres out from the crater rim.  A number of 

shale balls are reported (McCall, 1965) to be welded in to the laterite to the southwest of 

the crater (Figure 4.36).  The iron-shale balls are composed primarily of goethite or 

limonite, with a lesser amount of maghemite (McCall, 1965; White et al., 1967).  The 

iron oxides contain a relic amount of nickel and cobalt, typically less than 1.3% Ni and 

0.3% Co, but as high as 8.7% Ni and 0.6% Co (White et al., 1967), though most was 

lost during weathering.  Two new nickel-bearing minerals, named reeveseite and 

cassidyite, were discovered in the Wolfe Creek shale balls.   

 

There are conflicting reports of the amount of ejecta present on the flanks of the crater.  

Guppy and Matheson (1950) suggest the raised rim contains up to 90 ft (30 m) of 

broken rock “thrown up by the explosion of the meteor”.  In contrast, McCall (1965) 

describes the rim as essentially in-situ outcrop with little evidence of ejecta.  Fudali 

(1979) offers an intermediate viewpoint, noting occasional patches of laterite and 

bedded quartzite defining the pre-impact target surface, but suggests that the rocks near 

the rim do not appear to be “solid outcrop”.  He also offers geophysical evidence to 

support the interpretation of a “substantial thickness of rubble under … the rim”. 

 

4.8.4  Age 

 

Disruption of the laterite surface covering the Proterozoic sandstone by the weathered 

meteorite “iron-shale” balls provides a maximum Miocene age for the time of impact 

(Guppy and Matheson, 1950).   

 

An impact age of 300,000 years was obtained by Shoemaker et al. (1990) from 

36
Cl/

10
Be and 

41
Ca/

36
Cl ratios of a fresh meteorite fragment.  
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4.8.5  Geophysics 

 

Magnetics and radiometrics 

A high-resolution aeromagnetic and radiometric survey of the Wolfe Creek Crater was 

commissioned by the Geological Survey of Western Australia in 2002.  Data were 

collected over a 4 x 4 km area centred on the structure on north-south lines spaced 50 m 

apart.  A nominal terrain clearance of 40 m was specified for the survey, though the 

actual flying height varied between 30 m and 60 m, particularly near the crater.  

Magnetic data were collected using a caesium vapour magnetometer.  Radiometric data 

were acquired using a 32 litre volume of crystal.  Images of the magnetic data are 

shown in Figures 4.37a and 4.37b.  The digital elevation model derived from the 

airborne survey and a ternary RGB composite of radiometric data are shown as Figures 

4.37e and 4.37f. 

 

Variations in the magnetic field over the crater are very subtle, reflecting the non-

magnetic nature of the quartzite target.  The dynamic range of total magnetic intensity 

over the survey area is 12 nT (Figure 4.37a), which is largely due to a linear magnetic 

regional of 2.5 nT/km, increasing toward the west-southwest.  Individual anomalies due 

to near-surface features are generally less than 4 nT in amplitude.   

 

Two circular magnetic trends, concentric around a single peak, are coincident with the 

position of the Wolfe Creek Crater.  The circular anomalies correlate with the position 

of the crater rim and the base of the present-day inner walls of the crater.  A slight offset 

to the north of the high magnetic response is apparent in the total field data.  This is due 

to the dipolar nature of the magnetic field response (Wolfe Creek is at a magnetic 

latitude of 50°S).  Reducing the data to the pole effectively removes this offset (Figure 

4.37b). 

 

Linear magnetic trends bearing west-southwest coincide with longitudinal sand dunes.  

A small concentration of heavy minerals or maghemite within the dunes would be 

sufficient to produce these anomalies.  The magnetic relief increases slightly toward the 

southern margin of the survey area.  This is interpreted to reflect a marginally more 

magnetic bedded unit within the target sandstone. 
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Figure 4.37:  Geophysical images of the Wolfe Creek Crater.  A dotted line shows 

the crater rim. 
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Small, discrete magnetic anomalies on the flanks of the crater (shown by white arrows 

in Figure 4.37b) may be due to accumulations of weathered meteorite material.  The 

iron-shale “balls” are reported to be highly magnetic due to a high content of secondary 

maghemite (Knox, 1967).  As the individual balls are small, they would not be expected 

to produce a detectable magnetic anomaly unless they were locally concentrated.   

 

Surface lithologies are reflected in the radiometric signature (Figure 4.37f) of the crater.  

Sandstone basement, outcropping on the rim and flanks of the crater, give a strong 

radiometric response in all three channels (white).  The wind-formed dunes have a low-

count potassium response (dark red), perhaps due to a small feldspar component within 

the sand.  A similar response is observed from the sandy floor of the crater.  The 

evaporite deposits in the centre of the crater do not have a distinct radiometric response.  

 

Gravity 

A detailed gravity survey over the Wolfe Creek crater was conducted during 1976 by 

Fudali (1979).  Data were collected on 4 lines at an average station spacing of about 

90 m to form a radial pattern centred on the middle of the structure.  Gravity 

measurements were made with a Worden gravity meter and station elevations were 

optically surveyed.  Topography and gravity measurements were made relative to an 

arbitrary base station in the centre of the crater.  Instrument drift, latitude, free air and 

terrain corrections were applied to the data.  Several Bouguer densities between 1.8 and 

2.2 g/cc were calculated during processing, with a density of 2.0 considered the most 

appropriate.   

 

Bouguer anomaly values (for a density of 2.0 g/cc) were digitised from profiles and 

located by comparing the survey plan in Fudali (1979) with the elevation model created 

from the airborne survey.  Additional measurements by Fudali (1987) identified two bad 

stations in the original survey, but do not otherwise change the observed response and 

are not included here.  No attempt has been made to merge the data with the national 

gravity database.  Gravity data are presented in Figures 4.37c and 4.37d. 

 

After removing the regional gradient from the gravity field, a negative anomaly of about 

2 mGal is coincident with the Wolfe Creek Crater.  This response is expected for a 

simple impact crater, with the negative anomaly due to impact breccia and fractured 
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rock in the floor of the crater, and post-impact crater fill.  A subtle central gravity high 

of about 0.2 mGals (Figure 4.38) is correlated with the evaporite deposits in the centre 

of the crater floor.  An apparent gravity high around the rim of the crater, best observed 

in the vertical derivative image (Figure 4.37d), is interpreted to reflect outcropping 

basement.  A lower gravity response outside the crater is interpreted to reflect a surface 

layer of aeolian sand, soil and rubble, estimated by Fudali (1979) to be up to 25 m thick. 

 

The negative gravity response of the crater was forward modelled by Fudali (1979) 

assuming a density contrast of 0.5 g/cc between sand and the target sandstone, and 0.25 

g/cc between fractured and undisturbed rock.  A post-impact fill thickness of 95 m and a 

total thickness of 275 m of disturbed rock were interpreted from the model. When the 

current topographic relief of the crater is included, an apparent and true crater depth of 

140 m and 330 m is implied.  This is about 30% greater than the depths of 114 m and 

245 m predicted for an 880 m diameter crater by the morphometric relationships given 

in Grieve and Pilkington (1996). 

 

4.8.6  Forward modelling of geophysical data 

 

A simple 2.5D forward model of a single magnetic and gravity traverse through the 

crater was constructed using Encom’s potential field modelling software, Modelvision.  

Data from magnetic survey flight line 100430, which bisects the crater, and the gravity 

profile collected on a bearing of 24° were modelled.  An interpretation of the crater 

structure based on the forward models is shown as Figure 4.38. 

 

The variable height of the stinger mounted magnetic sensor was included into the 

magnetic model using radar altimeter data.  The magnetic response of the Wolfe Creek 

crater may be broken down into three components;  (1) a circular magnetic high of 1.5 

nT amplitude coincident with the crater rim,  (2) a 1.5 nT high at the base of the inner 

crater wall, and,  (3) a central peak of roughly 4 nT.  

 

Much of the outer rim anomaly can be accounted for by modelling the effects of the 

uneven drape of the aircraft over the steep crater walls, where the sensor is closer to 

surficial magnetic sources at the top of the rim than when over the crater floor.  These  
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Figure 4.38:  Interpretation of the internal structure of the Wolfe Creek Crater 

based on forward modelling of magnetic and gravity data.   
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surficial sources may be due to a weak uniform magnetisation of the target sandstones, 

as inferred from Figure 4.37a, or represent a true near-surface layer of maghemite 

within the regolith.  While a good fit is achieved on the northern rim of the crater, an 

additional near-surface source seems necessary on the southern rim to properly fit the 

data.  This could indicate the presence of thick laterite or an accumulation of weathered 

meteorite “iron-shale”.  

 

The inner circular anomaly can be adequately modelled by tabular magnetic sources 

25 m below the present-day crater floor.  The sources are located near base of the sandy 

post-impact crater fill that overlies the original crater floor.  It is likely that these 

features are due to maghemite or heavy minerals within the sand, perhaps concentrated 

by the action of wind swirling around the crater floor.  Mineralogical sources similar to 

those forming the linear magnetic anomalies associated with longitudinal sand dunes, 

observed to the north and west of Wolfe Creek, are inferred.  A weakly magnetic melt 

sheet may be interpreted as an alternative source of the anomaly.  However, it would be 

expected that impact melt should accumulate near the centre and base of the breccia 

lens, not the margin. 

 

The central magnetic anomaly is due to a magnetic source near the top of the present-

day crater floor.  Shallow coring of this area indicated that the source of the magnetic 

anomaly are within 1 m of “highly magnetic” glacial clay and more than 4 m 

“moderately magnetic” sand, which are overlain by 5 m of non-magnetic gypsum 

deposits (Gifford Miller, pers. comm.).  

 

The gravity forward model aimed to reconstruct the earlier model created by Fudali 

(1979).  Based on Fudali’s (1979) bulk density measurements, a target density of 2.25 

g/cc was assumed, with density contrast of 0.5 g/cc between target rock and crater fill, 

and 0.25 g/cc between target rock and breccia. 

 

This model agrees with the results of the earlier study.  A thickness of 95 m of low-

density crater fill was modelled, overlying 170 m of allochthonous breccia, giving 

interpreted apparent and true crater depths of 150 m and 320 m respectively.  The small 

positive anomaly is interpreted as a near surface density source which correlated with 

the evaporite claypan. 
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While this gravity model is constrained by reasonable density contrasts, it should be 

noted that it is possible to achieve equally good results by adjusting the density and 

thickness of the breccia and crater-fill bodies.  In order to fit the model to the 

morphometric constraints of Grieve and Pilkington (1996), density contrasts between 

the target rock and the impact breccia and crater-fill of 0.35 and 0.6 g/cc, respectively, 

must be used.  Of course, these values are not consistent with the petrophysical 

measurements made by Fudali (1979). 
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5.  GEOPHYSICAL SIGNATURES OF THE YALLALIE STRUCTURE 

 

5.1  Location and size 

 

The Yallalie structure is centred at 30°26’40’’S, and 115°46’16’’E, approximately 

200 km north of the city of Perth (Figure 5.1).  Land usage around the structure consists 

of farmland (primarily wheat, sheep and cattle) and scrub.  Three small towns are 

located near the structure; Badgingarra 15 km west, Moora 20 km southeast, and 

Dandaragan 25 km south.  The structure may be accessed from the sealed North West 

Road between Badgingarra and Moora (Figure 5.1). 

 

The present day surface expression of the Yallalie structure is a shallow circular 

depression roughly 13 km in diameter.  Due to the scale of the structure, a casual 

observer at the site can easily fail to differentiate the depression from other low hills in 

the area.  It is largely for this reason that Yallalie was undiscovered until 15 years ago, 

when it was identified from seismic data collected as part of a routine petroleum 

exploration program within the Perth Basin (McInerney, 1991).  However, when a 

topographic model over the structure is projected with a substantial vertical 

exaggeration the influence of the crater can be clearly seen as a circular depression 

roughly 13 km in diameter (Figure 5.2).  A ring of hills define a circular structure 20 km 

in diameter, which is considerably larger than the extent of the collapse crater 

interpreted from geophysical data presented here.  The tops of the hills to the west of the 

Yallalie crater rise about 150 m above the sandy plain forming the centre of the 

structure, while the low hills on the northern margin of the crater are about 60 m high.  

The topographic expression of the Yallalie structure is discussed further in Section 5.5. 

 

The size of the Yallalie structure is best constrained by 2D seismic data.  This is 

demonstrated by a simplified interpretation of line A88-127, which bisects the 

topographic low (Figure 5.3).  The extent of the final collapse crater is defined by faults 

bounding a zone of disrupted seismic response from flat-lying basin sediments.  This 

provides a size estimate for the crater of about 12 km.  On this section it is also possible 

to see faulted blocks of coherent reflectors near the outer margins of the structure that 

are interpreted as slump terraces formed by collapse during the modification stage of 

crater development.  Highly disturbed but generally downwards trending reflectors are 

interpreted to define the outer limb of the ring syncline or crater moat of the structure.   
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Figure 5.1:  Regional topographic map of the Yallalie area showing the location of 

the structure and other key features. 
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Figure 5.2:  “Natural colour” satellite image of the Yallalie structure (RGB of 

Landsat bands 3,2,1) draped on topography.  Width of view is 36 km, vertical 

exaggeration is 30 times. 
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Figure 5.3:  Simplified interpretation of seismic line A88-127.  The location of this 

line is shown in Figure 5.1. 
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The fold axis of the ring syncline is interpreted at shotpoints 400 and 675, showing this 

feature to be about 5.5 km in diameter.  The 3.4 km diameter central uplift is defined by 

upturned reflectors which are truncated by post-impact sedimentary fill between 

shotpoints 450 and 600.  The ratio of central-peak to rim diameter is in agreement with 

the predictions of Thierrault et al. (1997).  A detailed interpretation of the seismic data 

is given in Section 5.6.2. 

 

5.2  Past work 

 

Previous geological investigations in the Yallalie area are summarised from Dentith et 

al. (1999).  Evidence for an unusual structure in the area was first noted by Playford et 

al. (1976) who recognised a small anticline from geological mapping at a location 

approximately 5 km outside the southern rim of the Yallalie structure (Figure 5.5), 

which they named the “Muthawandery Anticline”.  This structure could not be 

identified in the seismic data available at that time, though was presumed to be related 

to a gentle antiform found from drilling on the Watheroo line of water bores located 

about 20 km to the north of Yallalie.  The Muthawandery Anticline does not appear to 

affect the Yallalie structure and probably pre-dates the impact event.  

 

High flow rates of domestic quality groundwater were noted in the area from 

exploratory testing in the Agaton Borefield (Passmore, 1969), although the peak rates 

were recorded to the north of the Yallalie structure.  Passmore (1969) noted that the 

recorded potentiometric surface indicates that groundwater generally flows to the 

southeast from recharge areas to the north of Yallalie but is deflected sharply to the 

southwest towards the Yallalie structure.  It was subsequently concluded that the 

groundwater outflow passes through a “structural trough” roughly located beneath the 

Yallalie structure (Balleau and Passmore, 1972), though the nature of this structure was 

not discussed. 

 

Following the acquisition of two phases of seismic data (refer Section 5.6.2) and drilling 

of the wildcat petroleum exploration well Cypress Hill 1 (Higgins, 1988), Ampol 

Exploration identified a 5 km diameter circular zone of chaotic reflectors, surrounded 

by a 12 km diameter circular basin and centred on a deeper anticlinal closure (Economo, 

1991).  From the interpretation of these data, it was first suggested that the Yallalie 
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structure might be an astrobleme.  Exploration well Yallallie 1 (Economo, 1991) was 

designed to test a structural trap associated with the anticlinal closure, which was later 

recognised as the central uplift of the Yallalie structure.  This well confirmed the 

presence of uplifted stratigraphy and identified 110 m of Pliocene lake sediments that 

represent the only known deposits of this age in the Perth Basin (Dodson and Ramrath, 

2001).  No diagnostic evidence for meteorite impact was found in this hole.  However, 

prismatic cleavage and curved brittle fractures, indicating a low level of shock, were 

discovered in quartz grains taken from a core sample at a depth between 430 and 460 m 

below the surface (V. A. Gostin in Economo, 1991).  

 

Followup geological and geochemical investigations of the Yallalie structure by Dentith 

et al. (1999) failed to detect any further diagnostic evidence to support an impact origin.  

However, a polymictic breccia was found over a 2 x 2 km area near the Mungedar 

homestead, approximately 5 km outside of the southwest rim of the crater.  A similarity 

was drawn between this breccia and the famous “Bunte” breccia of the Ries crater in 

Germany (Dentith et al., 1999).  

 

Further geophysical surveys were completed by Ampol Exploration over the Yallalie 

structure to provide supporting evidence for the impact interpretation of the structure.  

Gravity surveying (Francombe, 1989; 1990) identified a circular, positive 5 mGal 

residual anomaly coincident with the zone of chaotic seismic reflectors.  This was 

markedly different from the expected response of a largely negative gravity anomaly, 

such as that observed over Gosses Bluff (Barlow, 1979).  Aeromagnetic data were also 

collected along 7 east-west lines spaced 1 km apart and flown at a nominal terrain 

clearance of 80 m (Aerodata, 1990).  A 5-6 km diameter annular shaped magnetic 

anomaly, of 6 nT amplitude, was found to coincide with the zone of seismic 

disturbance.  This anomaly was centred on a magnetic peak 4 nT in amplitude.  Forward 

modelling suggested the source of these magnetic anomalies to form a bowl-like 

structure, with the depth to top between 70 and 120 m below the surface.   

 

The geophysical responses over the Yallalie structure were compiled from regional and 

Ampol Exploration surveys by Dentith et al. (1999).  Both the zone of seismic 

disruption and a subtle magnetic anomaly, identified from regional government 

surveying, coincide with the topographic depression of the Yallalie Basin.  The circular 
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and central magnetic anomalies from the detailed survey coincide with the margins and 

centre of the central uplift.  These were inferred to be due to melt or suevite.  Dentith et 

al. (1999) noted the difficulty of removing the regional effects of the faulted boundary 

of the Perth Basin, which results in an anomaly of approximately 100 mGal, from the 

gravity field over the Yallalie structure.  A residual anomaly of approximately 3 mGals 

was estimated to coincide with the central uplift of the Yallalie structure.  The positive 

gravity anomaly observed over the Yallalie structure was inferred to be the result of 

deep erosion, removing low-density brecciated material to allow the gravity effects of 

dense, uplifted rocks in the centre of the structure to dominate the response.  

 

From a compilation of topographic information, Dentith et al. (1999) identified a 

number of concentric and radial lineaments centred on the Yallalie structure and 

extending to a radial distance of 40 km.  These features were interpreted to reflect the 

locations of faults and joint surfaces within the target rocks external to the Yallalie 

structure. 

 

5.3  Geology 

 

The Yallalie structure is formed within Mesozoic sedimentary rocks deposited in the 

Dandaragan Trough of the Perth Basin.  The Perth Basin is a major rift basin nearly 

1000 km long and averaging 65 km in width (Playford et al., 1976).  The eastern margin 

of the Perth Basin is defined by the Darling Fault, which has an estimated downward 

throw of more than 10 km to the west (Dentith et al., 1999). The Perth Basin was 

formed as a consequence of the continental breakup of Gondwanaland.  Deposition 

commenced in the Silurian to early Permian as an intracontinental rift basin, with major 

fault development continuing until the Early Cretaceous.  Precambrian rocks of the 

Yilgarn Craton are exposed to the east of the Darling Fault, located approximately 

30 km to the east of Yallalie.  The Dandaragan Trough is one of the major depocentres 

of the onshore Perth Basin, containing up to 12 km of Permian and Mesozoic sediment 

(Mory and Iasky, 1996).  Basement to the Perth Basin is probably composed of 

crystalline rocks of Precambrian age.   

 

Figure 5.4 shows a stratigraphic column for the Yallalie area which is modified from the 

generalised stratigraphy for the northern Perth Basin.  The following description of the 
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stratigraphy is summarised from Playford et al. (1976); Carter and Lipple (1982); and 

Mory and Iasky (1996). 

 

The oldest sedimentary rocks of the northern Perth Basin, of Permian to Triassic age, 

are not exposed in the Yallalie area, nor are they intersected by any of the stratigraphic 

wells discussed here.  Elsewhere in the Perth Basin they consist largely of clastic 

sediments with minor coal and carbonate.  Permian and Triassic rocks are expected to 

be found beneath younger sediments within the Dandaragan Trough. 

 

Jurassic stratigraphy consists of a thick sequence of continental sedimentation, 

including the Eneabba Formation, Cattamarra Coal Measures and Yarragadee 

Formation separated by a relatively thin marine unit, the Cadda Formation.  The 

Cattamarra Coal Measures is a fluvio-deltaic sandstone more than 1000 m thick 

containing carbonaceous material and coal seams.  It is an important potential source 

rock for oil.  The Cadda Formation is a mix of fossiliferous shallow marine calcareous 

sediments and limestone.  Its thickness is estimated to be between 150 and 250 m in the 

Dandaragan Trough (Mory and Iasky, 1996).  The Yarragadee Formation is an 

approximately 3000 m thick sequence of feldspathic sandstone with siltstone and 

claystone and minor amounts of coal deposited in a fluvial to lacustrine environment.  

Thick, continuous units of siltstone and shale are inferred to be prominent seismic 

reflectors within the Yarragadee Formation (Figure 5.4).  

 

The latest Jurassic to early Cretaceous Parmelia Formation is largely a clastic 

sedimentary sequence similar to the Yarragadee Formation.  The basal Otorowiri 

Member is mainly siltstone and was probably deposited in a lacustrine environment.  A 

prominent seismic marker within the upper Parmelia Formation is presumed to 

represent a thick siltstone or claystone layer within the Carnac Member (Figure 5.4).  

 

The early Cretaceous Warnbro Group unconformably overlies the Parmelia Formation 

and is interpreted to be the first unit to be deposited after the separation of India from 

Australia.  The Warnbro Group consists of shallow marine to fluvial sediments up to 

800 m thick.  Two members are identified, the South Perth Shale and Leederville 

Formation.  Regional stratigraphic drilling (Montcrieff, 1989) suggests that only the  
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Figure 5.4:  Generalised stratigraphic column for Jurassic and younger rocks of 

the Dandaragan Trough of the Perth Basin (adapted from Economo, 1991; 

Crostella, 1995; Mory and Iasky, 1996; Dentith et al., 1999). 
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Leederville Formation is preserved within the Dandaragan Trough and that it is 

around 250 m thick.  The Leederville Formation is an interbedded sequence of 

sandstone, siltstone and claystone, with glauconite and pyrite locally present.  

 

Shallow marine sediments of the mid to late Cretaceous Coolyena Group 

unconformably overlie the Warnbro Group.  It comprises four units, the Osborne 

Formation, Molecap Greensand, Gingin Chalk and Poison Hill Greensand.  The 

Warnbro Group is composed of glauconitic sandstones and fossiliferous chalk and, 

when preserved, is inferred to be less than 150 m thick.  Pyrite may be also found within 

the Osborne Formation and a thin phosphate bed is characteristic of the Molecap 

Greensand.  Recent work has correlated the Dandaragan Greensand, previously assigned 

to the Warnbro Group, with the lower part of the Osborne Formation (Mory and Iasky, 

1996).   

 

A thin veneer of laterite has formed over the surface of much of the Perth Basin and can 

effectively obscure the older stratigraphy.  The laterite may have formed during several 

intervals during the Tertiary and Quaternary, though it is thought that it was mostly 

developed during the Pleistocene (Playford et al., 1976). 

 

Most of the surface geology surrounding the Yallalie structure (Figure 5.5) is mapped as 

Cretaceous rocks of the Coolyena Group and laterite.  The circular depression 

representing the present day surface expression of the astrobleme is a centre for 

drainage which flows radially into the structure.  The majority of the structure is 

concealed beneath unconsolidated Quaternary alluvium and aeolian sand.  Sandstone 

and siltstone of the Yarragadee Formation, which also includes what is now recognised 

as Parmelia Formation, is mapped on a ridge of hills to the west of Yallalie and within 

the Muthawandery Anticline to the south of the structure. Outcrops of the polymictic 

breccia to the southwest of the Yallalie crater, termed here the “Mungedar breccia”, are 

also shown.  The Mungedar breccia is discussed further in Section 5.3.1. 

 

While the Yallalie structure is best defined from the seismic data (Figure 5.3; Section 

5.6.2), stratigraphic control within the structure is provided by two petroleum 

exploration wells, Yallallie 1 (Economo, 1991) and Cypress Hill 1 (Higgins, 1988).  

  



 208 

 

Figure 5.5:  Surface geology of the Yallalie structure and surrounding areas 

(modified from Carter and Lipple, 1982).  Summary geology of the stratigraphic 

wells is shown at 2.5 times vertical exaggeration. 
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The structure and surrounding area was also drilled by the Agaton Borefield exploratory 

program (Passmore, 1969), though the geologic interpretation of these holes is 

considered to be outdated and incorrect.  However, the stratigraphy of Agaton 3 was 

recently reinterpreted from palynological analysis of recovered core samples 

(J. Backhouse, unpublished).  Summary geological logs for stratigraphic holes are 

shown in Figure 5.5 and presented in more detail as Appendix 3.  

 

Petroleum well Yallallie 1 (Economo, 1991) was drilled into the central uplift of the 

structure.  However, this hole was not continuously cored and contacts were largely 

defined by wireline logging, assisted by palynological interpretation of a limited 

number of sidewall cores.  The top 177 m of the hole intersected Tertiary lake sediments 

and sand.  The Tertiary section of this hole was redrilled as Yallallie 2 by continuous 

coring from the base of sand at 66 m, to a total depth of 177 m.  Palynological analysis 

of the lake sediments provides an age of mid-Pliocene, between 2.5 and 3.5 Ma 

(Dodson and Ramrath, 2001).  The base of Tertiary unconformity is marked by a 

distinctive colour change indicating a period of weathering or leaching (Economo, 

1991), suggesting that the central uplift area has undergone at least one stage of erosion.  

The youngest deformed sedimentary rock of the Perth Basin is a sequence of claystone, 

sandstone and coal, between 177 and 239 m, which is identified by palynology as the 

Leederville Formation.  However, a significant amount of reworking of the microfossils 

recovered from this section was later noted by John Backhouse (unpublished work), 

suggesting that this sequence represents eroded and redeposited material or, possibly, 

impact breccia.  A thinned sequence of Parmelia Formation was intersected between 

239 to 312 m, overlying the upper 3000 m of a normal sequence of Yarragadee 

Formation.  The drilled section of Yarragadee Formation is divided into three subunits 

of alternating lacustrine (clay, silt) and fluvial (sand) deposition (Economo, 1991).  

Wireline dipmeter logging of Yallalie 1 indicated the base of chaotic disruption (random 

orientation) of bedding occurs at depth of around 1560 m.  Migration of oil did occur 

through the Yarragadee Formation in Yallallie 1, evidenced by the presence of bitumen 

rims around radioactive mineral grains.  However, the lack of an adequate seal rock 

prevented the accumulation of any appreciable hydrocarbon resource.   

 

Petroleum well Cypress Hill 1 was drilled on a rotated fault block near the inner margin 

of the terraced terrain of the crater.  Again this hole was not continuously cored and 
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stratigraphic interpretation is primarily from wireline logging aided by palynology 

analysis of a few sidewall cores.  Below 38 m of aeolian sand, the well intersected 

308 m of sandstone with minor claystone and coal interpreted as Leederville Formation 

and almost the entire sequence of Parmelia Formation (588 m).  The well failed to 

intersect the target stratigraphy, the Yarragadee Formation. While the hole was planned 

to intersect this unit, a reinterpretation of the seismic data suggests this well stopped just 

short of the target.  No hydrocarbons were intersected in this well.   

 

Agaton 3 is located just outside the rim of the Yallalie crater.  This well intersected 

146 m of sandstone which is interpreted as Dandaragan Greensand (Osbourne 

Formation) overlying 220 m of Leederville Formation.  The well finishes in sandstone 

and siltstone of the Parmelia Formation.  Additional stratigraphic control outside of the 

Yallalie structure is provided by petroleum exploration wells Dandaragan 1, located 

18 km to the south of the centre of the structure, and Warro 2, 40 km to the north.  

Summary geological logs for these holes are adapted from an unpublished report by 

Ausam Pty Ltd.   

 

A section correlating the stratigraphy intersected within the Yallalie structure to nearby 

petroleum wells is shown as Figure 5.6.  The amount of vertical displacement of the 

central uplift can be calculated from the Otorowiri Member of the Pamelia Formation.  

A structural uplift of 690 m is measured from the relative level (RL) difference between 

the base of the Otorowiri Member in wells Cypress Hill 1 and Yallallie 1.  This closely 

matches with the structural uplift estimate of 700 m previously given in Dentith et al. 

(1999).  However, only a small amount of uplift is apparent in the overlying Leederville 

Formation.  This gives support to the interpretation that this stratigraphic interval in 

Yallallie 1 actually represents reworked material or an impact breccia.  A correlation of 

the source horizons of prominent seismic markers within the Yarragadee Formation 

indicates that there is no appreciable uplift of these layers in Yallallie 1 relative to 

Warro 2.  This implies that the “anticline” below the chaotic seismic reflectors within 

the central uplift area (Figure 5.3) is likely to be a velocity artefact.    

 

Despite an extensive search for diagnostic shock metamorphic features within the 

available core recovered from the Yallallie 1 and Agaton 3 wells (Dentith et al., 1999),  
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to date no geological or geochemical evidence to formally confirm the impact origin of 

the Yallalie structure has been found.  However, the interpretation of an impact origin 

for the Yallalie structure is well-supported by the morphologic evidence provided by the 

seismic data, fractures and cleavage in quartz grains indicating low levels of shock and 

the presence of an unusual, flat-lying breccia named the Mungedar Breccia.  The 

location and elevation of outcrops of the Mungedar breccia is also shown in Figure 5.6.  

As these deposits are interpreted as part of the ejecta blanket, this elevation is 

representative of the ground level at the time of impact.  Hence, it is reasonable to 

suggest that the rim of the Yallalie crater has been removed to a level little lower than 

the average pre-impact surface, representing several hundred metres of erosion since the 

time of impact.  It should also be expected that impact breccias or melt should be 

preserved within the Yallalie structure.  

 

5.3.1  Geology of the Mungedar breccia 

 

The Mungedar breccia, which is found in several ridges located 5 km to the southwest 

of the Yallalie structure, is a polymictic breccia composed largely of sandstone, green 

coloured rock partially weathered to clay and white porcellanous clay (Dentith et al., 

1999).  A photograph of typical breccia material is shown as Figure 5.7a.  In outcrop, 

the breccia weathers to a rubbly breccia, often reddish in colour, which forms most of 

the low hills in the 2 x 2 km area where it occurs (Figure 5.7b).  These outcrops were 

mapped as the Poison Hill Greensand in the regional geology investigation by Carter 

and Lipple (1982), which was completed prior to the recognition of the Yallalie 

structure.  The breccia also contains larger blocks of more competent sandstone up to 

2 m in diameter, often exhibiting large-scale conchoidal fractures and veining (Figure 

5.7c).  These are presumed to represent ballistically emplaced blocks of ejecta thrown 

out from a deeper, more indurated layer within the Yarragadee Formation.  Recent 

studies of the Mungedar breccia have identified flow textures in the fine-grained matrix 

of the breccia and a range of features indicative of low levels of shock, including curved 

fracture planes, prismatic cleavage, planar-like features (Figure 5.7d) and complete 

crushing of individual quartz grains (Bevan et al., 2004).  Similar shock features may be 

observed in grains sampled from both the polymictic breccia as well as the larger 

sandstone blocks.  
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Figure 5.7:  Photos of the Mungedar breccia; (a) sample of Mungedar breccia 

showing clasts of pale sandstone, greensand and white clay, (b) typical rubbly 

outcrop of the breccia, (c) ballistically emplaced sandstone ejecta block exhibiting 

a convex fracture pattern at the outcrop scale, (d) parallel fractures in quartz 

indicative of low-levels of shock. Photos (a), (b) and (d) are courtesy of Alex Bevan. 

 

Figure 5.8:  Image of the 18km diameter Martian crater Yuty (NASA Viking 

Orbiter).  The multi-lobed, fliudised (rampart) ejecta deposits are indicative of a 

large volume of ice beneath the surface. 
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While none of these features are diagnostic of meteorite impact, this breccia is highly 

unusual for the Perth Basin.  The preferred interpretation of the Mungedar breccia is 

that it represents a weakly-shocked allochthonous breccia analogous to the Bunte 

breccia of the Ries crater, the latter of which is described by Hörz (1982).  The greenish 

coloured rock is presumably after greensand.  It is not yet determined whether this 

represents the Osborne Formation, Molecap Greensand or Poison Hill Greensand.  The 

sandstone component is probably derived from the Parmelia Formation.  Testing of 

numerous samples of the Mungedar breccia in the field with acid failed to identify any 

carbonate, which would confirm the presence of Gingin Chalk within the breccia.  

However, it is still plausible that the clay component of the rock represents a residue of 

altered chalk.   

 

Flow textures within the breccia suggest the impact occurred into volatile-rich (ie water 

saturated) target rocks (Bevan et al., 2004).  It is envisaged that the bulk of the breccia 

was deposited as a ground-hugging, fluidised mass-flow similar to that interpreted for 

rampart craters, which are given as evidence for the presence of sub-surface water-ice 

on Mars (Carr et al., 1977).  The 18 km diameter Martian crater, Yuty, shown in Figure 

5.8, is considered to be a good analogy for the Yallalie astrobleme.  This crater also has 

a prominent central peak and well developed terraces.  Ejecta from the crater is 

deposited as thin, multi-lobed flows, extending out to 2.5 to 3 crater radii and forming a 

mound (rampart) at the limit of the flow.  The ejecta flows around and over the existing 

topography, as seen by the split flow around the small pre-existing crater below Yuty in 

the photograph.   

 

Outcrops of Mungedar breccia were mapped onto a georeferenced aerial photograph of 

the area.  A perspective view was then created by draping the image over a high-

resolution digital elevation model, which made available by the Department of Land 

Administration (DOLA).  Figure 5.9 shows this model viewed from the west, towards 

the rim of Yallalie structure, with a five times topographic exaggeration.  The image 

shows that the breccia outcrops occur along six ridges, which mainly trend towards the 

centre of the crater.  However, the breccia does not appear to have been deposited as 

discrete “lobes”.  It is more likely that it was deposited as one single sheet, roughly 

2 km wide, which has been subsequently dissected by the modern drainage.  Rocks 

beneath the breccia layer are generally concealed by a layer of soil and are poorly 



 215 

exposed.  However, fresh exposure of the underlying stratigraphy may be seen in the 

walls of two dams near the western extent of the Mungedar breccia.  Fossiliferous 

Gingin Chalk is exposed in a dam half way up one of the ridges topped with breccia 

(location (a) in Figure 5.9).  Greenish sediment, probably of the Molecap Greensand, is 

found in the walls of a second dam located near the base of this ridge (location (b), 

Figure 5.9).  No exposure of the top surface of the breccia layer has been found.  

 

Figure 5.9 seems to show that the base of the breccia surface is not flat-lying, but 

becomes deeper towards the centre of the modern drainage system (location (c), Figure 

5.9).  In order to investigate this further, a north-south topographic profile was extracted 

from the elevation model and an attempt was made to construct a geologic section from 

the limited outcrop geology available (Figure 5.10).  For comparison, a stratigraphic 

section through the nearest good exposure of the Late Cretaceous sequence, located 

3.5 km to the northwest of the Mungedar breccia at Emu Hill, is also shown.  There is 

an apparent undulation in the layers of Cretaceous stratigraphy.  This may reflect the 

deposition of these units on a hummocky sea floor or be related to faulting associated 

with formation of the Yallalie structure.  From this section it is inferred that the breccia 

layer cross-cuts the Gingin Chalk and Molecap Greensand.  The relationship of the 

Mungedar breccia to the Poison Hill Greensand has not yet been determined. 

 

Drill testing is required to further constrain the stratigraphic relationships between the 

Mungedar breccia and the underlying Coolyena Group. Such a drill program, however, 

is outside the scope of this thesis. 

 

5.4  Age 

 

As no melt or suevitic material has been recovered from the Yallalie structure, the age 

of the structure can not be accurately determined by radiometric dating techniques.  The 

time of formation is constrained by the early-Cretaceous (Barremian) Leederville 

Formation, the youngest stratigraphic unit that has been shown by drilling to be 

deformed by the structure, and the undeformed Pliocene lake sediments that overlie the 

central uplift area.  
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Figure 5.9:  Airborne photograph of the Mungedar area draped over a 3D terrain 

model (5x vertical exaggeration).  Width of view is approximately 1.7 km, looking 

from the west.  Breccia outcrops are marked by a white outline.  The red line 

shows the location of the section in Figure 5.10.  Lettered sites are referred to in 

the text. 
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Figure 5.10:  Schematic north-south cross section through the Mungedar breccia 

showing the cross cutting relationship with stratigraphy of the Coolyena Group.  

The stratigraphic section at Emu Hill, located 3.5 km to the NW of Mungedar,  is 

shown for comparison. 
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If the Mungedar breccia can be assumed to represent ejecta deposits created by the 

Yallalie event, the timing of the impact can be further constrained by the mid-

Cretaceous Coolyena Group, including the Molecap Greensand and Gingin Chalk, 

which appear to underlie and have been scoured by the emplacement of the breccia.  

The abundant presence of weathered green rock within the breccia also suggests that it 

contains material derived from greensands within the Coolyena Group.  However, there 

is insufficient evidence to say whether the breccia has scoured or includes rock material 

from the Poison Hill Greensand, so this unit cannot be used to constrain the age of the 

impact event.  From the stratigraphic relationships of the Mungedar breccia to the 

underlying stratigraphy, the Yallalie event is interpreted to have occurred during, or 

soon after, deposition of the Gingin Chalk.  A nominal age of 85±5 Ma is suggested for 

the Yallalie structure. 

 

5.5  Topographic analysis 

 

A detailed topographic model of the Badgingarra-Moora area was constructed by the 

Department of Land Administration (DOLA) as part of a regional photogrammetry 

compilation from low-level (1:25 000 scale) airborne photographs.  This model was 

calculated on a 10 m pixel mesh and the derived elevations are considered to be 

accurate to better than +1 m.     

 

Part of this regional model, covering an area of 64 x 72 km centred on the Yallalie 

structure is shown as Figure 5.11.  Within this window, the terrain (Figure 5.11a) ranges 

from 68 to 388 m in height above sea level.  Two north-south trending topographic 

highs correspond to outcrop of erosion resistant Archaean basement to the east of the 

Darling Scarp and sandstones of the Yarragadee Formation.  The Yallalie structure is 

located within a broad, circular topographic depression.  While the crest surrounding 

this depression defines an area approximately 20 km in diameter, the extent of the 

12 km diameter collapse crater of the Yallalie structure, as interpreted from the seismic 

data, coincides with a relatively smooth, sandy plain that forms a basin which is up to 

120 m lower than the surrounding hills.  A radial pattern of drainage features flow into 

the Yallalie structure, which have been slowly eroding the uplifted outer wall of the 

crater and filling in the crater cavity.  The deepest point within the Yallalie basin occurs 

to the southeast of the centre of the original crater.  This is probably an effect of uneven  
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Figure 5.11:  Images of the high-resolution digital elevation model over the Yallalie 

structure, shown by the dotted circle, and surrounding areas.  Elevations in the 

model area range from 68 to 388 m.   Spectral high-pass and low-pass filtered 

images are created using a wavelength cutoff of 2.5 km.  Circular and radial 

features related to the Yallalie structure are bold. 
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post-impact modification, with preferential erosion of softer rock on the eastern wall of 

the crater and an increased amount of sedimentation from the better developed drainage 

systems on its northern and western margins.  The outer wall of the crater is breached to 

the south by the Muthawandery Creek.  This possibly drained the crater lake that 

deposited the 115 m thick sequence of Pleistocene claystone that was intersected in 

Yallalie 1.  Two small ephemeral lakes are still present within the basin depocentre 

(Figures 5.2; 5.5), although these only reach a maximum seasonal depth of about 3 m 

(local pastoralist, pers. comm.). 

 

A number of linear and curvilinear trends can be observed in the pattern of drainage in 

the area outside of the former crater rim.  It is inferred that many of these trends are 

formed where erosion has preferentially exploited faults or fracture surfaces within the 

bedrock.  To enhance these features, spectral filtering techniques were applied to the 

topography data.  High-pass and low-pass filtering is used to isolate or remove features 

of a certain wavelength, or width, from the data.  Filtering using a cutoff wavelength of 

2.5 km was found to give a good separation of topographic trends.  The results of high-

pass and low-pass filtering, isolating features of less and greater than 2.5 km width, are 

shown in Figures 5.11b and 5.11c, respectively.   

 

An interpretation of topographic lineaments is shown in Figure 5.11d.  This shows 

many similarities to a previous interpretation presented by Dentith et al. (1999) from a 

less detailed topographic model.  Lineaments were generally drawn to coincide with the 

bottom of drainage features, which, by inference, reflects faults and fractures within the 

bedrock.  Many of the drainage channels form a radial pattern and flow either towards 

or directly away from the centre of the Yallalie structure.  Tributaries feeding into these 

channels often intersect at high angles to form curvilinear segments that can be 

interpreted as ring faults surrounding the Yallalie crater.  Curvilinear segments can be 

interpreted out to a radial distance of 38 km, or roughly 6.5 times the diameter of the 

collapse crater.  Many of these curvilinear segments fall along circular trends with a 

regularly increasing diameter (Figure 5.12).  Obvious analogies of these circular 

features are the “ring-fractures” surrounding the Silverpit structure in the North Sea 

(Allen and Stewart, 2003).  These are interpreted to have been formed as a consequence 

of the flow of buried soft sediments (chalk or salt) into the crater cavity, resulting in the  
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Figure 5.12:  3D perspective view of the digital elevation model shown in 

Figure 5.11.  The vertical exaggeration is 20 times.  Many curvilinear topographic 

features fall along regularly spaced circular trends (numbered 1-8) outside of the 

interpreted position of the crater rim (CR).  The outcrop location of the Mungedar 

breccia (MB) is also shown.  
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collapse of the overlying sandstone layer (Collins et al., 2003).  However, the presence 

of circular trends within the crystalline rocks of the Yilgarn Craton suggests that this 

process alone cannot explain all of the ring-like fractures observed at Yallalie.  

 

Other trends observed within the topographic data include north-south features parallel 

to the Darling Scarp, which are interpreted to reflect faults associated with normal 

tectonic processes within the Perth Basin.  A northwest trending topographic break in 

the southwest corner of the model marks the position of a palaeo-shoreline during the 

Tertiary.  

 

5.6  Geophysics 

 

5.6.1  Petrophysics 

 

A limited amount of petrophysical data was collected by wireline logging in the 

petroleum exploration wells drilled within the Yallalie structure.  Unfortunately records 

of the wireline logs of nearby petroleum wells (Dandaragan 1, Warro 2) were not 

captured in the open file records of the Western Australian Department of Industry and 

Resources.  Additional hand-held magnetic susceptibility measurements were made on 

washed chip retention samples (a 100 g bag representing an interval of about 3 m) for 

wells Yallallie 1, Cypress Hill 1 and Agaton 3.  These data are incorporated into the 

detailed stratigraphic logs presented in Appendix 3. 

 

Three petrophysical parameters from the wireline logging are shown in the Plans 

included in Appendix 3.  Natural gamma logging is commonly used to differentiate 

between sedimentary lithologies, where fine grained sedimentary rocks generally 

contain a higher content of radioactive elements within clay minerals, giving a higher 

count response than a clean quartz sandstone.  In the lower part of well Yallallie 1, an 

anomalously high gamma response is due to grains of monazite within the fluvial 

sandstone.  A comparison between the compensated sonic logs from petroleum wells 

Yallallie 1 and Cypress Hill 1 is shown in Figure 5.13.  These data show a similar trend 

in the interval velocities between the two wells, though the velocity is slightly higher in 

Cypress Hill to a depth of about 300 m, and higher in Yallallie between depths of 400  
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Figure 5.13:  Comparison of compensated sonic logs from petroleum wells within 

the Yallalie structure. 

 
Yallallie 1 Cypress Hill 1

Formation

Pliocene lake sediment    (10-177m) ~1.0

Leederville Formation

Parmelia Formation

  - Carnac Member         (425-935m) 2.16

  - Otorowiri Member       (935-990m) 2.34

Yarragadee Formation (2600-3150m) 2.42  

Table 5.1:  Summary of density measurements for Perth Basin stratigraphy from 

available wireline logs.  Density values are given in g/cm
3
. 
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and 700 m.  Average formational density values from the very limited amount of data 

that could be retrieved are summarised in Table 5.1.  This is supplemented by density 

measurements on core samples taken from Yallallie 2 (Antje Ramrath, unpublished 

work).  The dry density of the lake sediments varied between 0.8 and 1.2 g/cc.  An 

average in-situ density of about 1.0 g/cc is given in Table 5.1, although it may actually 

be a little higher due to saturation with water.  There is insufficient data to determine 

whether there is any lateral variation in density across the Yallalie structure.   

 

A high degree of variability is found in the magnetic susceptibility measurements made 

on the target rocks of the Perth Basin.  Measurements made on samples from Cypress 

Hill 1 are generally weakly magnetic, with the susceptibility values of the sediments 

ranging from 0 to 30 x 10
-5

 SI.  In comparison, some slightly magnetic materials 

(averaging around 80 x 10
-5

 SI) are found within weathered sandstone of the Osborne 

Formation and through the Parmelia Formation.  Several magnetic zones, averaging up 

to a few hundred x 10
-5

 SI are found throughout the Yarragadee Formation in 

Yallallie 1.  These are discussed further in Section 5.7.2.  The source of magnetic 

susceptibility was not investigated, however a very small amount of fine-grained 

opaque minerals was identified in a number of the weakly magnetic samples.  

 

5.6.2  Seismic 

 

13 lines of 2D reflection seismic data were collected over the Yallalie structure by 

Geosystems Pty Ltd for Ampol Exploration during campaigns in 1988 (Cypress Hill 

survey) and 1989 (Goonderoo survey).  The locations of these survey lines are shown in 

Figure 5.14.  All surveys were conducted using a “Vibroseis” source with 60-fold of 

stack during the 1988 survey and 72-fold stack in 1989.  Processing was completed by 

Western Geophysical who applied standard processing techniques, including 2D 

migration, to the data.  The data quality from these two surveys is generally good, and 

several stratigraphic seismic markers (shown in Figure 5.4) including a siltstone horizon 

in the upper Carnac Member of the Parmelia Formation, the base of the Otorowiri 

Member of the Parmelia Formation and an intra-formational reflector within the 

Yarragadee Formation, can be interpreted on most of the seismic lines.  Images and 

interpretation for each of the processed seismic reflection profiles are included as 

Appendix 4. 
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Figure 5.14:  Locations of 2D seismic lines over the Yallalie structure and 

surrounding area.  Processed sections and interpretation of all seismic traverses 

are presented in Appendix 4. 
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Images and a detailed interpretation of the seismic data on line A88-127, which bisects 

the Yallalie structure and displays all of its structural characteristics, are shown in 

Figure 5.15.  The Yallalie structure appears as a roughly bowl-shaped area of disrupted 

seismic character between shotpoints 225 and 840.  This zone of disruption extends to 

about 1.5 s two-way time (TWT) below the surface.  A sharp contact between the 

Yallalie structure and the surrounding undisturbed sedimentary strata (shown in 

magenta) appears to form a listric fault with normal sense of movement.  This fault is 

consistent with the slumping expected at the outer margins of a complex crater and is 

interpreted to define the outer extent of the collapse crater.  Two yellow faults, at a 

radial distance of 4.2 km from the centre of the Yallalie structure are also interpreted as 

slumping in the outer terraced terrain of the crater.  Blue faults, which are primarily 

identified from magnetic data (see Section 5.6.3), bound an area approximately 6.0 km 

in diameter.  The limit of coherent reflectors in the outer part of the Yallalie structure, 

which provides a reasonable estimate of the size of the transient cavity, is interpreted to 

be defined by these structures, as shown on Figure 5.15.  Two sets of listric faults 

(green, orange), with an apparently normal sense of movement form the central uplift of 

the structure.  The inner (orange) faults are linked to what was probably once the 

transient cavity floor at 1.5 s TWT.  Green faults bound dipping reflectors that define 

the outer extent of the central uplifted area. 

 

The interpretation of four seismic markers horizons are also marked on the sections 

shown on Figure 5.15 and Appendix 4.  These are tied to stratigraphic information 

gained from Yallallie 1 and Cypress Hill 1.  Reflectors in the Carnac Member of the 

Leederville Formation (red), and the base of the Otorowiri Member of the Parmelia 

Formation (cyan) are flat lying and relatively undeformed outside of the Yallalie 

structure.  These reflectors can be readily identified in the rotated slump blocks in the 

outer terraced terrain of the crater, but rapidly become incoherent towards the centre of 

the structure.  The interpretation of these reflectors within the central uplift area 

(Figure 5.15) is largely constrained by stratigraphic control from Yallallie 1.  The mid-

Yarragadee reflector (dark blue), which coincides with the base of the zone of disrupted 

seismic response, is interpretable and coherent across the Yallalie structure.  The high 

degree of coherency of reflectors beneath this marker provides strong evidence to 

support the interpretation that the zone of disturbance was created by deformation from  
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Figure 5.15:  Greyscale image and interpretation of seismic line A88-127 across the 

centre of the Yallalie structure.  Location of the traverse is shown in Figure 1.  

Seismic marker horizons are defined in Figure 5.4 and Appendix 3.  A colour 

section shows the distribution of stacking velocities calculated from common mid-

point (CMP) analysis during processing of the seismic data. 
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“above”, i.e. by impact, rather than through volcanism or some other terrestrial process 

which would be expected to disturb the underlying sedimentary rocks.  Finally, flat-

lying reflectors above the central uplift to a maximum of about 0.3 s TWT beneath the 

surface (yellow), are associated with the Tertiary lake sediments and aeolian sand that 

were subsequently deposited into the topographic low created by the Yallalie structure. 

 

Sedimentary rocks underlying the central uplift appear to be uplifted into an antiform 

closure.  Doming can also be seen beneath the central uplift on the seismic lines that 

cross A88-127, particularly A88-134 and A88-142 (Appendix 4).  A similarly shaped 

dome can be identified in the sedimentary layers from below 1.5 s TWT to the limit of 

recording of the seismic survey at 4.0 s TWT.  This feature was the primary target of 

petroleum exploration well Yallallie 1 (Economo, 1991).  The possibility that this 

feature represents a high-velocity artefact was dismissed by Dentith et al. (1999).  This 

would seem to be supported by the velocities derived from common-mid point (CMP) 

analysis during stacking of the seismic data.  Calculated stacking velocities along A88-

127 are shown as a pseudocolour section on Figure 5.15, with hotter colours 

representing higher velocities.  These data suggest that the sonic velocity of rocks 

beneath the central uplift is lower than in the undisturbed strata away from the centre of 

the structure. This could easily be interpreted as an effect of the shattering of the target 

rocks by the impact event.  However, a comparison of the sonic logs collected within 

the Yallalie structure (Figure 5.13) suggests that the opposite is true, and that the sonic 

velocity in the central uplift area (Yallallie 1) is either neutral or slightly elevated 

relative to velocities in the relatively undeformed terraced terrain of the crater (Cypress 

Hill 1).  This is further confirmed by the stratigraphic correlation of Yallallie 1 with 

nearby wells (Figure 5.6) which shows no appreciable uplift of stratigraphy beneath the 

Yallalie structure at depths of greater than 1500 m.  It is more likely that errors have 

been made in calculating the stacking velocities in the highly three-dimensional 

geometry of the central uplift, where simple ray path assumptions are inadequate.  The 

stacking velocities calculated outside of the central uplift area, where the strata become 

approximately flat-lying, are more likely to be representative of the true seismic 

velocity. 

 

Figure 5.16 demonstrates the continuity between the coloured faults identified on the 13 

lines of seismic data shown in Figure 5.15 and Appendix 4.  From this, the extent of the 
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Yallalie structure (purple) is interpreted to be 12 km in diameter, the central uplift 

(green) is 3.4 km and the outer extent of the transient cavity (blue) was probably around 

6.0 km in diameter.  The seismic data also identifies several north-south trending 

normal faults (magenta) on the eastern flank of the Yallalie structure.  These are 

interpreted as structures associated with post-impact deformation of the Perth Basin.  

Some of these faults intersect and deform the Yallalie structure, implying that the final 

phase of movement post-dates the impact event. 

 

The interpretation of seismic marker horizons within the Carnac Member of the 

Leederville Formation and at the base of the Otorowiri Member of the Parmelia 

Formation was digitised from the sections shown in Appendix 4.  A 3D perspective 

display of two-way time surfaces of these marker horizons is shown in Figure 5.17.  

These surfaces were created by minimum curvature interpolation of the interpretation 

from the seismic profiles.  A prominent annular depression can be clearly seen in the 

Carnac Member (red horizon).  This depression coincides with the crater moat and is 

bounded on the inside by the central uplift and the outside by the large terrace inside the 

crater rim (yellow fault in Figure 5.15).  Part of the fault defining the crater rim can also 

be seen (location 1; Figure 5.17), however this is generally poorly defined.  The Carnac 

Member outside the Yallalie structure is at 0.3 s TWT or approximately 200 m below 

surface.  Faults associated with the Yallalie structure are not observed at the level of the 

mid-Yarragadee reflector (blue horizon).  As mentioned previously, the apparent 0.15 s 

amplitude dome beneath the central uplift of the Yallalie structure (location 2; Figure 

5.17) is probably to a velocity artefact.  A structural high on the southeast margin of 

Yallalie (location 3; Figure 5.17) is likely to be real but is probably due to terrestrial 

faulting and is unrelated to the impact event.  The regional level of the mid-Yarragadee 

reflector is at 1.4 s TWT or about 1550 m below the surface. 

 

The results of an attempt to depth-correct line A88-127 using the stacking velocities 

calculated during processing of the seismic data is shown in Figure 5.18.  Conversion 

from two-way times to depth were made on the four seismic marker horizons noted 

previously, the base of Tertiary lake sediments, Carnac Member, base of Otorowiri and 

mid-Yarragadee Formation.  A good correlation was achieved between the calculated 

depths for the Tertiary, Carnac and Otorowiri reflectors with the depths that they were 
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Figure 5.16:  Seismic traverse location map showing the line-to-line correlation of 

the major structural features within the Yallalie structure.  Circular features 

correlate with the faults shown in Figure 5.3.  Structures related to the tectonic 

deformation of the Perth Basin are shown in magenta. 
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(3)

(1)

(2)
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Figure 5.17:  3D perspective view of two-way time surfaces of the Carnac Member 

and base of mid-Yarragadee Formation seismic markers.  Width of view is 14km, 

viewed from the west.  Numbered locations are referred to in the text. 
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Figure 5.18:  Two-way time (TWT) seismic section with interpretation and 

stacking velocity section used to produce the approximate depth corrected 

interpreted geology section.   Stacking velocities within the zone of seismic 

disturbance beneath the central uplift (blanked out area) are considered to be 

unreliable, resulting in a distorted depth conversion of the coherent reflector 

beneath the Yallalie structure.   
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intersected in Yallalie 1.  The remainder of the depth corrected section was constructed 

around these four seismic horizons.  Given the low confidence in the accuracy of the 

sonic velocity estimates beneath the central uplift, the corresponding depth estimates for 

the marker horizons must also be considered suspect.  This area is blanked out in the 

depth corrected geological section shown in Figure 5.18.    

 

5.6.3  Magnetics and radiometrics 

 

An airborne magnetic and radiometric survey was commissioned over an approximately 

14 km square area centred on the Yallalie structure as a part of this project (Figure 5.1).  

The survey was flown by Kevron Geophysics (now Fugro Airborne Services) during 

October 2000.  Data were collected on north-south lines spaced 200 m apart at a 

nominal flying height of 60 m.  Both the total intensity and horizontal gradient of the 

magnetic field were recorded on an approximate 7 m sample interval by two wingtip 

mounted caesium vapour magnetometers, although the gradient data was not found to 

significantly improve the final gridded product.  Radiometric data were collected using 

32 litres of crystal at an along line sample interval of 70 m.  A digital elevation model 

was created as a secondary product by the subtraction of the barometric aircraft altitude 

from the flying height, measured by radar altimeter.  Final data were gridded using a 

50 m cell size.  

 

An image of the total magnetic intensity is shown as Figure 5.19a.  The dynamic range 

of the data is about 40 nT, which includes a planar regional gradient of around 2.63 

nT/km to the northwest, which is presumed to be due to deep sources within the 

crystalline basement.  The effect of the planar regional field can be removed by the 

subtraction of a first order polynomial fit to the total field.  The first order polynomial 

residual of the magnetic field is shown in Figure 5.19b.  The dynamic range of the 

residual field is only 12 nT, which reflects the largely weak magnetic character of the 

sedimentary rocks of the Perth Basin.  The locations of exploration wells in the area are 

also shown on this image.  The magnetic susceptibility logs from the hand-held 

measurements on ditch cuttings are shown beneath each well.  The Perth Basin 

sediments are generally non-magnetic (<50 x 10
-5

 SI).  An obvious exception to this are 

the magnetic intervals intersected in Yallallie 1 and 2 (Appendix 3).  No magnetic unit  
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Figure 5.19:  Images of magnetic data from the airborne geophysical survey over 

Yallalie; (a) Total Magnetic Intensity (TMI), and (b) Polynomial residual of TMI.  

Magnetic susceptibility logs from available petroleum and water exploration wells 

are overlain on the residual image. The approximate extent of the Yallalie 

structure is shown by the dotted line. 
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was intersected in Cypress Hill 1, suggesting the small dipole magnetic anomaly at this 

location is probably due to the steel frame of the windmill that now pumps water from 

the abandoned well.  While water exploration well Agaton 2 was ideally situated to test 

the main circular magnetic anomaly, cutting samples from this hole were not retained. 

 

Several sub-circular, concentric magnetic anomalies, centred on a single magnetic peak 

near the middle of the survey area, are clearly evident in the magnetic data.  The 

outermost magnetic anomaly is roughly 12 km in diameter and closely matches with the 

extent of the structure interpreted from the seismic data.  In fact, an excellent correlation 

can be made between faults identified in the interpretation of seismic data shown in 

Figure 5.15 with the location of circular magnetic anomalies, as shown in Figure 5.20.  

The inner margin of the main circular magnetic anomaly (marked in green), with a 

diameter of 3.4 km, correlates with the extent of the crater’s central uplift.  A fault 

detachment surface within the central uplift (orange) interpreted from the seismic data 

maps an area a little bigger than the central magnetic peak.  The outer margin of this 

anomaly compares closely with a second order fault (blue) that has a diameter of 6.0 km 

and is considered to be a reasonable estimate of the extent of the transient cavity.  

Weaker magnetic rings, with diameters of 8.8 km (yellow) and, possibly, 10 km (not 

marked) are interpreted to be related to slump structures in the outer terraced terrain of 

the crater.  The fault marking the outer extent of the collapse crater, and effectively the 

crater rim, is shown in purple.  Similar correlations between the same structural features 

and the circular magnetic anomalies may be identified on the other seismic lines 

crossing the structure.  These features are plotted on the seismic sections presented in 

Appendix 4.   

 

Several small scale faults, due to continued subsidence and deformation of the Perth 

Basin after the Yallalie impact event can also be interpreted from the magnetic data.  

While these features are difficult to identify amongst the disrupted seismic character 

within the structure, they can be readily mapped from offsets in the circular magnetic 

anomalies. 

 

Past investigations into the magnetic signatures of impact craters (Grieve and 

Pilkington, 1996) suggest that magnetic anomalies may be created by two different 
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Figure 5.20:  Structural interpretation from seismic data overlain on a greyscale 

image of the polynomial residual of the magnetic data. 
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Figure 5.21:  Ternary image of radiometric data over the Yallalie structure. 
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processes.  Central magnetic anomalies can also be caused by the structural uplift of 

magnetic basement into otherwise non-magnetic rocks.  This cannot be the cause of the 

circular magnetic anomalies at Yallalie, which do not occur within the centrally uplift 

area.  The heat generated by the impact event may also result in the generation of new 

magnetic minerals or the resetting of remanent magnetisation.  This is most likely to 

occur within melt rocks or suevite deposited at the time of impact.  Magnetic anomalies 

created by this process would be expected to be produced by a shallow and flat-lying 

magnetic source.  Alternatively, local hydrothermal systems driven by the heat 

produced from the impact would be expected to preferentially flow along internal faults.  

Deeper magnetic sources, concentrated along faults within the structure, would be 

expected to be produced by this process.  Attempts to resolve the geometry of the 

magnetic source at Yallalie, and hence their probable cause are discussed further in 

Section 5.7.2. 

 

A ternary image of the radiometric data is shown as Figure 5.21.  The radiometric 

response of the Yallalie area can be characterised into two response types; Mesozoic 

sediment (light) and Quaternary sand (dark).  The most recent sediment to fill the 

Yallalie basin is aeolian sand, which is essentially pure silica and contains very little 

radiometric material.  Topographic lows formed by modern drainage also have a low-

count radiometric response, presumably from partial filling with aeolian sand.  By 

contrast, the Mesozoic sediments that crop out on the hills surrounding the structure 

have a relatively high count in all three channels.  A seemingly anomalous, east-west 

trending radiometric high, which crosses the southern part of the Yallalie basin, 

correlates with the location of a shire road.  The source of the anomaly is probably clay-

rich material brought in as road base. 

 

5.6.4  Gravity 

 

Gravity data have been collected over the Yallalie structure and surrounding areas in a 

series of campaigns spanning the last 15 years.  Figure 5.22 shows the locations of the 

gravity stations recorded during these surveys.  

 

Data extracted from Geoscience Australia’s gravity database were used as the base level  
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Figure 5.22:  Gravity data compilation covering the Yallalie structure.  Extensive 

regional coverage was also obtained to adequately map the 100 mGal response of 

the thick sedimentary sequence within the Perth Basin. 
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to tie all other surveys and include the 11 km spaced stations regional data acquired by 

the Bureau of Mineral Resources (BMR) and several detailed traverses across the 

Darling Fault.  

 

Five detailed gravity traverses along roads and fence lines were collected for Ampol 

Exploration soon after the discovery of the Yallalie structure (Frankcombe, 1989; 

1990).  The main objective of these surveys was to provide evidence to support the 

interpretation of the disturbed seismic anomaly as an impact structure.  Gravity data 

were collected using a Lacoste and Romberg “G” meter at 250 m and 500 m station 

intervals.  Station elevations were optically surveyed.  Observed gravity readings were 

tied to the National Gravity Network by reoccupation of BMR stations.  Elevation 

levels were tied to permanent marks from the seismic survey.   

 

Semi-regional gravity data were collected over the structure and surrounding areas by 

Mike Dentith from the University of Western Australia and Will Featherstone from the 

Curtin University of Technology on an ad-hoc basis during the 1990s (unreported).  

Data were collected on a random pattern with an average spacing of around 1 km 

between stations.  Gravity readings were made using a Sodin gravity meter and station 

locations were surveyed by differential GPS.  Survey control was provided by a tie to 

Bench Marks surveyed by the Department of Land Adminisration (position) and 

Geoscience Australia (gravity).  

 

Additional gravity data were acquired over an approximately 45 x 52 km area in two 

stages, during May and December 2000, as a part of this project.  One of the primary 

aims of this survey was to adequately define the strong regional gravity field due to the 

Darling Fault, allowing the response associated with the Yallalie structure to be 

properly separated.  In the first stage of surveying, gravity readings were made at 

Department of Land Administration (DOLA) survey marks.  These are typically spaced 

at 1.5 to 2.0 km intervals along gazetted roads.  A short traverse over part of seismic 

line A88-127 was also completed. Stations were located by hand-held GPS.  Elevations 

along this line were optically surveyed and tied to a permanent mark from the seismic 

line.  The second stage was aimed at filling in the gravity coverage over the entire 

structure to a nominal 1000 m station spacing.  However, coverage over the northern 

half of the structure was limited by dense scrub and restricted access on one farm 
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property.  Stations were located using differential GPS and were tied to DOLA survey 

marks.  All gravity readings were made using a Scintrex CG3 Autograv gravity meter.  

Survey precision was determined by repeat station occupations.  Errors in gravity 

readings for the first stage of the survey were generally less than 0.05 mGal.  Poor 

temperature compensation during the second phase of the survey (when the ambient 

temperature was commonly >40°C) resulted in a very high diurnal drift of the meter, 

with base station readings at midday commonly around 1 mGal higher than at dawn and 

dusk.  While the errors associated with high drift were somewhat mitigated by multiple 

base station readings during the day, a nominal survey accuracy of about 0.2 mGals is 

estimated for the second stage of gravity surveying, with errors measured on some 

repeat stations as high as 0.25 mGal.  Station locations were GPS surveyed to a better 

than 10 cm accuracy. 

 

It was noted that the observed gravity data for several of the historical surveys in the 

Geoscience Australia database were recorded in the superseded Potsdam datum.  These 

were recalculated for the modern Isogal datum using the transform given in Anfiloff et 

al. (1976; equation 13).  All surveys were tied to the National Gravity Network either 

directly, through reoccupation of a BMR station, or as a second order tie to a local base 

station.  The compiled gravity data was then reprocessed and reduced to Bouguer 

Anomaly values using the 1971 IGRF and a density of 2.67 g/cc.   

 

An image of Bouguer Anomaly from the combined data sets, gridded at a cell size of 

2 km, is shown as Figure 5.23a.  The gravity field over this area, which spans the 

Dandaragan Trough, has a dynamic range of over 130 mGals.  This gravity response 

largely reflects the thickness of sedimentary rocks within the Perth Basin, with the 

maximum gradient of the north-south trending gravity high roughly defining the 

position of the Darling Fault, separating the Perth Basin from the Archaean Yilgarn 

Craton to the east.  An increasing gravity trend towards the western margin of the 

survey area is related to an Archaean basement high, Beagle Ridge, that defines the 

western margin of the Dandaragan Trough.  A small flexure in the gravity field near the 

centre of the Dandaragan Trough coincides with the position of the Yallalie structure.  

The exact nature of this feature is difficult to resolve because of the strong regional 

gravity field, which forms a local gradient of almost 2 mGal/km at the Yallalie site.  As 

the regional gravity field roughly approximates the thickness of sediment within the 
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Dandaragan Trough, it forms a broad, low gravity trough that has its centre near the 

Yallalie structure.  This complex field is difficult to correctly isolate and remove from 

the relatively small anomaly due to the Yallalie structure.   

 

Several different methods of regional separation were applied to gridded gravity data to 

try and characterise the gravity response of Yallalie.  One of the most common methods 

of suppressing broad wavelength, regional features is by using the first vertical 

derivative.  An image of the first vertical derivative of the Bouguer Anomaly is shown 

in Figure 5.23b.  This process is very effective in removing most of the regional 

gradient adjacent to the Darling Fault.  However, the vertical derivative has over-

exaggerated some short wavelength features in the data which are probably artefacts due 

to levelling problems between the different data sets, poor quality data and gridding of 

an uneven distribution of data points.  The first vertical derivative shows a positive only 

gravity anomaly coinciding with the Yallalie structure, with the anomaly peak located 

over the central uplift.  No negative lobes appear to be present within the area of the 

collapse crater defined from the seismic data.  A gravity low surrounds the defined 

extent of the Yallalie crater.  However, this low is more likely to be related to the 

thickness of sediment within the Dandaragan Trough rather than an impact-related 

change in the physical properties of the target rocks. 

 

A polynomial residual is created by the subtraction of a best-fit polynomial surface from 

the primary field.  Figure 5.23c shows the results of subtracting a second order 

polynomial surface from the Bouguer Anomaly.  This process has removed much of the 

regional gravity gradient near Yallalie, relocated the gravity low to the centre of the 

Dandaragan Trough and reduced the dynamic range of the residual gravity field by 

50%.  However, such a simple polynomial field lacks the curvature necessary to 

completely remove the regional field effects associated with the Perth Basin.  A residual 

gravity high is relatively well defined over the Yallalie structure.  Attempts at using a 

higher order polynomial fit to the Bouguer Anomaly failed to give any improvement in 

separating the Yallalie response from the regional field. 

 

Perhaps the most successful method of isolating and removing the effects of the 

regional field was through the use of upward continuation.  Upward continuation has  
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Figure 5.23:  Images of gravity data over the Yallalie structure showing the results 

of different methods of residual separation filtering.  Solid lines show the locations 

of the gravity profiles in Figure 5.24. 
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the greatest affect on short wavelength, and hence shallow, features in the field.  Broad, 

regional features are less affected and can therefore be separated, and then removed, by 

using this technique.  Figure 5.23d shows the residual field created by the removal of 

the gravity field upward continued by a height of 5000 m from the Bouguer Anomaly.  

This residual field is similar in appearance to the first vertical derivative (Figure 5.23b) 

except that very short wavelength features (<2 grid cells), which probably represent 

noise in the data, are not as highly accentuated.  A positive only gravity anomaly is 

again coincident with the area of the Yallalie structure, with no evidence for negative 

lobes.   

 

In order to quantify the amplitude of the gravity anomaly over the Yallalie structure, 

east-west and north-south profiles of Bouguer Anomaly and gravity residuals were 

extracted from the gridded data (Figure 5.24).  The east-west profile demonstrates how 

the gravity response due to the Darling Fault overwhelms the signature of the Yallalie 

structure.  The gravity high over Yallalie can be more easily identified on the north-

south profile of Bouguer Anomaly which is close to perpendicular to the trend of the 

regional gravity field.  While the two numerical filters applied here do not completely 

isolate the anomaly due to the Yallalie structure, they do reduce the regional field in the 

vicinity of the structure to a nearly flat background response.  However, different 

estimates in the amplitude of the gravity anomaly coincident with the Yallalie structure 

from the residual profiles indicate there is some leakage of this anomaly into the 

estimations of the regional field.  A closer agreement in the estimated anomaly 

amplitude of roughly 5.5 mGal is achieved from the residual fields extracted on the 

north-south profile, where the effect of the regional field is minimal.  However, all of 

the residual profiles show that a positive only gravity anomaly above the background 

response is coincident with the Yallalie structure. 

 

Figure 5.25 shows the application of a simple 2.5D forward model to remove the effects 

of the strong regional field across the Dandaragan Trough.  The east-west gravity profile 

shown here incorporates data from a detailed gravity traverse across the centre of the 

structure into the profile extracted from the grid.  It should be noted that the main 

purpose of this model is to provide a reasonable estimate of the regional gravity field 

and it is not constrained by any additional geological or petrophysical information.   
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Figure 5.24: Bouguer Anomaly and residual gravity profiles across the 

Dandaragan Trough.  Profile locations are shown in Figure 5.23.  Coordinates are 

given in AGD84 Zone 50.  Dotted lines show the positions of the crater rim and 

central uplift (CU) of the Yallalie structure. 
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Figure 5.25:  Simple forward model of the regional gravity field for an east-west 

profile across the Dandaragan Trough.  The horizontal scale represents distance 

from the centre of the Yallalie structure.  Dotted lines show the locations of the 

crater rim and central uplift of the structure. 
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However, the background response of 2.67 g/cc can be loosely interpreted to represent 

granitic rocks of the Yilgarn Craton, low density (blue) blocks as sedimentary rocks of 

the Perth Basin and a higher density (brown) unit as Proterozoic metasedimentary rocks 

of the Moora Group.  The margins of the Perth Basin sedimentary layers are interpreted 

to be fault bounded; by the Darling and Urella Faults on the eastern margin of the 

Dandaragan Trough and a structure controlling the development of the Beagle Ridge at 

the western end of the modelled section.  A close match for the regional gravity field 

across this one traverse was achieved with this model, generally within ±2 mGal or 

1.5% of the observed gravity response.  The positive gravity high coincident with the 

Yallalie structure starts becoming higher than the background response at a diameter of 

16.5 km, 35% greater than the rim diameter defined from the seismic data.  The peak 

amplitude of the anomaly above background from the forward modelled residual is 

about 6.0 mGal. 

 

From the methods of residual separation filtering discussed here it is clear that the 

gravity response associated with the Yallalie structure is positive only, with a maximum 

amplitude of between 5.5 and 6.0 mGal.  This positive anomaly is not limited to the 

central uplift area of the structure; it appears to cover an area slightly larger than the rim 

of the collapse crater.  This response contradicts the expected gravity signature over an 

impact structure, which is generally a negative anomaly (Grieve and Pilkington, 1996).   

With part of the ejecta layer outcropping just outside the crater rim, Yallalie can not be 

considered to be deeply eroded and it is reasonable to expect that impact breccias will 

still be preserved within the crater beneath the layer of post-impact sand and lake 

sediment.  Hence the observed response is unlikely to be simply due to the removal of 

lowered density material as was suggested by Dentith et al. (1999).  Modelling studies 

to constrain the source geometry of the gravity anomaly over Yallalie are discussed in 

Section 5.7.1. 

 

5.7  Geophysical modelling and interpretation 

 

5.7.1  Gravity modelling 

 

The source of the gravity anomaly associated with the Yallalie structure was 

investigated by forward modelling studies.  Forward modelling was considered the best 
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method for removing the effects of the regional gravity field, and the residual was 

created by subtracting this from the Bouguer Anomaly.  An attempt at forward 

modelling the gravity response over the Yallalie structure using geological constraints 

provided by the interpretation of seismic data and the average formational densities 

from wireline logging is shown in Figure 5.26.  A very poor fit to the observed data is 

achieved, which can not be greatly improved by allowing the density of the different 

rock units to vary.  This suggests that the gravity response over the Yallalie structure is 

not simply the result of the structural displacement of the target rocks, and that some 

lateral variation in physical properties resulted from the impact event.  It is suggested 

that the shockwave resulting from the impact event may have collapsed pore space and 

removed volatiles from within the wet, sedimentary target rocks, resulting in a localised 

increase in density.  

 

Simple two body 2.5D models, shown in Figure 5.27, give a reasonable fit to north-

south and east-west profiles of the residual gravity response across the structure.  The 

major contribution to the gravity response comes from a wedge shaped body of high 

density.  The upper boundary of this body closely matches with the top of the central 

uplift of the Yallalie structure, which is well defined by the seismic data.  However, in 

order to fit the observed response, the base of the body was required to extend to a 

diameter slightly larger than the rim of the Yallalie crater.  This high-density body most 

likely represents the structural emplacement of denser, more compacted stratigraphy 

into the central uplift of the Yallalie structure.  The modelled width and depth of the 

base of this dense body is more difficult to explain, as little uplift is expected near the 

base of the structure at a depth of roughly 1500 m, and none outside the extent of the 

crater.  It is suggested that this zone of increased density defines the extent of pore 

space collapse in the target rocks that occurred as a consequence of deformation by the 

shockwave produced by the Yallalie impact event.  A second body simulates 

Quaternary post-impact sedimentary fill within the Yallalie Basin.  However, it was 

necessary to make the density contrast of this near-surface layer much smaller than 

expected from the petrophysical data in order to model the residual gravity profiles. 
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Figure 5.26:  Forward model of the residual gravity response along seismic line 

A88-127 constrained by the geological interpretation of the seismic data and 

average formation densities from wireline logging.  A good fit to the observed data 

could not be achieved. 
 

 

Figure 5.27:  East-west and south-north (line A88-127) profiles of residual gravity 

data showing the geometry of the modelled source of the gravity anomalies over 

the Yallalie structure.  Coordinates are given in AMG84 Zone 50. 
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5.7.2  Magnetic modelling 

 

Despite the drilling of several petroleum and groundwater exploration wells into the 

Yallalie structure, conclusive evidence identifying the source of the circular magnetic 

anomalies is yet to be discovered.  While magnetic susceptibility logs are shown for 

three of these wells in Appendix 3, the reliability of these measurements is questionable 

given that they were derived from hand-held susceptibility meter measurements of small 

retention samples of washed chips.  Magnetic susceptibility measurements on the 

continuously cored repeat section of Yallalie 1 (borehole Yallalie 2) are considered 

accurate, however, this data is only available for the post-impact Pliocene lake 

sediments.  A weakly magnetic unit (40 m averaging 40x10
-5

 SI from 130 m below 

surface) was found near the base of the lake sediment.  Other magnetic units were 

recorded within sandstone intervals from the Yarragadee Formation in Yallalie 1, 

including 100 m at 180x10
-5

 SI from 830 m and more than 600 m averaging 500x10
-5

 SI 

from 1600 m below surface.   

 

A 2.5D forward magnetic model showing the responses from these magnetic intervals is 

shown in Figure 5.28.  The width of these bodies was selected provide a best fit to the 

central magnetic peak in the observed data, shown in black on Figure 5.28.  Individual 

profiles for each of the magnetic intervals are also shown.  The shapes of the magnetic 

responses created by the first two source bodies are of similar wavelengths to the 

anomaly over the centre of the Yallalie structure.  However these only count for a small 

proportion of the observed response.  When these are combined with the response due 

to the deeper magnetic interval, the amplitude of the modelled response is similar to the 

observed field however the shape is much broader.  This simple modelling study 

suggests that the sources of the magnetic anomalies over the Yallalie structure are not 

well constrained by the available magnetic susceptibility information. 

 

In the absence of adequate geological evidence to identify the cause of the anomalous 

magnetic response over Yallalie, a number of analytic tools were employed to constrain 

the depth and geometry of the magnetic sources.  One of the simplest tools to gain a 

“first-pass” estimate of source depths is through analysis of the power spectrum of the 

data (Spector and Grant, 1970).  When the log of the power spectrum is plotted against  
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Figure 5.28:  Forward models of the expected response due to the magnetic units 

intersected in wells Yallalie 1 and 2 compared against a profile of the residual 

magnetic field along seismic line A88-127.  The horizontal scale shows the distance 

from the centre of the impact crater.  The red line shows the combined magnetic 

response from all model sources.  
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Figure 5.29:  Radial power spectrum calculated from the TMI grid showing the 

magnetic source depths predicted by spectral analysis. 
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wavenumber, the depth below the sensor for a group of sources (h) can be calculated 

from the slope of straight line segments in the curve, where h = gradient/4π (Cowan and 

Cowan, 1993).  Multiple straight line segments in the same log-power spectrum indicate 

several groups of magnetic sources are present, and an average source depth may be 

calculated for each.  The log radial power spectrum calculated from the total magnetic 

intensity grid is shown as Figure 5.29.  Source depths of 1606, 289 and 113 m below the 

sensor are estimated from the data. The shallowest sources, approximately 50 m below 

surface (assuming a constant 60 m flying height) are interpreted as near-surface 

magnetic sediment outside the structure and within palaeochannels.  Magnetic sources 

at a depth greater than 1550 m are interpreted to be due to sources within the 

Yarragadee Formation beneath the impact structure.  The intermediate magnetic 

ensemble, with an average depth of 230 m, is interpreted as the source of the circular 

magnetic anomalies. 

 

The differential upward continuation method of separation filtering was applied to the 

reduced to pole magnetic data to try to separate the source of the magnetic anomalies 

into shallow (100 and 300 m) intermediate (500 and 1000 m) and deep (>1500 ) 

magnetic sources.  The results are shown in Figure 5.30a.  The shallow magnetic image 

was created from the difference between the magnetic data upward continued by 100 

and 300 m, the intermediate image is the difference between upward continuation to 500 

and 1000 m and the deep image is the total field data upward continued to 1500 m.  The 

locations of significant magnetic edges from each image (Figure 5.30b) were extracted 

by applying the height definition of Kalitzin et al., (1999) to the horizontal gradient 

magnitude (HGM) of the data transformed by the pseudogravity function.  While it is 

acknowledged that separation filtering will not perfectly isolate magnetic bodies into 

their target depth intervals, the results provide a useful insight into the relative depth 

extent of the sources.  There is no evidence of the circular magnetic anomalies in the 

deepest magnetic interval.  This suggests, by the theory of Jacobsen (1987), that the 

sources of these anomalies are less than the level of upward continuation (1500 m).  

Circular magnetic features associated with faults in the outer terraced terrain can only 

be observed in the shallowest magnetic image, suggesting that the sources of these 

features are depth limited to within a few hundred metres of the surface.  Magnetic  
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Figure 5.30:  :  Image results of differential upward continuation of the magnetic 

data to show separation of shallow, intermediate and deep magnetic sources.   

Magnetic edges in each image are enhanced by applying the height definition of 

Kalitzin et al.(1999) to a horizontal gradient transform.   
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Figure 5.31:  Automated depth-to-top solutions for magnetic sources generated by 

the HGM methods and Euler deconvolution. 
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anomalies located within the crater moat of the Yallalie structure are discernable in both 

the shallow and intermediate intervals, suggesting a greater depth extent of these 

sources. 

 

The depth to the top of magnetic sources was estimated using two automated 

interpretation algorithms; the horizontal gradient magnitude (HGM) method (Phillips, 

2000) and Euler deconvolution (Reid et al., 1990).  The HGM method locates the top of 

vertical magnetic contacts.  If the method is applied to reduced to pole (RTP) magnetic 

data, the solutions are assumed to be from a vertical, dyke-like source and will 

underestimate the depth of the thin magnetic layer.  In contrast, depth solutions 

calculated by the HGM method from pseudogravity (PG) transformed magnetic data are 

accurate for the edges of thin sill-like bodies and will overestimate the depths of thicker 

sources.  Depth solutions from the HGM method of RTP and PG transformed data over 

Yallalie are shown in Figures 5.31a and 5.31b, respectively.  The Euler deconvolution 

estimates source depths as a function of the rate of decay of the partial derivatives of the 

total magnetic field with increasing distance from the magnetic source.  A structural 

index (SI) factor incorporated into the algorithm places a constraint on the geometry of 

the source.  Euler deconvolution was applied to the Yallalie magnetic data using 

different structural index (SI) values calculated for a moving window of 10x10 cells.  

The depth solutions calculated for a SI value of 1 (dyke-like sources), which is 

considered to most closely resemble the geometry of the Yallalie magnetic sources, are 

shown in Figure 5.31c.  Clusters of solutions generated by these automated techniques 

are considered to provide a stable estimate of the depth to top within the limitations of 

assumption of source geometry.  Source depths ranging from between 50 and 300 m 

below surface are estimated by the HGM-RTP method and (SI=1) Euler deconvolution 

for the circular magnetic anomalies.  Deeper magnetic sources, to a maximum depth 

between 350 and 500 m below surface, are estimated by the HGM-PG method.  All of 

the automated depth estimates suggest that magnetic sources outside of the Yallalie 

crater, particularly those in the southwest corner of the survey area, are shallower than 

the circular magnetic anomalies. 

 

A three-dimensional susceptibility block model consistent with the magnetic data was 

created using the program “mag3D” (Li and Oldenberg, 1996).  The susceptibility 

model was modelled to fit the residual magnetic grid, which was first desampled to a 
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spacing of 100 x 400 m to reduce the running time of the inversion to a manageable 

duration.  The inversion mesh was constructed using 100 x 100 x 50 m cells near the 

surface, with an increasing cell size below a depth of 800 m.  Default weighting 

parameters were used in the inversion modelling. 

 

Some limitations with the mag3D code must be noted.  The inversion algorithm is 

designed to model the magnetic field by induced magnetic sources only (i.e. those due 

to magnetic susceptibility).  However, the source of magnetic anomalies over several 

other impact structures has been found to be due to a strong remanence acquired by 

impact melt and suevite (Pohl et al., 1977; Steiner, 1996).  Paleomagnetic 

reconstructions of the polar wander path during the Phanerozoic (for example 

McElhinny and Embleton, 1974) suggest that southern Australia was at a latitude 

approximately 20° higher (70°S) than its present position at the time of the Yallalie 

impact (ca. 85 Ma), and that the magnetic field had a similar declination to the present 

day.  Only minor changes to the shape of the magnetic sources would be expected if 

they were modelled as being due to remanent magnetisation instead of induction.  

Secondly, while the top of the source body can be predicted by the inversion algorithm 

with a reasonable degree of accuracy, the thickness of the source is poorly constrained.  

 

The recovered susceptibility model from inversion of the Yallalie magnetic survey is 

shown by two depth slices and ten sections in Figure 5.32.  The locations of the 

magnetic sources in plan view form a similar ring pattern to the observed data.  Peak 

susceptibilities in model are around 0.001 SI.  Anomalies outside the crater have a 

similar level of magnetisation, but are shallower than the circular magnetic features.  

The geometry of the circular sources is best shown in the north-south and east-west 

cross-sections.  The central peak anomaly is modelled by a roughly spherical source 

with a depth to top of 125 m.  The “crater moat” anomaly is produced by the 

combination of two magnetic bodies.  The major component of this response is due to a 

tabular body, dipping roughly 45° towards the central uplift, with a depth to top of 150 

to 200 m. A lesser magnetic source is modelled on the inner edge of this feature.  The 

outer circular anomalies model at a depth of 150 to 200 m around most of the structure.  

The tops of these features features are modelled up to 600 m below surface on the 

eastern margin of the Yallalie structure, where it has been modified by late stage  
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Figure 5.32:  Depth slices and sections through the 3D susceptibility inversion 

model to fit the magnetic data over the Yallalie structure. 
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faulting.  While most of the magnetic bodies appear to be depth limited, with a base 

around 1000 m, the thickness of the sources is not well constrained by the inversion 

process.  

 

A comparison of the results of automated magnetic modelling with the seismic section 

along line A88-127 is shown in Figure 5.33.  The approximately depth converted 

interpretation of the geologic section along this line is reproduced as Figure 5.33a.  The 

interpretation of this section beneath the central uplift is considered to be uncertain 

because of the poor constraints on the seismic velocity in this complexly deformed area.  

The results of the different magnetic modelling tools are summarised in Figure 5.33b.  

Source tops of the circular magnetic anomalies are generally estimated to be located 

between 100 and 300 m below surface.  There is a good agreement between the 

locations of Euler and HGM solution clusters with the top and sides of the magnetic 

sources modelled by 3D inversion.  These results suggest that the magnetic sources are 

probably located within the stratigraphic intervals interpreted from the seismic data as 

Leederville Formation or the upper part of the Parmelia Formation.  The thickness of 

the magnetic sources is poorly constrained.  However, the separation of the magnetic 

anomalies correlating with the central uplift and terrace faults are absent in the middle 

layer generated by differential upward continuation, suggesting these features are 

probably depth limited to less than the level of upward continuation (500 m).  The 

absence of circular magnetic anomalies in the deepest layer suggests that all magnetic 

sources associated with the Yallalie structure are limited to less than 1500 m depth.   

 

A conceptual model of the geology and possible causes of the magnetic anomalies at 

Yallalie is shown in Figure 5.34.  The modelling of magnetic data presented here 

constrains the locations of the sources of the circular magnetic anomalies to be within 

the seismic intervals interpreted as Leederville and the Parmelia Formations.  However, 

the unit interpreted as the Leederville Formation in Yallalie 1 has been speculatively 

interpreted to be a lithic impact breccia, based on the large amount of reworked 

biostratigraphic markers present within this layer (Section 5.3).  Extending this 

speculation, the Leederville Formation interval interpreted from the seismic data within 

the crater moat and central uplift of the Yallalie structure is inferred to represent a layer 

of allochthonous breccia.  The transfer of energy during the impact that formed the 
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Figure 5.33:  Comparison of the geophysical models on seismic line A88-127, 

showing (a) seismic interpretation noting the area where the depth conversion is 

poorly constrained and (b) a summary of the results of automated magnetic source 

modelling. 

 

 

 

Figure 5.34:  Conceptual geological model of the Yallalie structure showing the 

locations of possible magnetic sources. 
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Yallalie structure into the target rocks would have heated them to a high temperature, 

possible even causing melting that may still be preserved as lenses of suevite within the 

allochthonous breccia (Figure 5.34).  This process of melting may have generated new 

magnetic mineral species from iron rich minerals such as pyrite and glauconite within 

the Leederville and Parmelia Formations, or caused resetting of magnetic remanence.   

 

A local hydrothermal system is expected to have been present some time after the 

Yallalie event, driven by the heat generated by the impact.  For comparison, the impact 

that formed the 24 km diameter Haughton structure in sedimentary target rocks 

produced hot springs that were active for 10,000 years after the impact event (Osinski et 

al., 2001).  These hot fluids also have the potential to generate new magnetic minerals 

or reset remanence.  It should be expected that fluid flow would be concentrated along 

the internal weaknesses within the structure, possibly explaining the high correlation 

between the locations of the circular magnetic anomalies and faults interpreted from the 

seismic data. 
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6.  DISCUSSION 

 

6.1  Geophysical signatures of Australian meteorite impact structures 

 

In addition to the data presented in the previous two chapters, case studies on the 

geophysical responses over several other Australian impact structures may be found.  

These include papers on Gosses Bluff (Milton et al., 1996), Lawn Hill (Stewart and 

Mitchell, 1987; unpublished statutory reports by CRA Exploration Ltd), Mt Toondina 

(Plescia et al., 1994), Talundilly (Longley, 1989), Tookoonooka (Gostin and Therriault, 

1997; Gunn, 1997) and Woodleigh (Iasky et al., 2001).  From these sources of 

information, the data presented in Chapters 4 and 5, and compilations of regional scale 

geophysical data made available by Geoscience Australia, a summary of the 

geophysical signatures of Australian impact structures is presented as Table 6.1. 

 

The geophysical signatures of the 15 impact structure shown in Table 6.1 can be 

categorised into three main groups based on their target stratigraphy as those that were 

formed in crystalline, sedimentary and Proterozoic sedimentary terrains.  Unlike other 

compilation studies of the geophysical signatures of impact craters (Henkel, 1992; 

Pilkington and Grieve, 1992) which primarily describe the potential field and electrical 

responses of structures formed in crystalline (cratonic) target rocks, only one structure 

presented here was formed in volcanic rocks, with three others in a “mixed” target of 

sedimentary rocks overlying a crystalline basement.  The majority of the structures 

studied in this thesis were formed either in Phanerozoic sedimentary basins or weakly- 

to un-metamorphosed sedimentary rocks that were deposited in Proterozoic basins.  

Significant differences can be found between the geophysical signatures of structures 

formed in these different rock types, particularly in their potential field responses.  

These are discussed separately for each technique.   

  

6.1.1  Seismic signatures 

 

Despite the location of more than one third of Australia’s known impact structures 

within hydrocarbon producing Phanerozoic basins, only a small amount of seismic 

coverage over these structures is available for interpretation. Seismic data is generally  
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Crater 
name 

diameter 
(km) 

Target 
rock type 

Gravity response Magnetic response Other surveys 

Acraman 55 crystalline • -9 mGal anomaly 
(-3 mGal over uplift). 

• lessened magnetic over 
central uplift. 

 

Connolly Basin 9 sedimentary • +2 mGal anomaly 

• small negative lobes near 
flanks of central uplift. 

• positive anomalies up to 
100nT (coincident with 
crater moat?). 

• due to melt? 

• Seismic data shows central 
upflift, terraces(?) 

Foelsche 6 Proterozoic 
sed. 

 • positive anomalies up to 
50nT at margin of uplift. 

• due to deformation of 
magnetic sill or melt? 

 

Gosses Bluff 24 sedimentary • -5 mGal anomaly 
associated with structure. 

• Variable amplitude positive 
anomaly, up to +8 mGal, 
over central uplift 

• remanent magnetic anom-
alies of -100nT on E, S and 
W flanks of structure. 

• coincides with outcrops of 
remanently magnetised 
glassy ejecta. 

• Seismic data shows central 
uplift as zone of chaotic 
reflectors 

• Undisturbed reflectors 
beneath the structure. 

Kelly West 6.6 Proterozoic 
sed. 

• +0.6 mGal annular high 
coincides with the extent of 
uplift. 

• some lessening and dis-
ruption of magnetic trends 
at inferred crater rim. 

 

Lawn Hill 20 Proterozoic 
sed. 

-1 mGal anomaly over 
inner part of limestone 
annulus (crater moat?).  

• positive 1nT dipole 
anomaly at centre of 
structure. 

• Thickness of limestone 
mapped by electrical 
surveys. 

Mount 
Toondina 

4 sedimentary • +1 mGal high over uplift. 

• Surrounded by -0.5 mGal 
annular gravity low. 

• positive anomalies up to 
4nT at position of crater 
moat. 

• Seismic data shows flanks 
of central uplift and part of 
fault defining crater rim. 

Mulkarra 19 sedimentary • +0.8 mGal annular high 
coincides peak-ring uplift. 

• -0.6 mGal anomaly over 
central pit due to 
allochthonous breccia. 

• disruption of magnetic 
trends at crater rim. 

• poorly defined low over 
central uplift. 

• Identified from seismic 
“zone of disturbance”. 

• Seismic shows crater rim, 
terraces, peak-ring and 
central pit.  

Shoemaker 30 mixed • -10 mGal anomaly. 
• small, positive gravity 

shoulder on low due to 
dense ironstones. 

• magnetic highs around 
crater rim and central uplift 
due to deformation of 
ironstones –  demagnet-
ised to west, enhanced SE. 

 

Strangways 30 Proterozoic 
sed. 

 • circular magnetic highs 
from deformation of 
sandstone. 

 

Talundilly 30 sedimentary  • poorly defined magnetic 
high over centre of 
structure. 

• Identified from “disturbed 
seismic zone”. 

• Seismic shows part of 
crater rim, and central uplift 
as chaotic reflectors. 

Tookoonooka 55 sedimentary • poorly defined -4 mGal 
over the centre of the 
structure. 

• positive anomaly up to 
100nT over central uplift. 

• possibly due to impact melt 
(previously interpreted as a 
volcanic intrusion) 

• Identified from loss of 
seismic marker and “zone 
of chaotic reflectors”. 

• Seismic shows terraces, 
crater moat, and (?)crater 
rim.  

Wolfe Creek 0.88 sedimentary • -2 mGal anomaly due to 
breccia and post-impact fill. 

• positive anomalies up to 
4nT at top and base of rim. 

 

Woodleigh 65 mixed • -8 mGal anomaly. 
• +8 mGal anomaly over 

central uplift. 

• gravity “rings” reflect 
basement topography. 

• arcuate magnetic trend to 
east of structure interpreted 
as deformation of target 
rocks by impact (?). 

• Poor quality seismic 
constrains shape of central 
uplift. 

Yallalie 12 sedimentary • +5.5 mGal anomaly covers 
area slightly larger than 
collapse crater. 

• positive magnetic “rings” up 
to 12nT defining internal 
structure of crater. 

• due to melt breccia or 
hydrothermal alteration. 

• Seismic data shows central 
uplift, crater moat, terraces 
and crater rim. 

• Undisturbed reflectors 
beneath the structure. 

 
Table 6.1:  Summary of the geophysical characteristics of Australian meteorite 

impact structures 
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limited to a handful of 2D reflection profiles of poor to fair quality over each structure.  

Most of these lines were collected between 1960 and the 1980s, prior to the 

development of modern, high-resolution 3D seismic acquisition systems. Consequently, 

the shape of many key features of these structures, such as the central uplift and crater 

rim, are poorly constrained by the seismic data.  Despite this, seismic was the discovery 

technique for many of the buried impact structures.   Structures that were covered by 

poorer quality data were primarily identified from zones of chaotic reflectors and the 

absence of regional marker horizons.  The seismic coverage and characteristics of 

proven and possible impact structures, and several new sites speculated to be of impact 

origin from the interpretation of seismic data, are summarised in Table 6.2. 

 

Of the proven and possible structures listed in Table 6.1, good quality 2D reflection 

profiles are only available over the Mulkarra and Yallalie structures.  Despite drill 

testing of the central uplift by wildcat petroleum exploration wells, neither of these 

structures have had an impact origin confirmed by the discovery of high-shock 

metamorphic features or disproven by some other explanation for its origin.  However, 

the geometries of both structures are well constrained by the seismic data, with features 

such as the central uplift (and pit), terraces and the crater rim fault clearly identified on 

multiple sections.  Both the Mulkarra and Yallalie structures have strong secondary 

evidence in addition to the seismic data, including potential field data and morphometric 

relationships between features interpreted from the seismic data, to support their 

interpretation as impact structures.  By the currently accepted criteria for the 

identification of impact structures, geological features such as Mulkarra, Yallalie and 

the North Sea structure, Silverpit (Stewart and Allen, 2002), may never be formally 

recognised as astroblemes due to the high cost of gaining samples of highly shocked 

material by deep drilling.  In contrast, the data quality over the Gosses Bluff and 

Woodleigh structures is so poor that little of the crater’s interior structure can be 

deduced (except for chaotic reflectors coinciding with the centre of the structure) and 

only some features can be unambiguously identified from the data over Connolly Basin, 

Mount Toondina, Tullandilly and Tookoonooka. 

 

Stewart (2003) proposed criteria for the unique identification of impact craters from 3D 

seismic data.  However, these criteria, which test the shape of the feature and isolation 

from other structural trends, can not be considered diagnostic of impact.  This is 
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demonstrated by the positive identification of these criteria in the proposing author’s 

interpretations of the speculative structures listed in Table 6.2.  The enigmatic 30 km 

wide Bedout High in the offshore Canning Basin was speculated to be the central uplift 

of a 200 km or more diameter impact structure on the basis of one line of 2D seismic 

data (Gorter, 1998).  Due to the poor quality of the data, the interpretation of other 

criteria is equivocal.  This structure has also been speculated as being the impact event 

that was responsible for widespread extinction at the end of the Permian (Becker et al., 

2003).  Even if the Bedout High can be proven to be the central uplift of a large impact 

structure, it is unlikely to be as large as proposed by Gorter (1998).  The 1:3 to 1:4 

morphometric relationship between the central uplift to crater rim diameter that is 

common to most known impact structures would suggest that a more reasonable 

estimate for the diameter of the speculative Bedout structure would be between 90 and 

120 km.  An uneroded structure of this size would also be expected to have a peak-ring 

form (for example Popigai, 100 km, Chicxulub, 170km).  The Mercury and Mingobar 

structures are also speculated by Gorter (1998) from one line of relatively poor quality 

seismic data.  All three structures would be interpreted as possible impact structures 

with a low level of confidence using the criteria of Stewart (2003).  Fohn and some 30 

other structures in the offshore Bonaparte Basin were proposed by Gorter (1999) as 

possible impact structures from multiple lines of good quality seismic data.  All of these 

structures appear to be related to deeper dome or basin features that were dismissed by 

Gorter (1999) as velocity artifacts without providing any supporting evidence.  Gorter 

and Glikson (2002) later reinterpreted these structures as lamproite diatremes.  The 

Puffin structure (Gorter and Bayford, 2000) is the only structure included in Table 6.2 

that is imaged by full 3D seismic data.  Where there is no evidence to disprove an 

impact origin of this structure, positive identification is still ambiguous as there is no 

evidence of an overturned crater rim and an unknown association with underlying 

faults.  There was also no evidence of breccia (ejecta) or shock metamorphic features in 

petroleum well Puffin 1, located less than 500 m outside the extent of the Puffin seismic 

anomaly, which would be expected to be associated with the uneroded 2.5 km diameter 

simple crater proposed by Gorter and Bayford (2000).   
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Name diameter 
(km) 

#survey 
lines 

year(s) of 
survey 

data 
quality 

central 
uplift 

inward 
facing 

terraces 

crater 
rim 

link to 
deeper 

structure 

coherent 
reflectors 
at base 

 
Proven and possible craters 

Connolly Basin 9 1 1981 fair Y Y Y ? N 

Gosses Bluff 24 9 1960-1985 poor ? ? N N Y 

Mount Toondina 4 2 1985 poor Y Y N ? N 

Mulkarra 19 2 1984, 1992 good peak-ring Y Y ? N 

Talundilly 30 15 1980s fair ? Y Y ? N 

Tookoonooka 55 20+ 1980s fair Y Y ? ? N 

Woodleigh 65 4 1965 poor ? Y ? ? N 

Yallalie 12 13 1988-9 good Y Y Y N Y 

 
Speculative sites 

Bedout 200+ (?) 4 ? fair Y ? ? ? N 

Fohn (& others) 4.5 2 1992 good Y N Y N(?) N 

Mercury 30+ (?) 1 1976 fair ? ? ? ? Y 

Mingobar ? 4 1982 fair Y(?) Y N N N 

Puffin 2.5 Full 3D 1991 excellent simple simple Y N(?) Y 

Table 6.2:  Seismic coverage and features interpreted from seismic data for proven 

and possible impact structures, and sites speculated from the interpretation of 

seismic data 
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6.1.2  Gravity signatures 

 

Profiles of residual Bouguer Anomaly over 12 Australian impact structures are shown 

in Figures 6.1 and 6.2.  These profiles are extracted in a north-south and east-west 

orientation from grids of the Bouguer reduced data.  A first order polynomial was used 

to remove regional gradients from the gravity profiles.  The profiles presented here are 

displayed in order of the size of the structure, with the horizontal scale adjusted relative 

to the crater rim diameter.  Ticks on the bottom of each profile mark the position of the 

crater rim and central uplift.   

 

From past studies of the geophysical signatures of impact structures (Pilkington and 

Grieve, 1992), the expected gravity response is primarily a low due to brecciation of the 

target rocks and post-impact sedimentary fill.  A secondary positive anomaly over the 

central uplift, due to the structural emplacement of denser rocks, may be expected over 

complex craters.  Largely negative gravity anomalies are found over six of the twelve 

craters shown in Figures 6.1 and 6.2.  These include negative anomalies over the 

Acraman (due to fractured dacite target rocks and, possibly, the structural emplacement 

of granite into the central uplift), Shoemaker (fractured? granite in the central uplift), 

Wolfe Creek (sedimentary fill and allochthonous breccia) and Tookoonooka (cause 

unknown) structures.  The Gosses Bluff and Woodleigh structures are characterised by 

negative gravity responses with large central anomalies due to the uplift of denser 

sedimentary layers and crystalline basement basement rocks.  

 

The highly eroded Lawn Hill and Kelly West structures, which were both formed in 

Proterozoic basins, have fairly neutral gravity anomalies, where the small (1-2 mGal) 

gravity lows probably reflect normal density contrasts in the target lithologies.  The lack 

of a prominent negative anomaly over these two structures is not surprising as both have 

probably been eroded to a level where the impact probably did not alter the density of 

the target rocks greatly.   

 

Dominantly positive gravity anomalies are observed over four of the structures, 

Connolly Basin (2.5 mGal), Mount Toondina (1.5 mGal), Mulkarra (0.8 mGal) and 

Yallalie (5 mGal).  All of these structures were formed in clastic target rocks of a 
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Figure 6.1:  Residual Bouguer gravity profiles across Australian impact structures.  

The horizontal scale is determined by the size of the crater.  Ticks across the 

bottom of each section show the extent of the crater rim and central uplift. 
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Figure 6.2:  Residual Bouguer gravity profiles across Australian impact structures 

(continued).   
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 Phanerozoic sedimentary basin and, with the exception of Mount Toondina, all have 

either some crater fill or allochthonous breccia preserved.  Forward modelling studies of 

the gravity responses over these structures (Plescia et al., 1994; Shoemaker et al., 1989; 

this work) have all shown the primary cause of the positive anomalies to be due to 

structural uplift of denser, more consolidated sedimentary layers that do not have their 

density decreased by brecciation.  This effect is only likely to occur for impacts that 

were formed in wet sedimentary targets, where much of the shock can be taken up by 

the expulsion of volatiles and closing pore space.   

 

Furthermore, it is suggested that by collapsing pore space and removing volatiles, 

including water, the density of the wet, sedimentary target rocks might be locally 

increased by impact, enhancing the positive gravity response.  Such an effect may be 

required to explain the large gravity anomaly over the Yallalie structure.  A detailed 

study of the relative density of the target rocks within the central uplift of impact 

structures formed in wet target rocks with undeformed equivalents nearby is required to 

verify this claim.  Such an exercise would require access to numerous samples of drill 

core that will be prohibitively expensive to collect for a small research project. 

 

6.1.3  Magnetic signatures 

 

Profiles of the total magnetic intensity over 12 Australian impact structures are shown 

in Figures 6.3 and 6.4.  As before, regional field effects have been removed by an 

approximation using a first order polynomial fit to the data and the horizontal scale for 

each structure is determined by the diameter of the crater rim.  Ticks on the bottom of 

each profile show the position of the crater rim and the relative diameter of the central 

uplift.  

 

Based primarily on studies of craters formed in crystalline rocks, the definitive papers 

on the geophysical signatures of impact craters (Henkel, 1992; Pilkington and Grieve, 

1992) suggest that the main effect of extraterrestrial impact should be to reduce the 

magnetic susceptibility of the target rock, resulting in an overall magnetic low or 

subdued zone.  This effect can only be clearly seen at Acraman, which represents the 

only example presented here of an impact structure formed in crystalline target rocks 
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Figure 6.3:  Residual magnetic profiles across Australian impact structures.  The 

horizontal scale is determined by the size of the crater.  Ticks across the bottom of 

each section show the extent of the crater rim and central uplift. 
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Figure 6.4:  Residual magnetic profiles across Australian impact structures 

(continued). 
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that were magnetic prior to the impact event.  A partial demagnetisation of magnetic 

layers within the target rocks is also suspected at Kelly West and Shoemaker.  It is 

uncertain whether the demagnetisation observed at these sites is due to the effects of 

shock during the impact event or subsequent preferential weathering of rocks fractured 

by the impact.  Local magnetic highs are also expected over the central uplift, largely 

due to the resetting of remanent magnetism within impact melt or melt breccia (suevite), 

and possibly the structural uplift of magnetic basement.  These processes are probably 

the cause of the central magnetic anomalies observed over Gosses Bluff and 

Tookoonooka.   

 

Circular magnetic anomalies are found outside of the central uplift area of several 

impact structures shown in Figure 6.5.  All of these structures have been formed in 

either Phanerozoic sedimentary rocks or weakly-metamorphosed Proterozoic basins.  

The target rocks in these environments are often non- to weakly magnetic, and a low 

magnetic character is typical in the area surrounding these structures.  Four possible 

processes to create circular magnetic anomalies within impact structures are proposed, 

as shown on the schematic diagrams in Figure 6.6.   

 

Remanently magnetised continuous melt and suevite are interpreted as the primary 

cause of the central magnetic anomalies observed over the Reis (Pohl et al., 1977) and 

Chicxulub (Pilkington et al., 1994) structures.  However, both of these craters are peak-

ring craters and the majority of this material was deposited within the central basin of 

these structures.  For a central-peak complex crater it would be expected that melt and 

suevite would be primarily deposited as lenses within the layer of allochthonous breccia 

that surrounds the central uplift, and possibly be injected into the crater floor (Figure 

6.6a).  This material would produce a magnetic “ring” in the approximate position of 

the crater moat.  Hot magnetic melt and breccia have also been shown to generate local 

hydrothermal systems that can last several 10 ky (Osinski et al., 2001). These 

hydrothermal systems can create new magnetic minerals from non-magnetic sources of 

iron such as pyrite, biotite and glauconite.  While most impact-generated hydrothermal 

activity has been found within the central uplift, allocthonous breccia and overlying 

crater-fill (Osinski et al., 2000; Naumov, 2002), it is possible that hydrothermal fluids 

will be transported along other conduits, such as internal faults within the crater 

(Figure 6.6b).  Deeper magnetic sources could be expected as a result of this process.  
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These two processes will probably occur together, where the heat required to reset 

remanent magnetisation should be sufficient to drive a local hydrothermal system.  

Remanantly magnetised impact melt and post-impact hydrothermal activity are the most 

likely causes of the multiple ring-like anomalies associated with the Yallalie, Connolly 

Basin and Mount Toondina structures, as well as the Mjølnir structure in the Barents 

Sea (Tsikalas et al., 1998).   

 

A perfectly flat-lying magnetic unit, such as a dolerite sill, within a non-magnetic 

sedimentary sequence will not produce an anomaly that can be detected by a magnetic 

survey.  Deformation of the target rocks by the impact will change the dip and create 

truncations in this magnetic horizon to produce magnetic edges that can be detected 

(Figure 6.6c). A dolerite sill deformed in this manner is probably the cause of the 

circular magnetic anomalies observed at Foelsche.  Deformation of a magnetic 

sandstone unit is interpreted as the cause of circular anomalies at the Strangways 

structure.  Finally, magnetic material may be deposited into the crater by normal 

sedimentary processes after the impact event (Figure 6.6d).  While the magnetic 

response of Wolfe Creek can be partially explained by the drape of the survey, 

maghemite concentrated in sandy post-impact fill by wind swirling around the crater is 

interpreted as the source of the magnetic anomalies over the crater floor. 

 

6.1.4  Should we be able to identify impact craters from geophysical data alone? 

 

There are really two issues that need to be addressed here.  The first is whether it should 

be possible to categorically identify new impact structures purely on the weight of 

evidence supplied by geophysical data, particularly in cases where it is prohibitively 

expensive to collect samples to search for the petrographic and structural features that 

are currently accepted as the diagnostic criteria for the recognition if hypervelocity 

impact events.  To this question, Stewart (2003) suggests that if the data is high-

resolution 3D seismic, the answer should probably be “yes”. 

 

It is probably not possible to unambiguously identify an impact crater from one type of 

geophysical evidence alone, even one as powerful as 3D seismic.  Such a proposal is 

likely to be counter-productive for impact research as it would result in the proliferation 
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Figure 6.5: Residual magnetic images or profiles over impact structures displaying 

circular magnetic anomalies.  A dotted line shows the extent of each crater.  The 

scale bar below each image represents 1 km. 
 

 

Figure 6.6:  Processes for producing circular magnetic anomalies in impact 

structures (a) remanently magnetised impact melt / breccia, (b) hydrothermal 

alteration, (c) deformation of stratigraphic source, and (d) post-impact 

sedimentary fill.  
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of a large number of untested circular features that are interpreted as impact structures 

being given equal status to bona-fide structures that have been proven without doubt by 

diagnostic geological criteria.  It is possible, however, to build a strong argument for an 

impact origin by combining several pieces of secondary evidence, such as seismic 

interpretation with morphometric analysis (for example the ratio of central uplift to rim 

diameter) and potential field data.  While such an argument can not be considered 

unequivocal, structures that possess several pieces of secondary evidence to support an 

impact interpretation should be incorporated into global catalogues and lists of impact 

structures to raise awareness and stimulate further research into these sites.  However, it 

is appropriate that these structures are given a different classification to differentiate 

them from those that are proven by the presence of diagnostic minerals or shock-

metamorphic features. 

 

It is proposed that structures that possess several pieces of secondary (non-diagnostic) 

evidence to support an impact origin, including: identification of circular structure, 

interpretations of seismic, gravity or magnetic data, and morphometry, should be 

reclassified as “provisional” impact structures.  Such structures should have a status 

that is between “possible” (equivocal secondary evidence) and “probable” 

(identification of shock-metamorphic features). 

 

A second, perhaps less controversial, issue is to what extent should geophysical 

interpretations be used to estimate the dimension, particularly collapse crater diameter, 

of impact structures.  There can be little question of the importance of the role of 

geophysics in the initial targeting and further investigation of most of the 30% of 

terrestrial craters that are not exposed at the surface.  Geophysical techniques, when 

used correctly, can also be used effectively to predict the dimension, and vertical 

displacement, of the central uplift, the locations of other internal structures (for 

example, terraces) within the crater, the size of the transient cavity, the depth extent of 

deformation and the thickness of allochthonous breccia and crater fill. 

 

The interpretation of geophysical data can also be highly subjective, and it is possible 

for several different interpretations to be generated from the one data set.  The outer 

extent of concentric geophysical trends has been used by many workers to predict the 

“diameter” of impact structures, which has led to a great deal of controversy over the 
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size estimates of some of these structures.  Examples of this include the ongoing debate 

on the dimension of the Woodleigh (Mory et al., 2000; Reimold and Koeberl, 2000; 

Hough et al., 2003) and Acraman structures (Williams et al., 1996; Hawke, 2003).  Part 

of this problem also lies in the understanding of what is meant by the diameter of an 

impact structure.  In this treatise, outer “ring-faults”, which may be formed by events 

subsequent to impact such as soft sediment deformation or isostatic rebound of the 

crust, are not considered to define the outer extent of an impact structure (or collapse 

crater).  These features may not be able to be differentiated from the interpretation of 

geophysical data alone, but require input from other methods of estimating the scale of 

impact, such as morphological relationships to central uplift diameter and displacement, 

estimation of peak shock pressures from indicators sampled in the central uplift (Hough 

et al., 2003) or scaling of the thickness of ejecta (McGetchin et al., 1973). 

 

Finally, it is important to remember that all geophysics can do is predict the distribution 

of physical property variations beneath the surface. In order to be able to accurately 

identify and determine the geometry of a potential impact structure we must first 

understand how these properties will vary within the structure.  To date, there has been 

relatively little work to systematically determine the petrophysical property variations 

that occur within different target rock types as a result of hypervelocity impact, certainly 

in comparison to the extensive studies on the geological effects of shock 

metamorphism.  This thesis has not attempted to address this point.  What it does show, 

however, is that these physical property variations, and hence the geophysical 

signatures, are not consistent for all impact structures and that more work needs to be 

done to determine the effects of hypervelocity impact into different target rocks. 

 

6.2  Exploration potential of Australia’s known impact structures 

 

Assuming that the number of Australian impact craters associated with natural resource 

forming processes follows the global averages detailed in Chapter 3, it is expected that 

of the 30 probable and possible structures currently recognised, eight will show a 

demonstrable link to a natural resource.  It is also expected that about half of these 

resource deposits will be of sufficient quality to be economically exploited and that 1 or 

2 will be “world-class”, defined here as a resource that has a potential value in excess of 

US$1B.  To date, geographic links to exploited resources have only been found at two 
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Australian craters; between the Tookoonooka structure and the nearby Tintaburra and 

Kercummurra oilfields (Gostin and Therriault, 1997), and the Lawn Hill structure 

(Stewart and Mitchell, 1987) with the Century Zn-Pb deposit (Broadbent et al., 1998).  

However, a direct relationship to these resources is yet to be proven at both of the 

structures.  Resource forming processes have also been inferred to occur at Shoemaker 

(Pirajno et al., 2003) and Yallalie (Burton, 2002).   

 

Australia’s impact structures are generally poorly evaluated for their possible resource 

potential, with geological exploration by mining or petroleum companies either 

coincidental, or stopping soon after recognition of the impact origin of the structure.  As 

the largest of Australia’s known impact structures is less than 100 km in diameter, and 

no significant (km thick) melt sheets have been found, there is no chance that another 

Sudbury Mining Camp will have been formed by any of the structures discussed here.  

However, an evaluation of the exploration potential of these structures for other types of 

economic resources using criteria developed during the literature review is given in the 

following sections and is summarised diagrammatically in Figure 6.7. 

 

6.2.1  Hydrocarbons 

 

Of the nine structures formed within petroleum producing provinces in Australia, only 

Tookoonooka shows any possible link to a known oil or gas accumulation.  The 

Tintaburra oilfield shows a close correlation with a “canyon-like” feature just outside 

the rim of Tookoonooka (Young et al., 1989) that can be interpreted as part of a series 

of resurge channels formed as water rushed back into the shallow sea-floor where the 

impact occurred (Figure 6.8).  There does not appear to be any link between the 

Kercummurra field, also located close to Tookoonooka, with a similar canyon structure.  

By comparison to studies in the well-explored basins in North America, it is reasonable 

to expect that hydrocarbon accumulations may be found in half of the structures that 

were formed in petroleum producing sedimentary basins (Donofrio, 1998).  It is most 

likely that hydrocarbons will be found in structural traps within the central uplift, 

terraces or crater rim of the structures.  Hydrocarbon reservoirs may also be found in 

allochthonous breccia or ejecta deposits if they are preserved and an appropriate seal 
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Figure 6.7:  Distribution of impact structures and features suspected of impact 

origin overlain on a simplified tectonic map of Australia (geology courtesy of 

Geoscience Australia).  Named structures are described in detail in this text. 
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rock is present.  The results of an analysis of the potential of Australia’s impact craters 

to host a hydrocarbon resource is presented in Table 6.3. 

 

The most prospective structure for hydrocarbon exploration is Tookoonooka and its 

surrounding channel features (Figure 6.8).  There are several producing oilfields in the 

area, though all are located just outside the impact crater.  The nature of the “canyon-

like” features requires further investigation to see if their interpretation as resurge 

channels is justified.  If so, then sandy intervals within these gullies should be a valid 

reservoir.  The close spatial relationship between the Tintaburra oilfield and one of these 

canyon features implied by Young et al. (1989) also requires further investigation to 

determine whether there is any genetic link to the hydrocarbon accumulation.  There is 

only one residual oil show reported within the Tookoonooka structure itself, at Wilson 

River 1 in the southeastern corner of the structure (Gorter et al., 1989).  This well is 

located in a “hydrocarbon migration shadow” interpreted by Gorter et al. (1989) to have 

been caused by a decrease in permeability of the sedimentary rocks that were 

chaotically disrupted by the Tookoonooka event.  These authors also show that the 

seismic velocity of the rocks has decreased within the Tookoonooka structure, which 

suggests the rocks have been fractured and makes for an apparently conflicting 

argument.  Further petroleum exploration of structural traps in the crater rim and 

terraces and in the outlying resurge channels is warranted.  The central uplift of the 

Tookoonooka structure has been adequately tested as barren and lacking a seal by 

exploration well Tookoonooka 1.  Similar potential targets are untested at the Talundilly 

structure, although the impact origin of this structure and the presence of resurge 

channels are yet to be proven. 

 

While the target rocks immediately below the Yallalie structure lack maturity for the 

generation of hydrocarbons from kerogen (Economo, 1991), oil and gas has migrated 

into the target rocks, evidenced by the oil and gas occurrences at the nearby Dandaragan 

and Warro prospects.  The central uplift of the Yallalie structure has been adequately 

tested by Yallallie 1.  Bitumen residues around monazite grains taken from this well 

suggest that oil may have once moved through the central uplift.  If so, the lack of an 

adequate seal prevented this oil from accumulating.  Cypress Hill 1 tests a structural 

trap (terrace) on the flanks of Yallalie.  While no hydrocarbons were intersected, this 
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Figure 6.8:  Map of the Tookoonooka area showing the distribution of “canyon-

like” features surrounding the impact structure and nearby oilfields.  The crater 

rim is interpreted to coincide with the limit of the intera-Wallumbulla seismic 

horizon, marked as a dashed line (after Longley, 1989). 

 

Trap structures Name Basin Rank
(*) 

Oil or 
gasfield 
nearby? 

Mature 
source 
rocks 

Seal 
rocks 

preserved Central 
uplift 

Crater rim Other 

Connolly 
Basin 

Gunbarrel 4 no no no    

Gosses 
Bluff 

Amadeus 3 40km SE yes no Tested - failed Untested  

Mulkarra Eromanga 2 no untested yes Tested - failed Untested Central pit 

Mount 
Toondina 

Eromanga 4 no ? no Tested - failed   

Talundilly Eromanga 3 40km SSE yes ? Untested ?  

Tookoonook
a 

Eromanga 1 10km E yes ? Tested - failed Oil show(?) 
Resurge 

channels 

Wolfe Creek Canning 4 no no no    

Woodleigh Carnarvon 3 no ? ? Tested - failed Untested  

Yallalie Perth 2 40km N no(?) yes Tested - failed 
Inadequate 

test 
 

 

Table 6.3:  Hydrocarbon exploration potential of Australian impact structures 

formed in petroleum producing basins.  The prospectivity ranking (*) ranges from 

1 (high) to 4 (none). 
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hole failed to test the main reservoir rock, the Yarragadee Formation, stopping short in 

the overlying Parmelia Formation.  Oily residues found in cutting samples from Agaton 

1 and Agaton 3 during petrophysical studies suggest the movement of hydrocarbons 

also occurred near the flanks of the Yallalie structure.  

 

The Mulkarra structure is located in an area that has not been subjected to a high level 

of exploration activity; hence the potential for oil and gas in the region is not well 

defined.  The (peak-ring) central uplift of the Mulkarra structure was tested, 

unsuccessfully, by wildcat exploration well Crater 1.  Possible traps at the margins of 

the structure are also untested.  However, perhaps the most intriguing target within the 

Mulkarra structure is its central pit.  This appears to be filled with low density and 

seismically isotropic material that could represent a porous breccia reservoir.  The 

structure is overlain by the organic-rich Toolebuc Formation, which can potentially act 

as a source and seal (c.f. Oil Creek Formation, Ames structure; Koeberl et al., 1994).  

The main area of concern is the lack of an adequate source of heat for the generation of 

hydrocarbons.  Heating may have been provided by hot breccia or suevite within the 

central pit area, although unlikely to have had a great effect due to the relatively small 

size of the structure. 

 

Woodleigh is also located in an under-explored petroleum province.  Both the central 

uplift and allochthonous breccia lens of this structure were tested by the Geological 

Survey of Western Australia (Mory et al., 2001), with no trace of hydrocarbon being 

discovered.  Possible trap structures within the outer parts of crater are untested.  The 

centre of the Gosses Bluff structure has also been tested by several drillholes, however 

the lack of an effective seal over the central uplift meant that hydrocarbons were 

unlikely to have been retained.  Peak oil generation in the Amadeus Basin was around 

200 Ma, approximately 60 Ma before the impact event, implying that any oil preserved 

within the Gosses Bluff structure would have migrated from some other reservoir 

(Tingate et al., 1996).  However, some potential still remains for deeper traps in the rim 

of the structure.  

 

Possible reservoir rocks in the Connolly Basin, Mount Toondina and Wolfe Creek 

structures are exposed at the surface.  These structures have no potential for petroleum 

exploration. 
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6.2.2  Progenetic deposits 

 

The exploration potential of a structure for progenetic deposits is primarily defined by 

the likelihood of the target rocks to host a pre-existing mineral deposit.  The diameter of 

the structre is also important to determine whether the structural displacements that 

resulted from the impact event are large enough to expose a buried deposit or preserve a 

deposit from erosion at the surface. The potential of Australia’s impact craters to host a 

progenetic resource is summarised in Table 6.4. 

 

The world-class Century deposit (118 Mt at 10.2% Zn, 1.5% Pb and 36 g/t Ag; 

Broadbent et al., 1998) is located on the edge of an annulus shaped outcrop of (probably 

post-impact) Cambrian limestone that defines the present day extent of the Lawn Hill 

structure (Figure 6.9).  Primary mineralisation was deposited by metal-rich brines 

expelled from deep within the Proterozoic sediments during the early stages of basin 

reversal, at around 1570 Ma, with the metal deposited in a carbon-rich shale of the 

Lawn Hill Formation (Broadbent et al., 1998; Ord et al., 2002).  The Termite Range 

Fault was a primary conduit for the flow of mineralising fluids into the Century area.  

Several small, fault-hosted deposits are found around Century and are interpreted to 

have been deposited during the last stages of basin dewatering at 1510 Ma, with the 

brines then being focussed through fractures in the deformed sedimentary rocks.  Faults 

and unconformity surfaces define the edges of the Century deposit.  The Century 

mineralisation is believed to have initially covered an area two or three times its current 

size, although extensive exploration in the area has failed to locate any additional blocks 

(Broadbent et al., 1998).  Much of this work was centred along the strike of the Termite 

Range Fault. 

 

Exploration geologists working in the Century area rarely comment upon the probable 

impact origin of the Lawn Hill structure.  The author was working as a junior 

geophysicist on regional exploration in the Century area for CRA Exploration at a time 

(1992) when Gene Shoemaker visited the site to discuss its possible origin.  CRA’s 

geologists argued against an impact origin of the Lawn Hill structure, preferring a 

tectonic explanation for the preservation the annular-shaped outcrop of limestone.  

Arguments against impact included the lack of an appreciable amount of structural  
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Figure 6.9:  Geology of the Lawn Hill structure showing the spatial relationship to 

the Century Zn-Pb deposit and nearby fault-hosted lodes (modified from Sweet 

and Hutton, 1982) 

 
Name Diameter 

(km) 
Vertical 
uplift 

(1)
 

Rank
(*) 

Province Mineral 
potential 

Mineralisation 
nearby? 

Acraman 55 5.33 4 Gawler Craton - no 

Foelsche 6 0.55 3 McArthur Basin Zn, Pb no 

Goyder 15 1.30 3 McArthur Basin Zn, Pb no 

Kelly West 6.6 0.60 4 Tennant Creek  - no 

Lawn Hill 20 1.88 1 Mt Isa Inlier Zn, Pb, Ag yes 

Shoemaker 30 2.86 2 Earaheedy Basin 
Zn, Pb, Cu 

(Fe?) 
yes 

Strangways 26 2.47 4 McArthur Basin Zn, Pb no 

Yarrabubba 30? 2.86 ? Yilgarn Craton Au, Ni (?) ? 

               
(1)

  Uplift displacement calculated from:  SU = 0.086D
1.03

  (Grieve and Pilkington, 1996) 

 

Table 6.4:  Exploration potential of Australian impact structures for progenetic 

mineral deposits.  The prospectivity ranking (*) ranges from 1 (high) to 4 (none). 
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uplift, where the Proterozoic rocks that outcrop in the centre of the structure are at the 

same stratigraphic level as Century, and the identification of cone-in-cone concretionary 

features (not shatter cones) from samples of fine-grained sedimentary rock drilled in the 

central uplift.  However, the shatter cones and decorated PDFs presented by Stewart and 

Mitchell (1987) do provide conclusive evidence to support the positive identification of 

an impact.  A reinterpretation of outer rim of the Lawn Hill structure may indicate that 

part of the Century deposit is preserved within a downfaulted terrace block beneath the 

limestone. 

 

Sub-economic stratabound lead-zinc (Yelma Formation) and iron (Frere Formation) 

mineralisation is found near the Shoemaker structure (Pirajno et al., 2003).  Both of 

these stratigraphic units are exposed by the central uplift of the structure.  Modified 

greenstone of the Yilgarn Craton, which is found to host copper and gold mineralisation 

nearby, is interpreted from geophysics to be concealed by a thin layer of Quaternary 

overburden within the central uplift.  Given the small size and low grade of these 

occurrences, the Shoemaker structure is only considered to be of moderate prospectivity 

for progenetic orebodies. 

 

The other structures that are listed in Table 6.3 are formed in crystalline or Proterozoic 

basins that may be prospective for mineral exploration.  However, none of these 

structures are formed in target rocks that host known mineralisation, nor are there 

known mineral occurrences nearby.  These structures are given a very low to nil 

propectivity ranking.   

 

6.2.3  Water and sedimentary deposits 

 

The most important criteria for the exploration potential of water resources within 

impact structures is the presence of good reservoir rocks within the crater, a reliable 

water source (rainfall or terrestrial aquifer) and nearby infrastructure that can utilise the 

resource.  The third criteria rules out a high prospectivity for most impact structures 

within Australia.  The only structure that is considered to have a moderate degree of 

exploration potential is Yallalie.  This structure is located 200 km north of the city of  

Perth, which has a high demand for potable water.  The structure is inferred to affect the 

local hydrogeology, as evidenced by the exploratory drilling of the Agaton Borefield 
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(Passmore, 1969), though the highest pump test results were made at a site to the north 

of Yallalie.  A more immediate water use from Yallalie may come from perched 

aquifers within the post-impact sedimentary fill for use in local agriculture (Burton, 

2002). 

 

The restricted basins resulting from an impact can give rise to two main types of 

sedimentary deposits; organic-rich layers that may be used as fuel and deposits of 

chemical sediments that may have an industrial application.  Both types of deposit are 

really only valuable if there is a local market nearby.  Minor accumulations of mineral 

salts and gypsum are likely to be found in the post-impact fill of the Wolfe Creek 

Crater, which forms a restricted basin.  However, this structure is the main attraction of 

the Wolfe Creek National Park and of importance to the local indigenous people and 

this potential resource is unlikely to ever be quantified or exploited.  The crater fill 

deposits of the Mount Darwin Crater have been untested, however Howard and Haines 

(2003) report a layer of peat overlying fragments of Darwin glass (ejecta).  A thicker 

sequence of this organic material may be found within the crater itself.  

 

6.2.4  Impact diamonds 

 

The main prerequisite for the creation of impact diamonds is an adequate source of 

carbon in the target rocks.  In most of the structures where diamonds have been created, 

the carbon was originally found as graphite within crystalline (granitic) target rocks (eg 

Ries, Popigai).  However, it should also be possible for impact diamonds to be produced 

from coal and other carbon-rich lithologies.   

 

The only Australian structures with a possible source of carbon in the target rocks are 

Mount Toondina, Tookanooka and Yallalie, which have all had thin beds of coal 

intersected in the target lithologies.  All three structures have had holes drilled into the 

central uplift where the highest shock pressures, and hence greatest potential for 

creating diamond, would have been reached.  With the exception of Mount Toondina, 

no rigorous search for diamond fragments has been made.  Mount Toondina was 

examined as a possible diamond target, however, this was because the exploration 

company believed the structure was formed by a kimberlite intrusion (Middleton, 1997).  

No diamonds or, unsurprisingly, kimberlite indicators were found from the detailed 
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analysis of a number of surface cored samples taken from the centre of the structure 

(Remington Resources NL, 1998).  Soft, sedimentary rocks are likely to be a poor 

environment for the generation of impact diamonds, consequently the prospectivity of 

these structures is very low. 

 

6.2.5  Hydrothermal processes 

 

The potential for epigenetic deposits to be formed by impact-generated hydrothermal 

fluids relies on two key criteria; that metal enrichment was already present within the 

target (carbonate or metasedimentary) rocks and that the impact was sufficiently large to 

generate a hydrothermal cell capable of altering or remobilising this enrichment to form 

a deposit.  To date a local hydrothermal system associated with an impact structure in 

Australia has only been shown at Shoemaker (see reprint of Pirajno et al., 2003 in 

Appendix 1).  Remobilisation of minor carbonate-hosted Pb-Zn occurrences out to a 

distance of two crater diameters was inferred from fluid inclusion studies suggesting 

that a second hot hydrothermal event (peak temperatures of 300-360°C) post-dated the 

primary mineralising event and an apparent metal zonation from Pb-rich to Zn-rich 

outwards from the structure.  These deposits are generally small and of low grade, 

averaging less than 1-2% combined Pb and Zn.  Of greater economic potential is the 

possible upgrading of the granular iron formation that surrounds the central uplift of the 

Shoemaker structure.  Some secondary magnetite enrichment is inferred from the 

elevated magnetic response in the southeast corner of the structure. 

 

Potential also exists for the remobilisation of the abundant base metal accumulations 

that are found around the Lawn Hill structure.  While at least a dozen small epigenetic 

Pb-Zn lodes can be found within two crater diameters from the centre of the Lawn Hill 

structure, the genesis of these deposits is generally associated with late stage fluid flow 

from the tectonic events that produced the Century deposit (Broadbent et al., 1998).  

However, it would be an interesting exercise to determine whether all the remobilised 

Zn and Pb within the Century deposit is related to this hydrothermal event, or if some 

can be linked to a later event representing the impact that formed the Lawn Hill 

structure.   
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7.  CONCLUSIONS 

 

• A catalogue of 183 terrestrial structures of confirmed (by diagnostic shock 

metamorphic features or meteorite fragments), or possible impact origin has been 

compiled.  Where possible, this compilation has included details such as the type of 

crater, target rock, diagnostic features and morphometric parameters.  

• Past estimates of the rate of crater formation are made from a comparison to the 

Lunar impact record and crater counts in well-explored cratonic terrains on the Earth 

to be approximately 5.6 x 10
-15

 km
-2

yr
-1

 (craters per million square km formed in 

1 Ga) for structures greater than 20 km in diameter.  From this estimate of the 

terrestrial rate of crater formation, it is predicted that the Australian crater record is 

only partially complete, and between two and five times the current number of 

structures (30) are yet to be discovered. 

• Analysis of the shapes of 56 craters of different structural type suggests that the 

transitions from simple to central-peak and central-peak to peak-ring craters occur 

between 3 and 4 km and 25 to 40 km, respectively. 

• An updated catalogue of the natural resources associated with impact structures has 

been compiled.  This confirms the economic importance of impact structures.  

Approximately 18% of all terrestrial impact structures contain natural resources that 

are, or have been, economically exploited, and 10% are host to significant economic 

resources with an estimated value in excess of $US100M.  

• Digital data sets of geophysical data, primarily magnetic, gravity and seismic, over 

half of Australia’s known impact structures have been compiled from various 

government, industry and research organisations.  These data form the basis of the 

ten case studies presented in this work. 

• A revised estimate of the collapse crater diameter for the Acraman structure of 55 km 

is based on scaling relationships of ejecta thickness, morphometric interpolation from 

the diameter of the central uplift interpreted from geophysical data and the limit of 

disruption of the gravity field. 
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• No conclusive diagnostic evidence for meteorite impact has been identified at the 

Connolly Basin structure.  While there is strong secondary evidence to support the 

interpretation of an impact origin of the structure, it should not be given “probable” 

impact status.  Similarly, diagnostic shock metamorphic features have not been 

discovered at the Piccaninny structure. 

• Interpretation of the geophysical data over Mulkarra suggests this structure is a peak-

ring crater 19 km in diameter.  This makes it the smallest known peak-ring crater on 

the Earth which is interpreted to be due to the low strength of the unconsolidated 

sedimentary target rocks. 

• The surface expression of the Shoemaker structure appears to be elliptical with the 

central uplift slightly offset from the middle of the crater.  This is interpreted to be 

due to tilting of the structure prior to erosion and not evidence for an oblique impact.  

Inversion of the magnetic and gravity data provides a model that closely correlates 

with a geological section through the structure and constrains the three-dimensional 

geometry of central uplift and ring-syncline. 

• Forward modelling of gravity data over the Wolfe Creek Crater applying the density 

constraints used by Fudali (1979) yields apparent and true crater depths that are 30% 

greater than estimated by the morphometric relationships derived for simple impact 

craters.  By varying the density contrasts of the crater fill and breccia layers, an 

equally good fit of the gravity data can be achieved by constraining depth.  

• A detailed interpretation of 2D seismic and modelling of magnetic and gravity data 

over the Yallalie structure is presented.  A cross section constructed through the 

Mungedar breccia, interpreted as Bunte-type breccia or resurge deposit created by 

the impact event, constrain the timing of the impact to the Late Cretaceous (probably 

Santonian or Campanian).  Shattered quartz grains exhibiting planar-like fractures 

and matrix flow textures have been identified in the breccia by collaborative workers 

(Bevan et al., 2004).  These features are indicative, but not diagnostic, of impact.  

Despite the strong evidence in favour of an impact origin of the structure, by 

definition Yallalie must still be considered a “possible” impact structure. 
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• Despite more than one third of Australia’s known impact structures occurring in 

hydrocarbon-producing basins, seismic coverage is very limited and usually of poor 

to fair quality.  Nevertheless, most of the concealed structures in these basins were 

identified from local zones of seismic disruption or the removal of regional 

stratigraphic markers interpreted from the seismic data.  Some, but not all, of the 

structural features (crater rim, etc) of these structures can be interpreted from the 

available seismic data. 

• Several structures have been speculated to be of impact origin from the interpretation 

of seismic data alone.  These structures could be interpreted to possess most of the 

criteria proposed by Stewart (2003) for the recognition of impact structures from 

seismic data.  The Fohn structure has since been disproven, hence the criteria 

proposed by Stewart (2003) cannot be considered diagnostic. 

• Dominantly positive gravity anomalies are observed over four impact structures 

formed in clastic sedimentary rocks of a Phanerozoic basin (Connolly Basin, Mount 

Toondina, Mulkarra and Yallalie).  Three of these structures have crater fill or 

allochthonous breccia preserved.  The cause of these anomalies is interpreted to be 

the emplacement of denser, more consolidated sedimentary layers by the central 

uplift.  A decrease in density of the target rocks due to fracturing does not seem 

apparent in this target type.  This effect is likely to only occur in wet sedimentary 

targets where much of the shock can be taken up by the expulsion of volitiles and 

closing pore space. 

• The gravity response of highly eroded impact structures probably reflects density 

contrasts of the structurally displaced, but otherwise unchanged, target lithologies. 

• Circular magnetic anomalies are found outside of the central uplift area of six impact 

structures formed in the sedimentary rocks of Phanerozoic or weakly-

metamorphosed Proterozoic basins.  Four possible processes to create these 

anomalies are proposed: 

o Remanently magnetised melt surrounding the central uplift of a central-peak 

crater (Connolly Basin, Mount Toondina, Yallalie?). 

o New magnetic minerals created from iron-bearing sedimentary material by post-

impact hydrothermal systems focused along internal (terrace) faults within the 

structure (Connolly Basin, Mount Toondina, Yallalie). 
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o Deformation of a flat-lying magnetic unit, such as a dolerite sill, by the impact 

(Foelsche, Strangways). 

o Concentration of magnetic minerals in the sedimentary crater fill (Wolfe Creek).  

• While it is unlikely that impact structures can be unambiguously identified from a 

single piece of geophysical evidence alone, structures where an impact origin is 

strongly supported by several pieces of secondary evidence should be recognised in 

global catalogues and lists to raise awareness and stimulate further research. 

• It is proposed that structures that possess several secondary criteria for identification 

as an impact structure, including identification of circular structure, interpretations of 

seismic, gravity or magnetic data, and morphometry, such as the Yallalie and 

Silverpit structures, should be reclassified as “provisional” impact structures and be 

given a status between “possible” and “probable”. 

• An evaluation of the exploration potential of Australia’s known impact structures 

was made using criteria developed during the literature review. 

o There is no potential for melt-derived, massive sulphide deposits similar to the 

Sudbury Mining Camp. 

o Of the nine impact structures formed in petroleum producing basins, one 

(Tookanooka) is considered highly prospective and a further two (Mulkarra, 

Yallalie) have a moderate level of prospectivity.  The Gosses Bluff and 

Woodleigh structures have been largely tested for their petroleum potential 

without success, but possible traps remain untested in the outer margins of these 

structures.  The Talundilly structure is completely untested for its hydrocarbon 

potential. 

o Eight structures greater than 5 km in diameter are identified in known mineral 

provinces.  The giant Century Zn-Pb deposit occurs at the margin of the Lawn 

Hill structure.  The edges of this deposit are faulted, and potential exists for more 

of this mineralisation to be preserved within a rotated terrace block within the 

crater.  Pre-existing base-metal and iron enrichment also exists near and within 

the Shoemaker structure, although this is not of a sufficient grade to be 

economically exploitable.  While the Foelsche and Goyder structures occur 

within the McArthur Basin mineral province, there are no known mineral 

occurrences nearby. 
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o Yallalie is the only Australian structure that is formed near a large population 

centre and has a reliable source of water.  Crater fill within the structure is being 

assessed for perched aquifers that may be used for local agriculture.   

o Coal-bearing target rocks within the Mount Toondina, Tookanooka and Yallalie 

structures also have the potential to host impact diamonds.  However, it is 

considered that the soft, sedimentary target rocks in which these structures were 

formed are a poor environment for the generation of impact diamonds. 

o Remobilisation of sulphide mineralisation near the Shoemaker structure by an 

impact-generated hydrothermal system with peak temperatures in excess of 300-

360°C is inferred from fluid inclusion studies.  Potential also exists for the post-

impact hydrothermal remobilisation of the abundant base-metal occurrences near 

the Lawn Hill structure. 
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POSITION INFORMATION AND SUPPORTING CRITERIA         MORPHOMETRY (km)
Name Country Long Lat Diam Age (Ma) Criteria Erosion Type Target* RTRd RTRd(app) SUd SUh Dtrue Dapp 
Confirmed and probable
Acraman Australia 32 01'S 135 27'E 55 ~590 abefgx 7 complex? crystalline 60 55 18
Ames USA 36 15'N 98 12'W 15 470±30 begusxp (4)-5 cent-peak mixed 15 13 5
Amguid Algeria 26 05'N 04 23'E 0.45 0.1 abp 1-2 simple sedimentary
Aorounga Chad 19 06'N 19 15'E 12.6 <200 abxp sedimentary (17?) 12.6
Aouelloul Mauritania 20 15'N 12 41'W 0.39 3.1±0.3 4 simple sedimentary 0.384 0.384 0.101 0.43
Araguainha Brazil 16 47'S 52 59'W 40 243±19 6 peak-ring mixed 40 4.2
Avak USA 71 15'N 156 38'W 12 100±5 bguxp 6 cent-peak sedimentary 12 2.5 - 3 >0.5
Azuara Spain 41 10'N 00 55'W 30 <130 bg(p?) sedimentary
B.P structure Libya 25 19'N 24 20'E 3.2 <65 ap 6-7 cent-peak sedimentary 3.4 2.8 0.6
Barringer USA 35 02'N 111 01'W 1.186 0.049 abemxp 1 simple sedimentary 1.186 1.186 0.335 0.15
Beaverhead USA 44 36'N 113 00'W 60 Pre-C xp 7 crystalline
Beyenchime-Salaatin Russia 71 00'N 121 40'E 8 40±20 abx 3 cent-peak sed (dolomite)
Bigach Kazakhstan 48 34'N 82 01'E 8 6±3 abgxp 2? cent-peak crystalline 8 7
Boltysh Ukraine 48 45'N 32 10'E 24 95±10 abegxp 3 cent-peak crystalline 24 24 6 0.5
Bosumtwi Ghana 06 30'N 01 25'W 10.5 1.07 begup 3 cent-peak crystalline 10.5 10 1.4
Boxhole Australia 22 37'S 135 12'E 0.17 0.03 am 1 simple crystalline 0.17 0.17 0.017
Brent Canada 46 05'N 78 29'W 3.8 450±30 begp 4 simple crystalline 3.8 3.2 1.063 0.453
Calvin USA 41 50'N 85 57'W 8.5 7.2 bgup cent-peak sedimentary
Campo Del Cielo Argentina 27 38'S 61 42'W 0.05 0.004 am 1 -
Carswell Canada 58 27'N 109 30'W 39 115±10? abexp 7 complex? mixed 39 11
Charlevoix Canada 47 32'N 70 18'W 54 357±15 abexp 6 peak-ring mixed 55 54 28
Chesapeake Bay USA 37 17'N 76 01'W 90 35.5±0.6 bgup 3-(4) peak-ring mixed 90 85 35 >1.5 >0.5
Chicxulub Mexico 21 20'N 89 30'W 170 64.98±0.05 befgusp 4 peak-ring mixed 180-(300?) 170 80 >1.5 >0.9
Chiyli Kazakhstan 49 10'N 57 51'E 5.5 46±7
Chukcha Russia 75 42'N 97 48'E 6
Clearwater East Canada 56 05'N 74 07'W 26 290±20 ae(s) 4-(5) cent-peak crystalline
Clearwater West Canada 56 13'N 74 30'W 36 290±20 aex (4)-5 peak-ring crystalline 36 32 16
Cloud Creek USA 43 07'N 106 45'W 7 190±30 augp sedimentary 7 7 1.4 0.52
Connolly Basin Australia 23 32'S 124 45'E 9 <60 abg (5)-6 cent-peak sedimentary 9 9 1.9
Couture Canada 60 08'N 75 20'W 8 430 6 crystalline
Crawford Australia 34 43'S 139 02'E 8.5x3.5 Eoc-Olig? p oblique P_sed 8.5x3.5 0.08



POSITION INFORMATION AND SUPPORTING CRITERIA         MORPHOMETRY (km)
Name Country Long Lat Diam Age (Ma) Criteria Erosion Type Target* RTRd RTRd(app) SUd SUh Dtrue Dapp 
Crooked Creek USA 37 50'N 91 23'W 7 320 abxp 6 sedimentary 7 6 0.33
Dalgaranga Australia 27 40'S 117 17'E 0.024 <0.003 abm 1 simple - 0.24 0.24 0.0034
Decaturville USA 37 54'N 92 43'W 6 <300 bgxp 6 cent-peak mixed 6 6 1.7
Deep Bay Canada 56 24'N 102 59'W 13 <100 abp 4 cent-peak crystalline 13 13
Dellen Sweden 61 48'N 16 48'E 19 89±2.7 abep 6 crystalline
Des Plaines USA 42 03'N 87 52'W 8 <280 bgx(p?) ? sedimentary
Dobele Latvia 56 35'N 23 15'E 4.5 300±35 bux sed(dolomite)
Eagle Butte Canada 49 42'N 110 30'W 10 65 (19?) 10
Elbow Canada 50 59'N 106 43'W 8 gup sedimentary
El'gygytgyn Russia 67 30'N 172 05'E 18 3.5±0.5 aegp 2 crystalline 23 18 0.57
Flaxman Australia 34 37'S 139 04'E 10x1 Eoc-Olig? p(bx) oblique P_sed
Flynn Creek USA 36 17'N 85 40'W 3.8 360 ab(xp) 2 sedimentary 3.8 3.8 0.9 0.35 0.15
Foelsche Australia 16 40'S 136 47'E 6 NeoP agp 4 cent-peak crystalline 6.2 6.2 2.1
Gardnos Norway 60 39'N 09 00'E 4.5 ~500 absp 6 crystalline 5 4.5 0.35
Glasford USA 40 36'N 89 47'W 4 <430 bgux 6-7 sedimentary
Glover Bluff USA 43 58'N 89 32'W 8 Pre-C x 7 sed (dolomite)
Goat Paddock Australia 18 20'S 126 40'E 5.1 <50 abexp 4 sedimentary
Gosses Bluff Australia 23 49'S 132 18'E 24 142.5±0.8 abegxp 5 cent-peak sedimentary 24 24 4.5 2.2
Gow Canada 56 27'N 104 29'W 5 <200 6 cent-peak crystalline
Goyder Australia 13 28'S 135 02'E 15 <1400 asxp 7 cent-peak crystalline (15?) 7 3
Granby Sweden 58 25'N 14 56'E 3 470
Gusev Russia 48 26'N 40 32'E 3 49.15±0.18 abe 2 sedimentary 3 2.5x4 2 - 2.35 0.7 ~0.06
Gweni-Fada Chad 17 25'N 21 45'E 14 <345 ap sedimentary (>14?) 14 10
Haughton Canada 75 22'N 89 41'W 24 23 abgxp 3 peak-ring? mixed 24 24 ~10? 0.7 0.2 0.1
Haviland USA 37 35'N 99 10'W 0.015 <0.001 am - -
Henbury Australia 24 34'S 133 10'E 0.18 0.0042 abems 1 simple -
Hico USA 32 05'N 98 02'W 9 E. Tertiary ax 6-7? sedimentary 9 9 3
Highbury Zimbabwe 17 05'S 30 09'E 15 1034±13 abegp crystalline
Holleford Canada 44 28'N 76 38'W 2.35 ~550 abgp 4 mixed
Ile Rouleau Canada 50 41'N 73 53'W 4 <300 6 sedimentary
Ilumetsa Estonia 57 58'N 27 25'E 0.08 0.006 am
Ilyinets Ukraine 49 07'N 29 06'E 7.5 395±5 beguxp crystalline 7.5? 4.5 0.9



POSITION INFORMATION AND SUPPORTING CRITERIA         MORPHOMETRY (km)
Name Country Long Lat Diam Age (Ma) Criteria Erosion Type Target* RTRd RTRd(app) SUd SUh Dtrue Dapp 
Iso-Naakkima Finland 62 11'N 27 09'E 3 >1000 bgup crystalline
Janisjarvi Russia 61 58'N 30 55'E 14 698±22 exp 6 crystalline
Kaalijarvi Estonia 58 24'N 22 40'E 0.11 ~380BC abfm 1
Kalkkop South Africa 32 43'S 24 34'E 0.64 ~250 abesp
Kaluga Russia 54 30'N 36 12'E 15 380±10 begup 2 mixed (25?) 15 0.8
Kamensk Russia 48 21'N 40 30'E 25 49.15±0.18 abexp 2 sedimentary 25 (21?) 6.5 ~2
Kara Russia 69 06'N 64 09'E 65 70.3±2.2 begsx(p) 5 cent-peak? mixed 60 10
Kara-Kul Tajikistan 39 01'N 73 27'E 52 25 aep peak-ring crystalline
Kärdla Estonia 59 01'N 22 46'E 7 ~455 egup 3-4 mixed
Karikkoselka Finland 62 13'N 25 15'E 1.5 250 abgxp crystalline 1.5 1.5
Karla Russia 54 55'N 48 02'E 10 5±1 bx 4 sedimentary 12? 10 1
Kelly West Australia 19 56'S 133 57'E 12 NeoP abx 7 complex? P_sed (20)? 8 2
Kentland USA 40 45'N 87 24'W 13 <320 egusxp 7 mixed 13 3 0.6
Kgagodi Basin Botswana 22 29'S 27 34'E 3.4 ? egsp
Kursk Russia 51 42'N 36 00'E 6 250±80 bgu(p) 5 mixed
La Moinerie Canada 57 26'N 66 37'W 8 ~400 7 crystalline
Lappajarvi Finland 63 12'N 23 42'E 23 77.3±0.4 6 crystalline
Lawn Hill Australia 18 40'S 138 39'E 20 Pre-C a(bex) 7 cent-peak P_sed 20? 18 7.5
Liverpool Australia 12 24'S 134 03'E 3 >140 abp 3? P_sed
Lockne Sweden 63 00'N 14 49'E 7.5 ~455 be(p) cent-peak mixed (13.5?) 7.5 >0.55
Logancha Russia 65 31'N 95 56'E 14 25±20 abgxp 5-6 mixed 14 (20?) 0.55
Logoisk Belarus 54 12'N 27 48'E 15 40±5 begup 4 cent-peak mixed
Lonar India 19 58'N 76 31'E 1.83 0.052 2 simple crystalline 1.83 1.71 0.457 0.22
Lumparn Finland 60 09'N 20 06'E 9 >500 bgup(ex)
Macha Russia 60 06'N 117 35'E 0.3 0.01 am 1 -
Manicouagan Canada 51 23'N 68 42'W 100 212±1 abe 5 peak-ring crystalline 100 70 25.5 9.5
Manson USA 42 35'N 94 33'W 36 74 befgup 4 mixed 36 34 5.6
Maple Creek Canada 49 48'N 109 06'W 6 <75 gup
Marquez USA 31 17'N 96 18'W 12.7 58±2 beguxp 15? 12.7 3 1.2
Middlesboro USA 36 37'N 83 44'W 6 <300 axp(g) 7 sedimentary 6 6 0.4 0.3
Mien Sweden 56 25'N 14 52'E 9 121±2.3 6 crystalline
Mishina Gora Russia 58 43'N 28 03'E 4 360 abxp 5 mixed



POSITION INFORMATION AND SUPPORTING CRITERIA         MORPHOMETRY (km)
Name Country Long Lat Diam Age (Ma) Criteria Erosion Type Target* RTRd RTRd(app) SUd SUh Dtrue Dapp 
Mistastin Canada 55 53'N 63 18'W 28 38±4 aexp 5 cent-peak crystalline 28 16 5
Mizarai Lithuania 54 01'N 23 54'E 5 ~400 begux 5? crystalline 0.23
Mjolnir Norway 73 48'N 29 40'E 40 145±6 bfgu 4? cent-peak mixed 40 40 8 1.5 - 2
Montagnais O/S Canada 42 53'N 64 13'W 45 55.8±0.9 begusp 4 mixed 45 45 13.5 0.48
Monturaqui Chile 23 56'S 68 17'W 0.46 ~1 ab(m?) 2 crystalline
Morasko Poland 52 29'N 16 54'E 0.1 0.01 am 1
Morokweng South Africa 26 28'S 23 32'E 70 145±0.8 egusp 7 crystalline 70 30?
Mt Toondina Australia 27 57'S 135 22'E 4 <35 agx cent-peak sedimentary
Neugrund Estonia 59 20'N 23 40'E 8
New Quebec Canada 61 17'N 73 40'W 3.44 1.4±0.1 aep (2)-3 simple crystalline 0.25
Newporte USA 48 58'N 101 58'W 3.2 <500 bgup simple mixed
Nicholson Canada 62 40'N 102 41'W 12.5 400 6 mixed 12 2.5
Oasis Libya 24 35'N 24 24'E 18 <100 aep 7? sedimentary 18 5.1
Obolon Ukraine 49 35'N 32 55'E 20 169±7 beguxp (3)-4 cent-peak mixed 15 3.5 0.7-0.8
Odessa USA 31 45'N 102 29'W 0.168 <0.05 am 2 0.168 0.168 0.007
Ouarkziz Algeria 29 00'N 07 33'W 3.5 <70 abp 4 sedimentary 3.5 3.5 ? 0.1
Paasselka Finland 62 09'N 29 23'E 10 <1800 abgp crystalline
Piccaninny Australia 17 32'S 128 25'E 7 <360 ab crystalline
Pilot Canada 60 17'N 111 01'W 6 445±2 6 crystalline
Popigai Russia 71 39'N 111 11'E 100 35.7±0.2 abegsp 3 peak-ring mixed 100 ~85 35 (1.5??)
Presqu'ile Canada 49 43'N 74 48'W 24 >500 x(u) 7 crystalline 24 12?
Puchezh-Katunki Russia 56 58'N 43 43'E 32 220±10 besxp 4 pitted peak mixed 32 (80?) 10 0.2
Ragozinka (Rogozinskiy) Russia 58 44'N 61 48'E 9 55±5 bgxp crystalline
Red Wing Creek USA 47 36'N 103 33'W 9 ~200 bgux(p) 4 cent-peak sedimentary ~13 9 2.4 1
Riachao Brazil 07 43'S 46 39'W 4.5 ~200 4 sedimentary
Ries Germany 48 53'N 10 37'E 24 14.87±0.36 abegsxp 2 peak-ring mixed 25 24 12
Rio Cuarto Argentina 32 52'S 64 14'W 4.5 0.1
Rochechouart France 45 50'N 00 56'E 23 214±8 bexp 6 crystalline 23 15? 4
Rock Elm USA 44 43'N 92 14'W 6
Roter Kamm Namibia 27 46'S 16 18'E 2.5 3.7±0.3 abep (2)-3 simple mixed 2.5 2.5
Rotmistrovka Ukraine 49 00'N 32 00'E 2.7 140±20 beup 4 simple crystalline
Saaksjarvi Finland 61 24'N 22 24'E 6 ~560



POSITION INFORMATION AND SUPPORTING CRITERIA         MORPHOMETRY (km)
Name Country Long Lat Diam Age (Ma) Criteria Erosion Type Target* RTRd RTRd(app) SUd SUh Dtrue Dapp 
Saarijarvi Finland 65 17'N 28 23'E 1.5 >600
Saint Martin Canada 51 47'N 98 32'W 40 220±32 ae(p) 4 mixed
Serpent Mound USA 39 02'N 83 24'W 8 <320 ag(x) 7 cent-peak sedimentary 0.4
Serra da Cangalha Brazil 08 05'S 46 52'W 12 ~300 7 sedimentary
Shiyli Kazakhstan 57 51'N 49 10'E 5.5 46
Shoemaker (Teague Ring) Australia 25 52'S 120 53'E 31 1630±5 aegxp 7 cent-peak mixed 31 30 12
Shunak Kazakhstan 47 12'N 72 42'E 2.8 12±5 aep 3 crystalline 2.8 2.8 0.6
Sierra Madera USA 30 36'N 102 55'W 13 <100 abgxp 6 cent-peak sed (carbonate) 13 4 1.3
Sikhote Alin Russia 46 07'N 134 40'E 0.027 1947AD am 1 simple -
Siljan Sweden 61 02'N 14 52'E 52 ~368 7 mixed 52 52 22 4
Slate Islands Canada 48 40'N 87 00'W 30 ~436 begxp 5 crystalline 32 30 8
Sobolev Russia 46 12'N 138 54'E 0.053 <0.001 2 crystalline
Soderfjarden Finland 63 02'N 21 35'E 5.5 ~550 5 crystalline
Spider Australia 16 44'S 126 05'E 12 >700 x 7 cent-peak P_sed 12? 13x11 0.5
Steen River Canada 59 30'N 117 38'W 25 95±7 begup 4 mixed 25 23 7 >0.3
Steinheim Germany 48 41'N 10 04'E 3.8 14.87±0.36 abgx 3-4 cent-peak sedimentary 3.7 3.7 0.74
Strangways Australia 15 12'S 133 35'E 26 646±42 abegsxp 6 cent-peak crystalline 29 24 10 2.5
Suavjarvi Russia 63 07'N 33 23'E 16
Sudbury Canada 46 36'N 81 11'W 250 ~1870 begsxp 6 peak-ring crystalline >250? 60x27
Suvasvesi N Finland 62 42'N 28 10'E 4
Tabun-Khara-Obo Mongolia 44 06'N 109 36'E 1.3 150±20 abep 2? simple crystalline
Talemzane Algeria 33 19'N 04 02'E 1.75 <3 abp 2 sed (dolomite) 1.75 1.75 0.07
Tenoumer Mauritania 22 55'N 10 24'W 1.9 2.5±0.5 aep 2 crystalline 1.9 1.83 0.546 0.3
Ternovka (Terny) Ukraine 48 15'N 33 30'E 11 280±10 bexp(s?) 6 P_sed 11 8? 3.5
Tin Bider Algeria 27 36'N 05 07'E 6 <70 ap 7 sedimentary 0.5
Tookanooka Australia 27 07'S 142 50'E 55 128±5 begup 4 sedimentary 55
Tswaing (Pretoria Saltpan) South Africa 25 24'S 28 05'E 1.13 0.22 abesp 3 simple crystalline 1.13 1.13 0.2
Tvaren Sweden 58 46'N 17 25'E 2 455 bp mixed 3.5 2? 0.3
Upheaval Dome USA 38 26'N 109 54'W 10 ~65? ap(x) 7 cent-peak sedimentary 10 5
Ust-Kara Russia 69 15'N 65 23'E 25 70±2.2 bex sedimentary
Vargeao Dome Brazil 26 50'S 52 07'W 12 70
Veevers Australia 22 58'S 125 22'E 0.07 <0.02 abm simple -



POSITION INFORMATION AND SUPPORTING CRITERIA         MORPHOMETRY (km)
Name Country Long Lat Diam Age (Ma) Criteria Erosion Type Target* RTRd RTRd(app) SUd SUh Dtrue Dapp 
Vepriai Lithuania 55 05'N 24 35'E 8 160±30 bgx sedimentary
Viewfield Canada 49 35'N 103 04'W 2.5 200 bgup 2 simple sedimentary
Vredefort South Africa 27 00'S 27 30'E 300 ~2000 abgxp 7 complex? crystalline 210-(300)? 70?
Wabar Saudi Arabia 21 30'N 50 28'E 0.116 1863AD am 3? simple - 0.012
Wanapitei Canada 46 45'N 80 45'W 7.5 36 ae+ 5 crystalline
Wells Creek USA 36 23'N 87 40'W 12 ~200 bxg 7 sedimentary 0.8 - 1
West Hawk Canada 49 46'N 95 11'W 2.44 ~100 bep 4 simple crystalline 0.35
Wetumpka USA 32 31'N 86 10'W 6.5 82±2 abgsp(x) 6 mixed
Wolfe Creek Australia 19 10'S 127 48'E 0.875 0.3 aegms 2 simple crystalline 0.875 0.875 0.245 0.11
Woodleigh Australia 26 03'S 114 39'E 120 Dev-Jur bgup 5 complex? mixed
Yarrabubba Australia 17 10'S 118 50'E ~11 Archaean? apx 7 crystalline
Zapadnaya Ukraine 49 44'N 29 00'E 3.2 115±10 begu(p) 4-5 cent-peak crystalline
Zeleny Gai Ukraine 48 08'N 32 45'E 2.5 120±20 bgupx cent-peak? crystalline
Zhamanshin Kazakhstan 48 24'N 60 58'E 13.5 0.9±0.1? abeg(p) 3 complex? mixed

Possible - good supporting evidence (geophysics)
Amelia Creek Australia 20 55'S 134 50'E 20x12 Pre-C? b(x) P_sed
Mt Darwin Australia 42 18'S 145 40'E 1 0.74±0.4 aeg crystalline
Mulkarra Australia 27 52'S 138 56'E 17 105±3 gu 7 peak-ring sedimentary
Sianamwenda Zimbabwe 17 12'S 27 47'E 0.22 <3 a+ sedimentary
Silverpit North Sea 54 14'N 1 51'E 8 ~60 gu 3-4 cent-peak sedimentary 8 8 1.2
Snelling Australia 19 21'S 127 46'E 0.025 <0.005 ab
Talundilly Australia 24 44'S 144 37'E 30 128±5 gu sedimentary
Tom's Canyon O/S USA 39 08'N 72 51'W 15 35.5±0.6 gu sedimentary
Versailles USA 38 09'N 84 45'W 1.5 abg sed (limestone) 1.5 0.3 - 0.5
Yallalie Australia 30 27'S 115 46'E 12 ~90 bgu 4-5 cent-peak sedimentary 12.5 12 3.4



POSITION INFORMATION AND SUPPORTING CRITERIA         MORPHOMETRY (km)
Name Country Long Lat Diam Age (Ma) Criteria Erosion Type Target* RTRd RTRd(app) SUd SUh Dtrue Dapp 
Possible
Bedout NW Shelf (Aust) 90-(220) 253±5 gu sed (?)
Bee Bluff USA 29 02'N 99 51'W 2.4 <40 2 sedimentary
Camooweal Australia 30 >550 gu
Can-am USA 43 12'N 82 20'W 50 gu
Ewing O/S USA
Glikson Australia 23 59'S 121 34'E 16 ag(px) 7 crystalline
Gulpuliyul Australia 10 MesoP
Kilmichael USA
Lycksele Sweden 64 25'N 18 05'E ~130 Archaean g 7 crystalline



Criteria Erosion level Target
a geologic structure (rim, etc) 1 ejecta largely preserved *  the "target" refers to the geological
b impact breccia 2 ejecta partly preserved    material struck by the meteorite.
e impact melt 3 ejecta removed, rim partly preserved    Here "sedimentary" implies impact
f siderophiles in ejecta 4 rim largely eroded, crater fill preserved    into an Phanerozoic sedimentary basin.
g geophysical evidence 5 crater fill partly preserved    P_sed implies a Proterozoic sedimentary
m meteorite material 6 remnants of crater fill preserved,    target (where known)
s siderophiles in melt   crater floor exposed
u buried structure 7 crater floor removed, substructure exposed
x shatter cones     (after Pilkington and Grieve, 1992)
p planar deformation features

Changes from U. New Brunswick / GISP databases  Morphometry
magenta indicates suggested changes from literature review   pale blue text indicates reliable data, supported by seismic or drillhole evidence
blue indicates new structures added to database   bold black text indicates data quoted from international journals, without supporting evidence
red indicates structures that are not considered to possess   normal black indicates unconfirmed data quality
    criteria diagnostic of impact   red text indicates suspect data
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Petroleum well:  Agaton 3
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Petroleum well:  Cypress Hill 1
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Petroleum well:  Yallallie 1
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