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Presenter�
Presentation Notes�
Geoscience Australia has released a detailed, web-based colour map (at 1:5 000 000 and 1:10 000 000 scales) ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events (Sheets 1 and 2)’. This new map is the third and final component of the Proterozoic magmatic event series that show, for the first time, the geographic extent and age relationships of Proterozoic mafic and ultramafic rocks, and associated mineral deposits throughout the continent. The maps were produced in close collaboration with the State and Northern Territory geological surveys. 
 
Thirty major Proterozoic magmatic events are identified on the new map and a Time─Space─Event chart. Inset maps show the locations of mineral deposits and occurrences, and the distributions of Large Igneous Provinces (large volumes of coeval mafic magmatism). 

The major objective of this presentation is to promote the applications of the National map, which should be of interest to those explorers searching for nickel, platinum-group elements (PGEs), chromium, titanium, and vanadium; and it will be a fundamental resource for understanding the dynamic evolution of the Australian continent. 

Photographs: (top) bathymetric and topographic image of part of the Earth; (middle) mafic pillows with contaminated black margins in partly hybridised granite, Halls Creek Orogen, Western Australia; and (bottom) massive sulphides (pyrrhotite-grey, chalcopyrite-yellow, pentlandite-cream, magnetite-black), Voisey’s Bay Ni-Cu deposit, Canada.
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Where are the mafic-ultramafic magmatic systems?

Which Magmatic Events are the big ones?

Which Magmatic Events have ultramafic magmas?

Can crustal structures narrow the exploration focus?

Critical Questions for Explorers …Critical Questions for Explorers …

Presenter�
Presentation Notes�
Four critical questions relevant to explorers searching for nickel, copper, and platinum-group element deposits associated with mafic and ultramafic igneous rocks.�



Mafic-Ultramafic Rock Associated Mineral DepositsMafic-Ultramafic Rock Associated Mineral Deposits

Where are the 
Proterozoic
deposits?

Deposits:
Phanerozoic
Proterozoic
& Archaean

Presenter�
Presentation Notes�
Distribution of Archaean (brown) and Proterozoic (green) mafic-ultramafic rocks from solid geology datasets and associated mineral deposits (which have defined resources) and mineral occurrences (with no defined resources). The deposits and mineral occurrences shown are of Archaean, Proterozoic, and Phanerozoic ages. 

It can be inferred from the regional distribution of deposits that there is an apparent paucity of mineralisation associated with Proterozoic mafic-ultramafic rocks relative to Archaean and Phanerozoic provinces.
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Australian Ni-PGE discoveries 1962 to 2008Australian Ni-PGE discoveries 1962 to 2008

Presenter�
Presentation Notes�
Histogram summarising the discovery and mining period(s) of Australia’s nickel sulphide and platinum-group element deposits from 1962 to 2008. Some of the more significant deposits are indicated by red text. Many of the deposits were found during the initial phase of the industry from 1966 to 1974, whereas the period ~1974 to ~2002 is characterised by relatively low discovery rates. There is an indication that there is an increase in the discovery rate of komatiitic-hosted nickel deposits, in particular, after 2002. Those deposits containing low abundances of nickel (<0.15% Ni), or where nickel forms a minor by-product of other commodities, are not shown in this diagram. Data compiled from Marston (1984), Pratt (1996), Perring & Barnes (2002), Jaques et al. (2005), and Hoatson et al. (2006).

Marston, R.J., 1984. Nickel mineralization in Western Australia. Geological Survey of Western Australia, Mineral Resources Bulletin 14, 271 pp.

Pratt, R., 1996. Australia’s nickel resources. Bureau of Resource Sciences, Canberra, 52 pp.

Perring, C., Barnes, S., 2002. Nickel. CSIRO Exploration and Mining nickel www site at 
http://www.em.csiro.au/news/facts/nickel/aus_mine_history/aus_mine_history.htm

Jaques A.L., Huleatt, M.B., Ratajkoski, M., Towner, R.R., 2005. Exploration and discovery of Australia’s copper, nickel, lead, and zinc resources 1976–2005. Resources Policy 30, 168–185.

Hoatson, D.M., Jaireth, S., Jaques, A.L., 2006. Nickel sulfide deposits in Australia: Characteristics, resources, and potential. Ore Geology Reviews 29, 177–241.
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Identifying Fertile ProvincesIdentifying Fertile Provinces

Discovery Hill Gossan: Voisey’s Bay, Canada.
Most recent world-class Proterozoic nickel deposit found 1993

Photograph: Data Metallogenica

Presenter�
Presentation Notes�
Aerial view of Discovery Hill Gossan at the Voisey’s Bay nickel-copper sulphide deposit, Canada. This discovery, which occurred during an exploration program for diamonds in 1993, represents the most recent economic world-class (>1 million tonnes of contained nickel metal) Proterozoic nickel sulphide deposit found in the world. The 15+-year gap to the present day raises the obvious questions about the challenges of identifying fertile provinces and the discovery of further large deposits.

Photograph: Data Metallogenica, Vale (INCO).
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Proterozoic Mafic-Ultramafic Magmatic Events: 
Geoscience Australia Initiative to Assist Explorers

 

Proterozoic Mafic-Ultramafic Magmatic Events: 
Geoscience Australia Initiative to Assist Explorers

Timeframe of Project:

Phase 1 (2006): Western Australia

Phase 2 (2007): Northern Territory & South Australia

Phase 3 (2008): Australia

Phase 4 (2009): (1) Archaean mafic-ultramafic rocks of    
Australia, and                            
(2) Proterozoic Large Igneous Provinces

Presenter�
Presentation Notes�
Timeframe for the various stages in the ‘Proterozoic Mafic-Ultramafic Magmatic Events’ study. Two new studies are programmed for 2009, namely: (1) National compilation of Archaean mafic-ultramafic rocks; and (2) a detailed investigation of the mineral potential of Proterozoic Large Igneous Provinces in Australia.

Details of the Proterozoic Magmatic Events study can be found in Geoscience Australia Record 2008/15 by Hoatson et al. (2008), and also in short promotional articles that announced the release of the first two maps (Western Australia─2006; Northern Territory-South Australia─2007) in AUSGEO News issue 84: December 2006 (http://www.ga.gov.au/image_cache/GA9416.pdf), and AUSGEO News issue 87: September 2007 (http://www.ga.gov.au/image_cache/GA10538.pdf). 

The new National map and Record 2008/15 are described in AUSGEO News issue 91: September 2008 (http://www.ga.gov.au/image_cache/GA11664.pdf).

Hoatson, D.M., Claoué-Long, J.C., Jaireth, S., 2008. Guide to using the 1:5 000 000 map of Australian Proterozoic mafic-ultramafic magmatic events. Geoscience Australia Record 2008/15, 140 pp.
�



MethodsMethods
• Event:

 
Probable geological incident of significance that is 

suggested by isotopic, geological, or other evidence

• Characterisation of Proterozoic Mafic-Ultramafic Rocks:
 Province, Formation, Age, Rock Types, Bulk Composition, 

Setting, Mode of Occurrence, Thickness, Country Rocks, 
Mineralisation. ARC GIS 9.2 environment

• Input 1: Magmatic Event Criteria.
 

Several hundred, reliable 
(>90% U-Pb zirc/badd) ages of mafic & ultramafic rocks

• Inputs 2 & 3: Major Crustal Elements and Solid Geology Base 
Maps.

 
Economic potential → important to assess total areal 

extent/volume of magmatic system

Presenter�
Presentation Notes�
Methods and criteria used in the ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events’ study.

Definition of ‘Event’.

Parameters used for the ‘Characterisation of Proterozoic Mafic-Ultramafic Rocks’.

‘Input 1: Magmatic Event Criteria’–reliable geochronological data of mafic and ultramafic rocks are critical for defining Magmatic Events and regional spatial correlations of events.

‘Inputs 2 and 3: Major Crustal Elements and Solid Geology Base Maps’–these national datasets were used since they have important implications for mineral potential assessments.
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Input 1: GeochronologyInput 1: Geochronology

Stern (2006)

GA’s 2008 SHRIMP IIe

Williams (2008)

Presenter�
Presentation Notes�
Input 1: Magmatic Event Criteria.
The top photograph shows the new Sensitive High Resolution Ion Micro Probe (SHRIMP IIe) facility at Geoscience Australia. Perhaps the most important advance for the future will be the application, in quantity, of modern geochronology techniques to mafic-ultramafic rocks, a neglected target for geochronology in comparison with felsic igneous rocks, metamorphic terranes, and sedimentary basins. Also shown are three different types of images of sectioned zircon grains, namely: (left) cross-polarised transmitted light image showing vivid birefringence colours; (middle) reflected light image featuring small inclusions; and (right) backscattered electron image with small prominent ‘craters’ caused by the analysing beam. 

Stern, R., 2006. A time machine for Geoscience Australia. AUSGEO News 81, March 2006, 15–17. 
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Input 2: Major Crustal Elements

Inputs 2 & 3: Crustal Elements and Solid Geology MapsInputs 2 & 3: Crustal Elements and Solid Geology Maps

Shaw et al. (1995)

Presenter�
Presentation Notes�
Inputs 2 & 3: Major Crustal Elements and Solid Geology Base Maps.
The base map shown is a slightly modified version from the Australian Crustal Elements, 1:5 000 000 scale map by Shaw et al. (1995). This dataset delineates upper crustal elements that are based primarily on composite geophysical (magnetic and gravity) domains. The advantages of using such a dataset are a consistent coverage for the entire continent, and its attempt to show the spatial distribution of provinces in the third (vertical) dimension, i.e., under younger cover.

Regional solid geology base maps (indicated by black outlined regions) were used for the representation of the Magmatic Events. Western Australia, South Australia, New South Wales, Victoria, and Tasmania have state-wide solid geology coverages, but a variety of local and province (see Mount Isa region example) solid geology maps were used for Queensland and the Northern Territory. Solid geology datasets have the advantage of providing an insight into the total areal extent of rock units, and in some cases the total volumes of magmatic systems if the true thicknesses of stratigraphic units and amounts of erosion are known. The volume of the magmatic system can be an important criterion when targeting some mineralising systems (e.g., stratabound PGE layers like the Merensky Reef in the Bushveld Complex, South Africa). 
 
Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.�



Presenter�
Presentation Notes�
New Magmatic Events colour map from Geoscience Australia–‘Australian Proterozoic Mafic-Ultramafic Magmatic Events (Sheet 1 of 2)’. Details and data underpinning the map can be found in Hoatson et al. (2008).

The map can be downloaded free in pdf and jpg formats from Geoscience Australia at: http://www.ga.gov.au/map/index.jsp#mum

Hoatson, D.M., Claoué-Long, J.C., Jaireth, S., 2008. Guide to using the 1:5 000 000 map of Australian Proterozoic mafic-ultramafic magmatic events. Geoscience Australia Record 2008/15, 140 pp.
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Presenter�
Presentation Notes�
New Magmatic Events colour map from Geoscience Australia–‘Australian Proterozoic Mafic-Ultramafic Magmatic Events (Sheet 2 of 2)’. Details and data underpinning the map can be found in Hoatson et al. (2008).

The map can be downloaded free in pdf and jpg formats from Geoscience Australia at: http://www.ga.gov.au/map/index.jsp#mum

Hoatson, D.M., Claoué-Long, J.C., Jaireth, S., 2008. Guide to using the 1:5 000 000 map of Australian Proterozoic mafic-ultramafic magmatic events. Geoscience Australia Record 2008/15, 140 pp.
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Presenter�
Presentation Notes�
Enlarged northern part of the ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events (Sheet 1 of 2)’ map showing the spatial distribution of Proterozoic mafic and ultramafic rocks (colour coded to various Magmatic Events) in the North Australian Element. �



Savannah 
Ni-Cu-Co 

deposit

Panton 
PGE-Cr 
deposit

Presenter�
Presentation Notes�
Enlarged northern part of the ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events (Sheet 1 of 2)’ map showing the spatial distribution of Proterozoic mafic and ultramafic rocks (colour coded to Magmatic Event) in the North Australian Element (from slide #12). Photographs are examples of mineralisation from Palaeoproterozoic mafic-ultramafic intrusions in the Halls Creek Orogen, namely: (bottom) rhythmically layered PGE-bearing chromitite and olivine (replaced by white magnesite) cumulates in the Panton Intrusion; and (top) massive pyrrhotite-chalcopyrite-pentlandite sulphides, similar to that seen in the Savannah deposit (previously called Sally Malay deposit).
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Magmatic EventsMagmatic Events Major mafic-ultramafic rocks = bold colours
Minor mafic-ultramafic rocks with other rocks = pale colours

Presenter�
Presentation Notes�
Summary of the thirty Major Magmatic Events (informal names) defined in this study. Details of these Magmatic Events can be found in Hoatson et al. (2008).

Hoatson, D.M., Claoué-Long, J.C., Jaireth, S., 2008. Guide to using the 1:5 000 000 map of Australian Proterozoic mafic-ultramafic magmatic events. Geoscience Australia Record 2008/15, 140 pp.
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Time–Space–Event Chart: 30 Proterozoic EventsTime–Space–Event Chart: 30 Proterozoic Events

Presenter�
Presentation Notes�
The presence and correlation of the thirty identified Proterozoic mafic-ultramafic Magmatic Events in twenty-eight provinces are represented in the Time–Space–Event Chart on Sheet 2 of the new National map. The geological provinces are grouped under the ‘Major Crustal Elements’ (West Australian, Central Australia, South Australian, North Australian, and Tasman) adapted from Shaw et al. (1995).   

The Time–Space–Event Chart is a useful way of depicting the geological timing, duration, and spatial extent of geological events. It highlights interesting features about the lateral extent and frequency of Magmatic Events, and important correlations across provinces. For example, it can be seen that some events are isolated to one province, whereas others have widespread presence across many provinces (e.g., Gairdner Event ME 26 at ~825 Ma has been documented in nine provinces within the Central Australia and the South Australian Crustal Elements. In addition, the chart shows that some provinces have experienced multiple Magmatic Events (e.g., seven Magmatic Events affected the Central Gawler province from 1850 Ma to 1590 Ma). It also highlights the frequency and groupings of Magmatic Events, such as the prominent grouping of Magmatic Events in the Late Palaeoproterozoic (~1870 Ma to ~1590 Ma) which represents one of the most important geological periods of mafic±ultramafic magmatism in the Proterozoic evolution of Australia. 

Horizontal coloured bands indicate the presence of known Ni-PGE-Cr-V-Ti-(± Au-Cu-Ag) mineralisation within certain Magmatic Events, either in Australia or overseas. Six of the Australian Magmatic Events defined in this study (ME 1, 5, 6, 7, 19, and 26) are time-equivalent with important world Ni-Cu ± PGE deposits (e.g., ~2440 Ma Penikat in Finland; ~1918 Ma Raglan, ~1880 Ma Thompson, and ~1850 Ma Sudbury, all in Canada; ~1403 Ma Kabanga in Tanzania; and ~827 Ma Jinchuan in China).

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Time-Slice Maps of 30 Proterozoic Magmatic EventsTime-Slice Maps of 30 Proterozoic Magmatic Events

Presenter�
Presentation Notes�
Start Time-Slice Maps of thirty Proterozoic Magmatic Events (slides 16 to 47).

Distribution of ME 1 (mu) ~2455 Ma Weeli Wolli Event. Named after dolerite dykes and sills and basalt in the Weeli Wolli Formation, Pilbara province; correlative is Blackfellow Hill Pyroxenite in Central Gawler province.

The following series of Time-Slice Maps progress from the oldest Magmatic Event (ME 1) to the youngest Magmatic Event (ME 30). The spatial distribution of Magmatic Event 1 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 2 (mu) ~2420 Ma Widgiemooltha Event. Named after the Widgiemooltha mafic-ultramafic dyke swarm crossing the Yilgarn province; many un-named and undated mafic dykes assigned as Undefined Event may belong to this event.

The spatial distribution of Magmatic Event 2 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 3 (m) ~2210 Ma Turee Creek Event. Named after the only known dated occurrence of un-named dolerite dykes and sills near Turee Creek in Pilbara province.

The spatial distribution of Magmatic Event 3 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 4 (m) ~2015 Ma Stag Creek Event. Named after the basaltic component of the Stag Creek Volcanics in Pine Creek province; isolated correlative in the Pilbara province.

The spatial distribution of Magmatic Event 4 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 5 (m) ~1910 Ma Ding Dong Downs Event. Named after the Ding Dong Downs Volcanics in Kimberley province; correlated basalt in Bryah Basin overlying Yilgarn province.

The spatial distribution of Magmatic Event 5 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 6 (m) ~1870 Ma Bow River Event. Named after the Bow River nickel deposit hosted by un-named gabbro in the Tickalara Metamorphics in Kimberley province, and associated basalt and mafic intrusions; correlated Wangi Basics in Pine Creek province.

The spatial distribution of Magmatic Event 6 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995).

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 7 (mu) ~1850 Ma Sally Malay Event. Named after the Sally Malay (also called Savannah) mafic-ultramafic intrusion and correlatives in Kimberley province; minor gabbros in Tennant province, correlatives in East and Central Gawler provinces; basalt and dolerite sills in Yerrida Basin overlying Yilgarn province.

The spatial distribution of Magmatic Event 7 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 8 (mu) ~1830 Ma Edmirringee Event. Named after the Edmirringee Basalt in the Tennant province; geographically extensive but volumetrically minor metabasalt and metadolerite in the regional sedimentary rock packages of the Aileron, Tennant, and Tanami provinces, minor correlatives in the Kimberley and Pine Creek provinces.

The spatial distribution of Magmatic Event 8 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 9 (m) ~1810 Ma Mount Hay Event. Named after the Mount Hay Granulite and associated gabbro intrusions in the Aileron province; geographically extensive basalt elsewhere in the stratigraphy of the Aileron, Tennant, and Tanami provinces; minor correlatives in the Eastern Gawler province.

The spatial distribution of Magmatic Event 9 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 10 (m) ~1780 Ma Hart Event. Named after dolerite and basalt within the Kimberley province; possible extension of this LIP to the south and southeast encompasses time-equivalent magmatism in eight other provinces across the West, North, and South Australian Crustal Elements, and in Central Australia.

The spatial distribution of Magmatic Event 10 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 11 (m) ~1750 Ma Lunch Creek Event. Named after the Lunch Creek Gabbro in Mount Isa province and associated mafic intrusions; correlatives in the Eastern Gawler province.

The spatial distribution of Magmatic Event 11 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 12 (m) ~1720 Ma Oenpelli Event. Named after the Oenpelli Dolerite in the Pine Creek province; correlated basalt and mafic sills in parts of the stratigraphy of McArthur and Mount Isa provinces.

The spatial distribution of Magmatic Event 12 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 13 (m) ~1680 Ma Woman-in-White Event. Named after the Woman-in-White Amphibolite in Curnamona province; widespread correlatives in Curnamona and Central Gawler provinces, and the Warumpi, Aileron, Mount Isa, and Georgetown provinces in northern Australia.

The spatial distribution of Magmatic Event 13 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 14 (m) ~1655 Ma Lane Creek Event. Named after un-named sills and basalt associated with the Lane Creek Formation in the Georgetown province; minor basalt correlatives known in the Central Gawler province.

The spatial distribution of Magmatic Event 14 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 15 (mu) ~1635 Ma Andrew Young Event. Named after the Andrew Young Hills gabbro intrusion and numerous associated mafic and ultramafic intrusions in the Warumpi and southern Aileron provinces; correlatives in the South and Central Gawler provinces.

The spatial distribution of Magmatic Event 15 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995).

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 16 (mu) ~1590 Ma Curramulka Event. Named after the Curramulka gabbronorite in East Gawler province; correlated mafic magmatism throughout the South Australian Crustal Element; minor correlatives in North Queensland, Mount Isa and McArthur provinces.

The spatial distribution of Magmatic Event 16 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 17 (m) ~1530 Ma Saxby Event. Named after only known occurrence of small gabbro and dolerite bodies associated with the ~1530 Ma Saxby Granite, Mount Isa province.

The spatial distribution of Magmatic Event 17 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 18 (m) ~1465 Ma Bangemall Event. Named after only known dated occurrence of dolerite sills in the Bangemall Supergroup of the Capricorn province.

The spatial distribution of Magmatic Event 18 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 19 (mu) ~1415 Ma Loongana Event. Named after the only known dated occurrence of the Loongana mafic-ultramafic intrusion in the basement to the Officer Basin.

The spatial distribution of Magmatic Event 19 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 20 (mu) ~1310 Ma Fraser Event. Named after dated mafic intrusions in the Albany-Fraser province; correlative is the Derim Derim dolerite sills in the McArthur province.

The spatial distribution of Magmatic Event 20 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presenter�
Presentation Notes�
Distribution of ME 21 (m) ~1210 Ma Marnda Moorn Event. Named after extensive coeval dolerite dyke swarms and sills, with variable emplacement orientations in the Yilgarn and Pinjarra provinces. 

The spatial distribution of Magmatic Event 21 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 22 (m) ~1180 Ma Pitjantjatjara Event. Named after only known dated occurrence of gabbro intrusion and associated mafic granulite associated with granitic rocks of the Pitjantjatjara Supersuite, Musgrave province.

The spatial distribution of Magmatic Event 22 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 23 (mu) ~1135 Ma Mordor Event. Named after the sub-circular Mordor ultramafic-mafic intrusion in the Aileron province; only other known occurrence is the northeast-trending Lakeview dolerite dykes in the Mount Isa province.

The spatial distribution of Magmatic Event 23 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 24 (mu) ~1070 Ma Warakurna Event. Named after time-equivalent magmatism in an east-trending belt that includes the Musgrave province and crosses the West Australian Crustal Element; dolerite dykes in the southern margin of the North Australian Crustal Element.

The spatial distribution of Magmatic Event 24 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 25 (m) ~975 Ma Elizabeth Hills Event. Named after only known dated occurrence of un-named dolerite dykes near Elizabeth Hills in the western Aileron province.

The spatial distribution of Magmatic Event 25 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 26 (m) ~825 Ma Gairdner Event. Named after the northwest-trending Gairdner Dyke Swarm traversing the South Australian Crustal Element and the Musgrave and Paterson provinces of the Central Australia Crustal Element; basalt lavas in the basal stratigraphy of the Adelaide and Amadeus provinces; and possible correlatives in the Paterson province. 

The spatial distribution of Magmatic Event 26 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 27 (m) ~775 Ma Boucaut Event. Named after only known dated occurrence of the Boucaut Volcanics near the southeastern margin of the Adelaide province.

The spatial distribution of Magmatic Event 27 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 28 (m) ~755 Ma Mundine Well Event. Named after only known dated occurrence of the Mundine Well Dolerite dyke in the Pilbara province; other dykes in the Pilbara and Capricorn provinces could belong to this event.

The spatial distribution of Magmatic Event 28 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 29 (mu) ~575 Ma Skipworth Event. Named after mafic-ultramafic volcanics (Skipworth Subgroup) on King Island; other isolated dated occurrences of basalt and dolerite east of the Tasman Line in Tasmania and New South Wales; also dolerite and gabbro pods within the Princhester Serpentinite in Queensland. Other fault-bounded occurrences of mafic-ultramafic rocks in the Tasmanides are undated and could belong to this, or later Phanerozoic, events.

The spatial distribution of Magmatic Event 29 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of ME 30 (m) ~520 Ma Kalkarindji Event. Named after extensive basaltic lavas and associated sills across the North Australian and Central Australia Crustal Elements; intrusions in the Kimberley and Irindina provinces.

The spatial distribution of Magmatic Event 30 is depicted by bright red colours. With the introduction of the next Magmatic Event this colour reverts to the colour depicted on the published National map. For each Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Presentation Notes�
Distribution of Undefined Event (age unknown).

Where there is no published age for a mafic-ultramafic unit shown on the Map, or if its age is doubtful, or inconsistent with its field relationships, the unit is assigned as Undefined Event. The distribution of the Undefined Event is depicted by bright red colours. With the introduction of the next slide (#47) this colour reverts to the colour depicted on the published National map. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). 

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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All 30 Magmatic Events (and Undefined Event)

Presenter�
Presentation Notes�
End Time-Slice Maps of thirty Proterozoic Magmatic Events (slides 16 to 47).

Distribution of all thirty Magmatic Events (and Undefined Event).

The final colours for the Magmatic Events shown here are those depicted on the new National map ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events (Sheets 1 and 2)’. Isolated occurrences of dated Magmatic Events with no defined extent (e.g., from drillcore) are shown as coloured dots. The boundaries of the Major Crustal Elements and Provinces are indicated by pink lines (modified after Shaw et al., 1995). Details and data underpinning the new National map can be found in Hoatson et al. (2008).

Hoatson, D.M., Claoué-Long, J.C., Jaireth, S., 2008. Guide to using the 1:5 000 000 map of Australian Proterozoic mafic-ultramafic magmatic events. Geoscience Australia Record 2008/15, 140 pp.

Shaw, R.D., Wellman, P., Gunn, P., Whitaker, A.J., Tarlowski, C., Morse, M., 1995. Australian Crustal Elements (1:5 000 000 scale map) based on the distribution of geophysical domains (version 1.0, November 1995). Australian Geological Survey Organisation, Canberra.
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Five-Event Dyke Chronology: Canada

Buchan & Ernst (2004)

Presenter�
Presentation Notes�
Another continental-scale map that is similar in style to the maps produced from this study. The 1:5 000 000 map shows the spatial distribution of Proterozoic mafic-ultramafic magmatism in Canada and adjacent regions (Buchan & Ernst, 2004). Dyke swarms and minor intrusions on the map are colour coded to five broad time groups, namely: Archaean, Palaeoproterozoic, Mesoproterozoic, Neoproterozoic, and Phanerozoic. Poorly Constrained units constitute a sixth category.

Buchan, K.L., Ernst, R.E., 2004. Diabase dyke swarms and related units in Canada and adjacent regions. Geological Survey of Canada, Map 2022A, scale 1:5 000 000.�



Large Igneous Provinces: 
Potential for ‛Noril’sk-type’ Ni-Cu-PGE Deposits

 

Large Igneous Provinces: 
Potential for ‛Noril’sk-type’ Ni-Cu-PGE Deposits

Large Igneous Provinces (LIPS):
• Large volumes of coeval mafic-dominated

 
magmas (flood 

basalts, dyke swarms & sills, intrusions)
• Indicators of: thermal mantle plumes, rift environments 

regional-scale uplift, continental breakup, Ni-Cu-PGE 
mineralisation events

Exploration Criteria:
- Continental-scale flood basalt provinces
- Controlling faults, magma plumbing systems, feeder conduits
- Depletion of chalcophile metal elements coincident with 

geochemical signatures (Th/Nb, La/Sm) of crustal contamination

Presenter�
Presentation Notes�
Summary of the major features of Large Igneous Provinces (LIPS) and some typical exploration criteria used for investigating these greenfields-type environments.�



LIPs – Large Igneous ProvincesLarge Igneous Provinces

Presenter�
Presentation Notes�
Interpreted spatial distribution of five Large Igneous Provinces (LIPs) defined in this study. These magmatic provinces are characterised by large volumes of coeval magmatism (generally mafic composition) that covered extensive areas at various times during the Proterozoic and early Phanerozoic. The magmatism is generally attributed to mantle plume activities in the form of continental flood basalts, giant swarms of dolerite dykes and sills that may be feeders to the basalts, and extensive regions of massive and layered mafic±ultramafic intrusions.

The ~520 Ma Kalkarindji LIP is modified after Glass & Phillips (2006); ~825 Ma Gairdner LIP is modified after Zhao et al. (1994); ~1070 Ma Warakurna LIP is modified after Wingate et al. (2004); ~1210 Ma Marnda Moorn LIP is modified after Wingate & Pidgeon (2005); and ~1780 Ma Hart LIP is modified after Tyler et al. (2006), with possible extensions of its spatial distribution indicated by the dotted lines.

Glass, L.M., Phillips, D., 2006. The Kalkarindji continental flood basalt province: A new Cambrian large igneous province in Australia with possible links for faunal extinctions. Geology 34, 461–464.

Wingate, M.T.D., Pidgeon, R.T., 2005. The Marnda Moorn LIP, a late Mesoproterozoic large igneous province in the Yilgarn craton, Western Australia. July 2005 LIP of the Month (unpub). Large Igneous Provinces Commission, International Association of Volcanology and Chemistry of the Earth’s Interior, 6, pp. http://www.largeigneousprovinces.org/05july.html

Wingate, M.T.D., Pirajno, F., Morris, P.A., 2004. Warakurna large igneous province: A new Mesoproterozoic large igneous province in west-central Australia. Geology 32, 105–108.

Tyler, I.M., Sheppard, S., Pirajno, F., Griffin, T.J., 2006. Hart-Carson LIP, Kimberley region, northern Western Australia (unpublished). August 2006 LIP of the month. Large Igneous Province Commission, International Association of Volcanology and Chemistry of the Earth’s Interior www site, 1–8. http://www.largeigneousprovinces.org/06aug.html.

Zhao, J.-X., McCulloch, M.T., Korsch, R.J., 1994. Characterisation of a plume-related ~800 Ma magmatic event and its implications for basin formation in central-southern Australia. Earth and Planetary Science Letters 121, 349–367.�



Correlation of Proterozoic Magmatic Events Correlation of Proterozoic Magmatic Events 
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Presenter�
Presentation Notes�
Slide shows the distribution of the major nickel sulphide and PGE deposit types in the world with geological time. The most significant deposits can be grouped into four broad associations: komatiitic, tholeiitic-basal, tholeiitic-stratabound, and astrobleme-related. Some deposits, such as the flood basalt associations at Noril’sk (sub-volcanic sills) and Duluth Complex (intrusion), are grouped here into the basal association for convenience. Hoatson et al. (2006) provide details of this classification.

Basal nickel-copper sulphide deposits associated with tholeiitic magmatic systems occur throughout the geological time record, whereas the komatiite association appears to be restricted to the ~1920 Ma–1880 Ma period (e.g., Canadian deposits) and also in the Archaean around ~2700 Ma and ~2900 Ma (e.g., Australian and Canadian deposits). The concentration of different types of nickel deposits forming during a particular geological period defines three major global nickel metallogenic events (shown by horizontal yellow bands) at ~2060 Ma to 1840 Ma, ~2705 Ma to 2690 Ma, and ~3000 Ma to 2875 Ma. Several of the major Magmatic Events (ME) defined in this study (indicated by yellow text at right) appear to correlate in time with major world nickel and platinum-group element deposits (shown by green numbers) and with global superplume events (red balloon symbol). The geological periods of the major superplume events are from Abbott & Isley (2002). 

Abbott, D.H., Isley, A.E., 2002. The intensity, occurrence, and duration of superplume events and eras over geological time. Journal of Geodynamics 34, 265–307.

Hoatson, D.M., Jaireth, S., Jaques, A.L., 2006. Nickel sulfide deposits in Australia: Characteristics, resources, and potential. Ore Geology Reviews 29, 177–241.
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Proterozoic Magmatic 
Ni-Cu-PGEs: Exploration
NICKEL:
• focus: mafic intrusions
• small to large tholeiitic bodies
• massive sulphides
• basal contacts, feeder conduits
• high-magma flux zones

PGEs:
• focus: ultramafic-mafic intrusions
• >1000 concentration factor
• giant magmatic systems
• high-Mg primitive magmas
• late S saturation
• crustal contamination, magma mixingOutcropping massive Ni-Cu sulphides, 

Voisey’s Bay (Burrows: Vale-Inco)

Presenter�
Presentation Notes�
Important parameters for exploring Proterozoic magmatic (1) nickel sulphide deposits, and (2) platinum-group element (PGE) deposits.

Background photograph: Glacially striated, polished, massive sulphide outcrop on top of the Ovoid deposit showing ‛loop textures’ of chalcopyrite (greenish) and pentlandite (scattered blockier white crystals) surrounding pyrrhotite (brown), Voisey’s Bay nickel-copper deposit, Labrador, Canada (photographer Steve Tilley–Vale-Inco; photograph taken August 2004).
�



Nickel and PGE Deposits: Mafic-Ultramafic IntrusionNickel and PGE Deposits: Mafic-Ultramafic Intrusion

Note: Schematic Spatial Distribution Only

Presenter�
Presentation Notes�
Distribution of nickel sulphide and platinum-group element deposits associated with a ‘tholeiitic’ mafic-ultramafic intrusion. Note this is a schematic representation only summarising the broad spatial distribution of the deposits within an idealised differentiated intrusion. No importance should be placed on the gross shape of the intrusion, nor should any genetic implications for the origin of the deposits be inferred from this diagram. 

The major types of deposits shown are orthomagmatic (stratabound, basal contact-feeder conduit settings, ‘breccia pipes’) and surficial (laterite, placer). The distribution of Australian deposits (green upright text) includes Munni Munni, Radio Hill, and Mt Sholl from the west Pilbara Craton (Hoatson et al., 1992; Hoatson & Sun, 2002), Carr Boyd Rocks from the Yilgarn Craton (Purvis et al., 1972), and Panton, Lamboo, Sally Malay, and Eastmans Bore from the Halls Creek Orogen, East Kimberleys (Hoatson & Blake, 2000). Overseas deposits (blue italics: after Naldrett, 1993) include the Merensky Reef and UG-2 of the Bushveld Complex, South Africa; the J–M Reef and Picket Pin of the Stillwater Complex, Montana, USA; the MSZ (Main Sulphide Zone) of the Great Dyke, Zimbabwe; S-J Reef of the Penikat Intrusion, Finland; Jinchuan Deposit of the Jinchuan Intrusion, China; and Voisey’s Bay Deposit, Canada (after Naldrett, 1997). Other deposits shown include: Nebo-Babel, Haran (Musgrave Orogen, Australia); Gilgarna Rock, Jimberlana, Weld Range, Windimurra (all Yilgarn Craton, Australia); Attutra (Arunta Province, Australia); Stella (Stella Intrusion, South Africa) Freetown (Freetown Intrusion, West Africa); Panzihua (China); and Platinova Reef (Skaergaard Intrusion, Greenland).

Diagram modified from: Hoatson, D.M., Jaireth, S., Jaques, A.L., 2006. Nickel sulfide deposits in Australia: Characteristics, resources, and potential. Ore Geology Reviews 29, 177–241.
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Preliminary Findings from National StudyPreliminary Findings from National Study
• Thirty major Proterozoic magmatic events:

 tholeiitic mafic>>>ultramafic;
 

komatiitic systems not identified; 
protracted tholeiitic magmatism 1870 to 1590 Ma (35% of all events)

• Nine Magmatic Events are mineralised: six are coeval with 
major overseas deposits (~827 Ma Jinchuan, 1850 Ma Sudbury)

• Apparent deficit of significant Proterozoic mineralisation 
discovered, but Magmatic Events have mineralised correlatives 
elsewhere in the continent

 
(1070 Ma Giles Event in WA & SA-NT) & 

high % of Prot intrusions under shallow cover & untested

• Large volume, continent-wide igneous provinces
 

(>1 x 106

 km2)
 

~1790 Hart;  ~1210 Marnda Moorn;
 

~1070 Ma Warakurna;        
~825 Ma Gairdner;   ~520 Ma Kalkarindji

Presenter�
Presentation Notes�
Preliminary conclusions from the ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events’ study.�



Where are the mafic-ultramafic magma systems?
• continent-wide spatial & temporal correlations
• potential under cover

Which Magmatic Events are the big ones?
• Large Igneous Provinces
• several Magmatic Events correlate continent-wide

Which Magmatic Events have ultramafic magmas?
• 11 Magmatic Events have an ultramafic component

Can crustal structure narrow the exploration focus?
• clear relationships with Major Crustal Elements
• LIPs feeder focus in Central-Western Australia

Critical Questions for Explorers… RevisitedCritical Questions for Explorers… Revisited

Presenter�
Presentation Notes�
Repeated from slide #2. Four critical questions relevant to explorers searching for nickel, copper, and platinum-group element deposits associated with mafic and ultramafic igneous rocks. Findings from the ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events’ maps can assist in answering (see dot points on slide #55) these questions.
�



Modified after Schulz & Cannon (1997)

4. Surface Setting: 
Depleted basalts → vectors for 
sulphide separation at depth

3. Sub-Volcanic Setting: 
Suphides scavenge Ni, Cu, 
PGEs in high-level 
contaminated sills (Noril’sk)

2. Intrusive Setting: Late S 
saturation of magma in 
chamber → stratabound PGE 
layer

 
(Merensky Reef, Munni 

Munni); early S saturation →
 massive Ni-Cu sulphides at 

basal contact & feeder conduit 
(Voisey’s Bay, Sally Malay)

1. Mantle Setting: 
Fertile magmas derived from 
melting of mantle plume

Basic Concepts: 
Formation of 

Tholeiitic 
Ni-Cu±PGE 

Sulphide Deposits

Presenter�
Presentation Notes�
Schematic diagram showing the basic concepts for the formation of magmatic Ni-Cu±PGE sulphide deposits associated with tholeiitic mafic-dominated magmas. (1) The formation of these deposits commences with fertile mafic magmas derived from the partial melting of hot mantle plumes deep within the Earth. The fertile basaltic magmas are relatively rich in metals but poor in sulphur. (2) The migrating magmas rise upwards and generally form magma chambers in the middle and upper levels of the crust. The basaltic magmas may interact with the surrounding crustal rocks and become contaminated with sulphur. If sulphur saturation occurs, droplets of sulphide liquid will form and scavenge the chalcophile metals platinum (Pt), palladium (Pd), nickel (Ni), and copper (Cu) from the magmas. If these sulphide droplets become sufficiently concentrated, a magmatic sulphide deposit is formed. The timing of the sulphide saturation event can determine the style and stratigraphic level of mineralisation. Massive Ni-Cu±PGE sulphides in the feeder conduit and/or in structural embayments-depressions along the basal contacts of the magma chamber (e.g., Voisey’s Bay, Radio Hill) generally form from early sulphide saturation processes (e.g., crustal contamination). In contrast, stratabound PGE-enriched layers that occur at higher stratigraphic levels near major compositional contacts between mafic-ultramafic sequences (Merensky Reef, Munni Munni) form from relatively late sulphide saturation processes (e.g., magma mixing) in the chamber. Other elements, such as titanium (Ti), vanadium (V), and cobalt (Co) may be concentrated in the magma through crystal fractionation processes and form stratabound deposits in the more evolved upper parts of the intrusion. (3) At higher levels in the crust, voluminous basaltic sill and dyke magmatic systems can attain sulphide saturation by crustal contamination processes (Noril’sk-Talnakh). (4) Comagmatic lavas at surface will be depleted in those elements which are enriched in the sulphide deposits. Recognition of these metal-depleted basalts can therefore provide evidence of mineralising systems deeper in the crust. 

Schulz, K.J., Cannon, W.F., 1997. Potential for new nickel-copper sulfide deposits in the Lake Superior region (http://pubs.usgs.gov/info/mwni_cu/).
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Modified after Schulz & Cannon (1997)

4. Surface Setting: 
Depleted basalts → vectors for 
sulphide separation at depth

3. Sub-Volcanic Setting: 
Suphides scavenge Ni, Cu, 
PGEs in high-level 
contaminated sills (Noril’sk)

2. Intrusive Setting: Late S 
saturation of magma in 
chamber → stratabound PGE 
layer

 
(Merensky Reef, Munni 

Munni); early S saturation →
 massive Ni-Cu sulphides at 

basal contact & feeder conduit 
(Voisey’s Bay, Sally Malay)

1. Mantle Setting: 
Fertile magmas derived from 
melting of mantle plume

Basic Concepts: 
Formation of 

Tholeiitic 
Ni-Cu±PGE 

Sulphide Deposits

Kalkarindji ME 30
Hart ME 10

Gairdner ME 26
Warakurna ME 24 
Bangemall ME 18

Mordor ME 23
Fraser ME 20
Loongana ME 19
Andrew Young ME 15
Lunch Creek ME 11           
Mount Hay ME 9
Edmirringee ME 8       
Sally Malay ME 7
Widgiemooltha ME 2

Presenter�
Presentation Notes�
Magmatic Events (ME) defined in this study linked to the different crustal settings (surface, sub-volcanic, intrusive) that could host magmatic Ni-Cu±PGE sulphide deposits associated with tholeiitic mafic-dominated magmas (see also previous slide #56 for further descriptions).�



Free GA products: download at www.ga.gov.auFree GA products: download at www.ga.gov.au

National Map

Time-Space-Event Chart

Time-Slice Maps

Mineral
Deposits

LIPs

State/Territory
Data Tables

140-page
GA Record 

2008/15

Presenter�
Presentation Notes�
Free products available from this study to download from Geoscience Australia’s web site at: 
http://www.ga.gov.au/minerals/research/pubspres.jsp, and 
http://www.ga.gov.au/map/index.jsp#mum

GA Record 2008/15 contains all the geochronological data, references, and attribute data that underpins the information portrayed on the ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events’ maps.

Hoatson, D.M., Claoué-Long, J.C., Jaireth, S., 2008. Guide to using the 1:5 000 000 map of Australian Proterozoic mafic-ultramafic magmatic events. Geoscience Australia Record 2008/15, 140 pp.�



Contact: Dean.Hoatson@ga.gov.au                 
*www.ga.gov.au/minerals/research/pubspres.jsp

Visit Geoscience Australia’s booth #27   
and website* for:

 
• Magmatic Events & nickel exploration maps, reports

• Comprehensive review of Australia’s nickel sulphide
deposits (Ore Geology Reviews v 29)       

• Other products to assist explorers

Visit Geoscience Australia’s booth #27   
and website* for:

• Magmatic Events & nickel exploration maps, reports

• Comprehensive review of Australia’s nickel sulphide
deposits (Ore Geology Reviews v 29)       

• Other products to assist explorers

Thank youThank you

Presenter�
Presentation Notes�
Concluding messages, products, and contacts.
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