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Comb spinifex: distinctive texture of Archean komatiitic rocks

Presenter�
Presentation Notes�
Geoscience Australia has recently released two web-based map sheets that show the continental extent and age relationships of Archean mafic and ultramafic rocks and associated mineral deposits throughout Australia. The maps were produced in close collaboration with the State and Northern Territory geological surveys. 



The Archean eon (~4000 million years to 2500 million years) represents an early part of Earth’s history that is noteworthy for the widespread occurrence of unusual olivine-rich ultramafic rocks called komatiites which contain world-class deposits of nickel sulphides. 

 

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), copper, chromium, cobalt, titanium, and vanadium. The new map sheets, when used in association with the ‘Australian Proterozoic Mafic-Ultramafic Magmatic Events’ map published in 2008 (GeoCat 66114; GA Record 2008/15), summarise the temporal and spatial evolution of Precambrian mafic-ultramafic magmatism in Australia. These maps provide a national framework for investigating under-explored and potentially mineralised environments, and assessing the role of mafic-ultramafic magmatism in the development of the Australian continent.



Photograph: Distinctive rock textures such as bladed spinifex and more unusual radiating combs characterise komatiitic rocks from Archean terranes in South Africa, Canada, and Australia. Spinifex textures are typically characterised by large, skeletal or dendritic, platy, bladed or acicular grains of olivine or pyroxene, found in the upper parts of komatiitic flows, or, less commonly, at the margins of sills and dykes (Arndt, 1994). The textures are interpreted to form from the rapid cooling and quenching of high-MgO ultramafic magmas. 



Arndt, N.T., 1994. Archean komatiites. In: Condie, K.C. (editor), Archean Crustal Evolution. Elsevier, Amsterdam, 11-44.
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Where are the Archean mafic-ultramafic magmatic 
systems?

Which Archean Magmatic Events
 

have ultramafic
 associations that are important for fertile Ni, Cr, PGE 

systems? 

Can we correlate Archean Magmatic Events that are 
known to be mineralised …. especially under cover? 

Critical Questions for Explorers …Critical Questions for Explorers …

Presenter�
Presentation Notes�
Three critical questions relevant to explorers searching for nickel, platinum-group elements (PGEs), copper, chromium, cobalt, titanium, and vanadium mineralisation associated with Archean mafic and ultramafic igneous rocks. These questions, with answers derived from the new maps, are revisited at slide #53.
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Presenter�
Presentation Notes�
Generalised geological map of Australia showing the distribution of geoprovinces, and the North Australian, West Australian, and South Australian cratons. Archean mafic and ultramafic igneous rocks with reliable crystallisation ages in Australia are confined to the older crustal components in Western Australia and South Australia (shown in ellipses). In this study, twenty-six Archean Magmatic Events (AME) ranging in age from the Eoarchean ~3730 Ma (AME 1) to the late Neoarchean ~2520 Ma (AME 26) were identified. �



Major Archean Nickel and PGE Deposits  Major Archean Nickel and PGE Deposits  

Relative size of 
deposit/province

(global Ni metal)
Australian Ni deposit
Other Ni province/deposit

Superplume
Global Ni metallogenic per.Kabanga (1403)

Penikat (2440)

Kambalda Radio Hill Munni Munni ??

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. The geological settings of these four major deposit associations are discussed by Hoatson et al. (2006). The younger component of the Archean eon is indicated by a transparent green band. 



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 Archean 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 episodes (shown by horizontal yellow bands) at ~2060 Ma to 1840 Ma, ~2705 Ma to 2690 Ma, and ~3000 Ma to 2875 Ma. Major superplume events (right column) are from Abbott & Isley (2002).



Photographs (left to right): examples of Archean Ni+Cu+platinum-group element (PGE) mineralisation associated with mafic-ultramafic rocks in Western Australia. Kambalda (Yilgarn Craton)-massive Ni-Cu sulphides at contact of komatiitic sequence and footwall basalts; Radio Hill (Pilbara Craton)-massive pyrrhotite-pentlandite-chalcopyrite ore from basal contact of layered mafic-ultramafic intrusion; and Munni Munni (Pilbara Craton)-PGE-enriched porphyritic plagioclase websterite from contact of ultramafic and gabbroic zones in large layered mafic-ultramafic intrusion. 



Abbott, D.H. and 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. and Jaques, A.L., 2006. Nickel sulfide deposits in Australia: Characteristics, resources, and potential. Ore Geology Reviews 29, 177–241.
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Definitions and MethodsDefinitions and Methods

• Archean Magmatic Event (AME):
 

Probable geological incident of 
significance (4000 to 2500 Ma) that is suggested by isotopic, 
geological, or other evidence

 
(2005 Glossary of Geology)

• Characterisation of Rocks:
 

Province, Formation, Age, Rock 
Types, Bulk Composition, Setting, Mode of Occurrence, 
Thickness, Country Rocks, Mineralisation; ARC GIS 9.3 
environment

• Magmatic Event Criteria.
 

Several hundred, reliable (>95% U-Pb 
zirc/badd) ages of mafic & ultramafic rocks

• Base Maps: Major Crustal Provinces and Solid Geology….
 Economic potential → important to assess total volume of 

magmatic system

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



‘Archean Magmatic Event (AME)’—Modified definition from Neuendorf, K.K.E., Mehl, J.P.Jr. and Jackson, J.A. (editors), 2005. Glossary of Geology, Fifth Edition. American Geological Institute, Alexandria, Virginia, 779 pp.



‘Characterisation of Rocks’—Types of data compiled for the characterisation of Archean mafic-ultramafic rocks in this study.



‘Magmatic Event Criteria’—Reliable geochronological data of mafic and ultramafic rocks were used for defining the Archean Magmatic Events and regional spatial correlations of events. More than 95% of the ages compiled in the study are from U-Pb zircon (zirc) or baddeleyite (badd) determinations. 



‘Base Maps—Major Crustal Provinces and Solid Geology Base maps were used since they have national-scale continuity and provide important implications for mineral potential assessments. State-wide solid geology base maps were used for the representation of the Archean Magmatic Events in Western Australia and South Australia. Solid geology datasets have the advantage of providing insights 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 total volume of the magmatic system can be an important exploration criterion when targeting certain mineralising systems that occur in large magmatic systems, such as PGE-bearing stratabound layers in large layered mafic-ultramafic intrusions (e.g., PGE-enriched layer in the Munni Munni Intrusion, west Pilbara Craton, Western Australia). 
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Presenter�
Presentation Notes�
New Archean Magmatic Events colour map from Geoscience Australia–‘Australian Archean Mafic-Ultramafic Magmatic Events (Sheet 1 of 2)’. References and details of data underpinning the map can be found in Hoatson et al. (GA Record 2009/41: GeoCat 69935).



The map (Geoscience Australia GeoCat Number 69347) can be downloaded free in pdf and jpg formats from Geoscience Australia under the heading ‘Mafic-Ultramafic Magmatic Events’ at:

http://www.ga.gov.au/resources/maps/minerals/index.jsp





�



Presenter�
Presentation Notes�
New Archean Magmatic Events colour map from Geoscience Australia–‘Australian Archean Mafic-Ultramafic Magmatic Events: Yilgarn Craton, Western Australia (Sheet 2 of 2)’. References and details of data underpinning the map can be found in Hoatson et al. (GA Record 2009/41: GeoCat 69935).



The map (Geoscience Australia GeoCat Number 69347) can be downloaded free in pdf and jpg formats from Geoscience Australia under the heading ‘Mafic-Ultramafic Magmatic Events’ at:

http://www.ga.gov.au/resources/maps/minerals/index.jsp
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Time─Space─Event Chart: 26 Magmatic EventsTime─Space─Event Chart: 26 Magmatic Events
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Presenter�
Presentation Notes�
The presence and correlation of the twenty-six identified Archean Magmatic Events are represented in the Time–Space–Event Chart on Sheet 1 of the new national map. The five major crustal provinces (Pilbara Craton, Hamersley Basin, Sylvania Inlier, Yilgarn Craton, and Gawler Craton) in Western Australia and South Australia are divided into sixteen smaller provinces (green text) encompassing Terranes, Domains, Inliers, and Basins. 



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 Archean Magmatic Events, and important correlations across provinces. For example, it can be seen that some events are isolated to one province (AME 1 in Narryer), whereas others have widespread presence across many provinces (e.g., Black Range Event AME 13 at ~2770 Ma has been documented in five provinces within the Pilbara Craton and Hamersley Basin). In addition, the chart shows that some provinces have experienced multiple magmatic events (e.g., seven Archean Magmatic Events affected the Kalgoorlie Terrane during the period 2735 Ma to 2665 Ma). It also highlights the frequency and groupings of Archean Magmatic Events, such as the busy period in the early Neoarchean (~2820 Ma to ~2625 Ma) which represents one of the most important geological periods of mafic±ultramafic magmatism in the Archean evolution of Australia. 



The general sequential development (indicated on the slide by stages 1 to 4) of Archean mafic-ultramafic magmatism in Australia commenced: (1) in the northwest Yilgarn Craton, with 3730 ± 6 Ma gabbroic rocks in the Manfred layered complex, Narryer Terrane, being the oldest known dated rocks in Australia; (2) this was followed by the Pilbara Craton; (3) then mafic-ultramafic magmatic events became more widespread in the early Neoarchean with several coeval contributions from the Yilgarn and Pilbara cratons, Hamersley Basin, and Sylvania Inlier; and (4) the national Archean mafic-ultramafic magmatic record concluded in the late Neoarchean with two isolated magmatic events (AME 25–2560 Ma and AME 26–2520 Ma) in the Gawler Craton.



Horizontal pink bands on the chart indicate the presence of known nickel, platinum-group elements (PGEs), copper, chromium, vanadium, and titanium mineralisation within certain Archean Magmatic Events, either in Australia or overseas. Three significant periods of mineralisation are associated with mafic-ultramafic magmatism in Australia, namely: ~2925 Ma—PGEs+nickel+copper (Munni Munni Intrusion: AME 8) and nickel+copper+PGEs (Radio Hill Intrusion: AME 8); ~2800 Ma—titanium+vanadium and chromium-PGE (Windimurra Intrusion: AME 11); and ~2705 Ma—nickel+copper±PGEs associated with komatiitic rocks (eastern Yilgarn Craton: AME 19). The latter period overlaps with similar nickel-copper sulphide deposits in the Abitibi Belt of Canada, but Australia appears to lack coeval analogues to the ~2585 Ma Great Dyke of Zimbabwe that hosts economic PGE-bearing chromitites. 

�



Presenter�
Presentation Notes�
Enlarged inset map from Sheet 1 (1:2 500 000) showing the distribution of Archean mafic-ultramafic rocks assigned to Archean Magmatic Events in the major crustal provinces of the Pilbara Craton, Hamersley Basin, and Sylvania Inlier. �



Presenter�
Presentation Notes�
Part of map from Sheet 2 (1:3 000 000) depicting outcropping Archean greenstone sequences (green, purple, and blue screens), layered mafic-ultramafic intrusions (dark green), granitic rocks (pink), and younger rocks (brown) throughout the northeastern corner of the Yilgarn Craton. Greenstone sequences under shallow cover and younger sedimentary basins (green with stipple) containing potentially mineralised komatiitic rocks are also shown. Depths to basement in drillholes (from various sources) indicates that the thicknesses of cover sequences are generally not prohibitive for exploration drilling.
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Kalgoorlie Terrane is 
most nickel-endowed 
province (~12 Mt Ni)

Presenter�
Presentation Notes�
Map from Sheet 2 (1:6 000 000) depicting total nickel resources for individual nickel sulphide deposits and regional nickel endowment for the Kurnalpi Terrane, Southern Cross Domain, and Kalgoorlie Terrane. Data shown is total (i.e., global) contained nickel metal, which is defined as total production plus remaining reserves and/or resources. The map shows that the Kalgoorlie Terrane contains the highest nickel sulphide endowment (~12 Mt) in the Yilgarn Craton. Data from OZMIN–Geoscience Australia’s national database of mineral deposits and resources.�



Highest nickel 
endowment is associated 

with intermediate age 
crust (3.02─2.87 Ga)

Presenter�
Presentation Notes�
Map from Sheet 2 (1:6 000 000) depicting model-based 'average' age of the crust as indicated by ‘granitic’ rocks (using a two-stage evolution of Sm/Nd and assuming a depleted mantle, Champion and Cassidy, 2008). Highest nickel sulphide endowment (Kalgoorlie Terrane) is associated with intermediate age crust (neodymium two-stage model ages of 3.02 to 2.87 Ga).



Model age surface (cell size 1 km) calculated using interpolating grid routine in ArcGIS. Interpolating method: Inverse Distance Weighted with a fixed search radius (number of neighbours is 12). Sample locations for dating are not uniformly distributed across the Yilgarn Craton.



Champion, D.C. and Cassidy, K.F., 2008. Geodynamics: Using geochemistry and isotopic signatures of granites to aid mineral systems studies: an example from the Yilgarn Craton. In: Korsch, R.J. and Barnicoat, A.C. (editors), New Perspectives: The Foundations and Future of Australian Exploration. Abstracts for the 11–12th June 2008 pmd*CRC Conference. Geoscience Australia, Record 2008/09, 7–16.�



Presenter�
Presentation Notes�
Map from Sheet 2 (1:6 000 000) characterising komatiitic rocks on the basis of geochronology (individual ages are shown on Sheet 2, and are summarised in Hoatson et al., 2006) and geochemical (Al2O3/TiO2 ratios) data. 



The komatiitic rocks of the Yilgarn Craton can be divided into two broad compositional groups (Barnes et al., 2004): (1) Al-undepleted komatiites (AUDK) or ‘Munro-type’ komatiites–Al2O3/TiO2 ratios generally vary between 15 and 25, and they are typically depleted in incompatible trace elements; and

(2) Al-depleted komatiites (ADK) or ‘Barberton-type’ komatiites–Al2O3/TiO2 ratios are <15, and they are enriched in incompatible trace elements.

The two chemical groups of komatiites are inferred to result from different melting conditions in the mantle, with a garnet residue indicated by the Al-depleted lavas. Large-tonnage nickel sulphide deposits (Mount Keith) are generally associated with ~2.70 Ga AUDK, whereas smaller high-grade deposits (Flying Fox) are often associated with older ~3.00-2.90 Ga ADK.



References for geochronology of Archean mafic and ultramafic rocks:

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

Van Kranendonk, M.J. and Ivanic, T.J., 2009. A new lithostratigraphic scheme for the northeastern Murchison Domain, Yilgarn Craton. Geological Survey of Western Australia Annual Review 2007–08, 35–53.

Van Kranendonk, M.J., Hickman, A.H., Smithies, R.H., Williams, I.R., Bagas, L. and Farrell, T.R., 2006. Revised lithostratigraphy of Archean supracrustal and intrusive rocks in the northern Pilbara Craton, Western Australia. Geological Survey of Western Australia, Record 2006/15, 57 pp.

Wilde, S.A., 2001. Jimperding and Chittering Metamorphic Belts, southwestern Yilgarn Craton, Western Australia–a field guide. Geological Survey of Western Australia, Record 2001/12, 24 pp.



References for composition of komatiitic rocks:

Barley, M.E., Blewett, R.S., Cassidy, K.F., Champion, D.C., Czarnota, K., Doyle, M.G., Krapez, B., Kositcin, N., Pickard, A.L. and Weinberg, R.F., 2006. Tectonostratigraphic and structural architecture of the eastern Yilgarn Craton. Final AMIRA Report P763/pmd*CRC Project Y1, December 2006.

Barnes, S.J., Hill, R.E.T., Perring, C.S. and Dowling, S.E., 2004. Lithogeochemical exploration for komatiite-associated Ni-sulfide deposits: strategies and limitations. Mineralogy and Petrology 82, 259–293.

Lesher, C.M. and Keays, R.R., 2002. Komatiite-associated Ni-Cu-PGE deposits: geology, mineralogy, geochemistry, and genesis. In: Cabri, L.J. (editor), The Geology, Geochemistry, Mineralogy and Mineral Beneficiation of Platinum-Group Elements. Canadian Institute of Mining, Metallurgy and Petroleum, Special Volume 54, 579–617.�



Time-Slice Animation of 26 Archean Magmatic EventsTime-Slice Animation of 26 Archean Magmatic Events

Background Image: Gravity Anomaly Map 
of Australia, 3rd Edition, 2008

Presenter�
Presentation Notes�
Major geological and tectonic subdivisions (Craton, Inlier, Basin, Terrane, and Domain) of major Archean crustal provinces in the southwestern part of Australia superimposed on Gravity Anomaly Map of Australia (Geoscience Australia, 3rd Edition, 2008). The geological and tectonic boundaries shown on this map will be used as a template for the Time-Slice Maps animation shown on slides 15 to 42.�



Presenter�
Presentation Notes�
Commence Time-Slice Maps Animation: comprising twenty-six Archean Magmatic Events and Undefined Events (slides 15 to 42). 



Distribution of AME 1 (mu) ~3730 Ma Manfred Event. The Archean mafic-ultramafic magmatic record for Australia commences with dated leucogabbroic and meta-anorthositic rocks from the Manfred layered igneous complex in the Narryer Terrane, northwest Yilgarn Craton. Gabbroic rocks in the Manfred layered igneous complex are the oldest known rocks in Australia that have been dated. The Narryer Terrane appears to be anomalous (exotic accreted origin?) in its age context relative to the other juxtaposed terranes of the Yilgarn Craton.



Most Archean mafic and ultramafic rocks in the Yilgarn Craton are not designated an AME because the solid-geology datasets provided by the Geological Survey of Western Australia do not contain stratigraphic Formation of Member information for these rocks. Consequently, most solid-geology rock polygons in the Yilgarn Craton will be shown as Undefined Event (or as a point location) since their stratigraphic details are unknown (and therefore their age is unknown). In contrast, most mafic and ultramafic rocks in the Pilbara Craton and Hamersley Basin have some formal stratigraphic characterisation, and therefore if reliably dated, can be assigned to an AME. The paucity of stratigraphic information for the rock units in the Yilgarn Craton relative to the Hamersley Basin, for example, is attributed to the better preservation of geological formations at the surface, the more systematic and predictable layer-cake-type stratigraphy, and more robust geochronological data, for the latter crustal province.   



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 1 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. The type occurrence of the dated Archean Magmatic Event is shown as a coloured dot symbol, whereas other samples of the same magmatic event are indicated by coloured square symbols.  



�



Presenter�
Presentation Notes�
Distribution of AME 2 (mu) ~3490 Ma North Star Event. Named after dated pyroxenite lens interbedded with basalt of North Star Basalt, Pilbara Craton. The next evolutionary phase for the Archean in Australia involves the Pilbara Craton, with dated mafic-ultramafic rocks in AME 2 to AME 6 reported from the East, Central, and West Pilbara terranes. 



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 2 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 3 (mu) ~3470 Ma Mount Ada Event. Named after dated tuff interbedded with basalt of Mount Ada Basalt, Pilbara Craton (note location of dated sample is very close to AME 2 sample).



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 3 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 4 (mu) ~3350 Ma Euro Event. Named after dated volcaniclastic sandstone interbedded with chert and basalt of Euro Basalt, Pilbara Craton.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 4 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 5 (mu) ~3175 Ma Honeyeater Event. Named after dated tuff interbedded with basalt of Honeyeater Basalt, Pilbara Craton.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 5 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 6 (mu) ~3115 Ma Bradley Event. Named after dated felsic tuff interbedded with basalt of Bradley Basalt, Pilbara Craton. Correlatives in West Pilbara Terrane and Central Pilbara Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 6 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 7 (m) ~2960 Ma Lake Wells Event. Named after dated felsic volcaniclastic rock interbedded with basalt from Lake Wells Station, Yilgarn Craton. Outside the Manfred layered igneous complex in the Narryer Terrane (AME 1), the Lake Wells Event in the Burtville Terrane is the oldest mafic-ultramafic magmatic event documented in the Yilgarn Craton.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 7 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 8 (mu) ~2925 Ma Munni Munni Event. Named after dated ferrogabbro pegmatite from Munni Munni Intrusion, Pilbara Craton. This AME is confined to the Pilbara Craton with correlatives documented in the West Pilbara Terrane and Central Pilbara Terrane. 



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 8 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 9 (mu) ~2820 Ma Lady Alma Event. Named after dated gabbro from Lady Alma Intrusion, Yilgarn Craton. The Neoarchean period from ~2820 million years (AME 9) to ~2665 million years (AME 23) represents an extremely busy evolutionary phase with multiple overlapping coeval events recorded for the Pilbara and Yilgarn cratons, Hamersley Basin, and Sylvania Inlier. 



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 9 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 10 (m) ~2810 Ma Mount Sefton Event. Named after dated pegmatoidal leucogabbro from Mount Sefton leucogabbro, Yilgarn Craton.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 10 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 11 (mu) ~2800 Ma Narndee Event. Named after dated gabbronorite from Narndee Intrusion, Yilgarn Craton. Correlatives in Youanmi Terrane and South West Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 11 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 12 (m) ~2790 Ma Little Gap Event. Named after dated un-named dolerite from Little Gap dolerite, Yilgarn Craton.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 12 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 13 (m) ~2770 Ma Black Range Event. Named after dated dolerite from Black Range Dolerite Suite, Pilbara Craton. Correlatives in East Pilbara Terrane, West Pilbara Terrane, Central Pilbara Terrane, Mosquito Creek Terrane, and Hamersley Basin.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 13 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 14 (mu) ~2755 Ma Mount Warren Event. Named after dated leucogabbro from Mount Warren, Yilgarn Craton. Correlatives in Burtville Terrane and Youanmi Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 14 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 15 (m) ~2745 Ma Sylvania Event. Named after dated dolerite from Sylvania dyke swarm, Sylvania Inlier. Correlatives in Sylvania Inlier and Youanmi Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 15 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 16 (mu) ~2735 Ma Kathleen Valley Event. Named after dated quartz gabbro from Kathleen Valley Gabbro, Yilgarn Craton. Correlatives in Kalgoorlie Terrane, Hamersley Basin, West Pilbara Terrane, East Pilbara Terrane, and Kurrana Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 16 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 17 (m) ~2725 Ma Gidley Event. Named after dated gabbro from Gidley Granophyre, Pilbara Craton. This event is confined to the Dampier Archipelago in the West Pilbara Terrane. 



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 17 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 18 (m) ~2715 Ma Maddina Event. Named after dated felsic tuff interbedded with basalt of Maddina Basalt, Pilbara Craton. Correlatives in Hamersley Basin, West Pilbara Terrane, East Pilbara Terrane, and South West Terrane, Youanmi Terrane, and Kalgoorlie Terrane. This is the final major mafic-ultramafic magmatic event documented in the Pilbara Craton and Hamersley Basin.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 18 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 19 (mu) ~2705 Ma Kambalda Event. Named after dated felsic tuff interbedded with komatiite of the Kambalda Komatiite, Yilgarn Craton. Correlatives in Kurnalpi Terrane, Kalgoorlie Terrane, and South West Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 19 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 20 (mu) ~2695 Ma Williamstown Event. Named after dated granophyric quartz gabbro from Williamstown Peridotite, Yilgarn Craton. Correlatives in Kalgoorlie Terrane and South West Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 20 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 21 (mu) ~2685 Ma Mount Pleasant Event. Named after dated Mount Pleasant sill, Yilgarn Craton. Correlatives in Kalgoorlie Terrane and Kurnalpi Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 21 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 22 (m) ~2675 Ma Golden Mile Event. Named after dated granophyre from Golden Mile Dolerite, Yilgarn Craton. Correlatives in Kalgoorlie Terrane and South West Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 22 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 23 (m) ~2665 Ma Coates Siding Event. Named after dated gabbro from Coates Siding, Yilgarn Craton. Correlatives in South West Terrane and Kalgoorlie Terrane.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 23 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 24 (m) ~2625 Ma Kaluweerie Event. Named after dated granophyric dolerite from Kaluweerie, Yilgarn Craton. This is the final major mafic-ultramafic magmatic event documented in the Yilgarn Craton.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 24 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of AME 25 (mu) ~2560 Ma Devils Playground Event. Named after dated rhyodacite interbedded with basalt of Devils Playground volcanics, Gawler Craton, South Australia. The Australian Archean mafic-ultramafic magmatic record concludes in the late Neoarchean with two isolated magmatic events (AME 25 and AME 26) recorded in the Gawler Craton.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 25 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  
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Presenter�
Presentation Notes�
Distribution of AME 26 (mu) ~2520 Ma Lake Harris Event. Named after dated volcaniclastic rock interbedded with komatiite from Lake Harris Komatiite, Gawler Craton. Correlatives in Harris Greenstone Domain and Coulta Domain.



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Archean Magmatic Event 26 is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Distribution of Undefined Event (magmatic 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. Most Archean mafic and ultramafic rocks in the Yilgarn Craton are not designated an AME because the solid-geology datasets provided by the Geological Survey of Western Australia do not contain stratigraphic Formation of Member information for these rocks. Consequently, most solid-geology rock polygons in the Yilgarn Craton are shown as Undefined Event since their stratigraphic details are unknown (and therefore their age is unknown). In contrast, most mafic and ultramafic rocks in the Pilbara Craton and Hamersley Basin have some formal stratigraphic characterisation, and therefore if reliably dated, can be assigned to an AME. 



The following series of Time-Slice Maps progress from the oldest Archean Magmatic Event (AME 1) to the youngest Archean Magmatic Event (AME 26). The spatial distribution of Undefined Event is depicted by bright red-orange colours. With the introduction of the next Archean Magmatic Event (final slide #42 in Time-Slice Maps) this colour reverts to the colour depicted on the published national map. For each Archean Magmatic Event: (m) indicates mafic rocks only, and (mu) indicates mafic and ultramafic rocks. Type occurrence of dated Archean Magmatic Event is shown as a coloured dot symbol, and other samples of the same magmatic event are indicated by coloured square symbols.  

�



Presenter�
Presentation Notes�
Conclude Time-Slice Maps Animation: comprising twenty-six Archean Magmatic Events and Undefined Events (slides 15 to 42).



Distribution of all Archean Magmatic Events AME 1 to AME 26, and Undefined Event. The general sequential development of Archean mafic-ultramafic magmatism in Australia therefore commences during the Eoarchean in the northwest Yilgarn Craton, followed by the Pilbara Craton, and then it becomes more widespread in the early Neoarchean with several coeval contributions from the Yilgarn and Pilbara cratons, Hamersley Basin, and Sylvania Inlier. The Australian Archean mafic-ultramafic magmatic record concludes in the late Neoarchean with two isolated magmatic events recorded in the Gawler Craton.
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Diverse Styles of Archean MineralisationDiverse Styles of Archean Mineralisation

(1) PGE-Ni-Cu sulphides:
~2925 Ma AME 8 (mu): Munni Munni Intrusion

(2) Ti-V oxides:
~2800 Ma AME 11 (mu): Windimurra Intrusion

(3) Ni-Cu±PGE
 

sulphides:
~2705 Ma AME 19 (mu): Kambalda Komatiite

Presenter�
Presentation Notes�
Three different styles of mineralisation (sulphides and oxides) associated with Archean Magmatic Events 8, 11, and 19 in Australia. �



(1) Munni Munni Intrusion (2925 Ma): Pilbara Craton(1) Munni Munni Intrusion (2925 Ma): Pilbara Craton

Source: AGSO Bulletin 242: Hoatson et al

Largest resource of PGEs in Australia
24 Mt @ 2.9 g/t PGE+Au, 0.3% Cu, 0.2% Ni

.

Presenter�
Presentation Notes�
Interpreted block diagram of the Munni Munni layered intrusion, west Pilbara Craton, Western Australia. The intrusion has an emplacement age of ~2925 million years and is the type example for the AME 8 Munni Munni Event at ~2925 million years. The intrusion contains a large resource (currently subeconomic) of platinum-group elements (PGEs) with minor copper and nickel credits. The disseminated sulphide mineralisation is hosted by a persistent porphyritic plagioclase websterite layer (black) that occurs at the contact between the ultramafic (green) and overlying gabbroic (orange) zones. This stratigraphic setting for the mineralisation is very similar to that seen in the Great Dyke of Zimbabwe. The dyke-like Munni Munni body intrudes Mesoarchean granitic rocks (pink) and is unconformably overlain by a ~2.7 Ga platform sequence of sedimentary and volcanic rocks of the Fortescue Group (yellow).



Hoatson, D.M., Wallace, D.A., Sun, S-s., Macias, L.F., Simpson, C.J. and Keays, R.R., 1992. Petrology and platinum-group-element geochemistry of Archaean layered mafic-ultramafic intrusions, west Pilbara Block, Western Australia. Australian Geological Survey Organisation Bulletin 242, 320 pp.�
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Presenter�
Presentation Notes�
Photographs of the Munni Munni Intrusion, west Pilbara Craton, Western Australia. 

(1) Aerial view that looks southeast across the ultramafic-gabbroic zone contact, near Munni Munni Creek. Foreground region shows macroscopic cyclic layering in ultramafic zone (UZ) comprising strike line ridges of pyroxenitic rocks, and peridotite and dunite occupying recessive areas. Gabbroic rocks from the gabbroic zone (GZ) occupy most of the area in the background. The approximate stratigraphic position of the mineralised porphyritic websterite layer is indicated by the dashed line. Shallow-dipping sedimentary and volcanic platform rocks of the Fortescue Group are shown on the distant ridges behind the GZ.

(2) Evidence of magma mixing at contact region of ultramafic and gabbroic zones: detached and partially assimilated websterite block (brown) is enclosed by gabbroic rocks (white).

(3) Platinum-group element-enriched porphyritic plagioclase websterite rock from contact region of ultramafic and gabbroic zones. Large euhedral hypersthene and smaller granular clinopyroxene grains are mantled by intercumulus plagioclase, minor phlogopite, and local chalcopyrite-pentlandite-pyrrhotite sulphide blebs. 

(4) Scanning electron microscope image of cooperite (PtS) prism in contact with a chalcopyrite-pentlandite aggregate.�



Exploration Strategies from Munni MunniExploration Strategies from Munni Munni

Cu/Pd, Cu/Zr, Pt/S (Hoatson & Keays 1989): now widely used in Canada, South Africa, Russia

Presenter�
Presentation Notes�
Close-spaced (~20 m) sampling of surface rock samples throughout the stratigraphy of the Munni Munni Intrusion shows a marked break in chalcophile metal ratios at the contact between the ultramafic zone and the overlying gabbroic zone. This stratigraphic level (1850 m) coincides with the mineralised porphyritic plagioclase websterite layer and indicates the onset of S-saturation in the intrusion. Breaks in stratigraphic profiles of such ratios as Cu/Pd, Cu/Ir, and Pt/S have been widely used in exploration programs to indicate the stratigraphic level of PGE-enriched stratabound layers in Precambrian mafic-ultramafic intrusions.



Hoatson, D.M. and Keays, R.R., 1989. Formation of platiniferous sulfide horizons by crystal fractionation and magma mixing in the Munni Munni layered intrusion, West Pilbara Block, Western Australia. Economic Geology 84, 1775–1804.�



(2) Windimurra Intrusion (~2800 Ma): Yilgarn Craton(2) Windimurra Intrusion (~2800 Ma): Yilgarn Craton

Map: Mathison 
& Ahmat (1996)

Presenter�
Presentation Notes�
Geological map of the Windimurra Intrusion, Yilgarn Craton, Western Australia. The intrusion is interpreted to be coeval with the nearby ~2800 million year Narndee Intrusion, and belongs to the AME 11 Narndee Event at ~2800 million years. The Windimurra Intrusion is a large mafic-ultramafic basinal body that contains diverse styles of mineralisation. Platinum-group element chromitites have been locally reported from the northwestern part of the intrusion (Wondinong area), and cyclic layers of Ti-V-bearing magnetitite layers have been intermittently mined from the southeastern part of the body (Windimurra Hills-Windimurra area). Most of the intrusion is under alluvial cover.



Geology is modified from Mathison, C.I. and Ahmat, A.L., 1996. The Windimurra Complex, Western Australia. In: Cawthorn, R.G. (editor), Layered Intrusions. Developments in Petrology 15, Elsevier Science B.V., The Netherlands, 485–510.�



PGE-bearing 
chromitites (black) 

in anorthosite (white), 
Wondinong area

Cyclic Ti-V-magnetitite layers 
(grey) in leucogabbro (white), 
Windimurra Vanadium Ltd pit

Photographs: Tim Ivanic (2009; GSWA)

Presenter�
Presentation Notes�
Two examples of mineralisation in the Windimurra Intrusion: view looking south at cyclic Ti-V-bearing magnetitite layers (grey) in leucogabbro (white), Windimurra Vanadium Limited’s pit; and PGE-bearing chromitites (black) in anorthosite (white), Wondinong area.



Both photographs from: Tim Ivanic (Geological Survey of Western Australia, 2009)

�
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Photographs: Steve Barnes, CSIRO, 2004

(3) Kambalda Komatiite
(~2705 Ma): Yilgarn Craton

(3) Kambalda Komatiite
(~2705 Ma): Yilgarn Craton1

2

3
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Presenter�
Presentation Notes�
Schematic representation of typical mineralised Archean komatiitic sequence from the Kalgoorlie Terrane in the Yilgarn Craton. Rock types include: (1) bladed olivine spinifex textures in the upper part of the ultramafic flow; (2) olivine orthocumulate and (3) olivine adcumulate zones in the lower more primitive parts of the flow; and (4) accumulations of massive, matrix, and disseminated pyrrhotite-pentlandite-chalcopyrite sulphides concentrated at the basal footwall contact of the high-MgO ultramafic flow with underlying basaltic rocks.



Photographs: Steve Barnes (CSIRO, 2004)�



Source: Dowling & Hill (1998)

Focussed magma flow in:  
• compound sheet flows with

internal pathways facies 
(Kambalda) 

• dunitic compound sheet  
flow facies (Mt Keith)

Presenter�
Presentation Notes�
Schematic plan section of inflationary komatiite flows at the Kambalda Dome showing various volcanic facies and associated Kambalda-type deposits (massive sulphide ores shown in red at base of flows in preferred lava pathways). 



Dowling, S.E. and Hill, R.E.T., 1998. Komatiite-hosted nickel sulphide deposits, Australia: Special Jubilee Issue of Australian Geological Survey Organisation Journal, 17(4), 121–127.

�



Modified from Gresham & Loftus-Hills (1981)

Typical Mineralised Environment –
 

Kambalda DepositsTypical Mineralised Environment –
 

Kambalda Deposits

• Embayments & 
structural traps   
along basal contacts 
of channel facies

• Sulphide-bearing 
footwall rocks

Presenter�
Presentation Notes�
Cross-section of typical mineralised komatiitic sequence (Kambalda-type) showing the concentration of massive Ni-Cu±PGE sulphides in structural/thermal embayments along the basal contact of a channel facies of the ultramafic flow. 



Gresham, J.J. and Loftus-Hills, G.D., 1981. The geology of the Kambalda nickel field, Western Australia. Economic Geology 76, 1373–1416.�



Preliminary Findings from Archean StudyPreliminary Findings from Archean Study

• Twenty-six major Archean Magmatic Events (AME):
 range ~3730 Ma (AME 1) to ~2520 Ma (AME 26); restricted to Yilgarn, 

Pilbara, and Gawler cratons, Sylvania Inlier, Hamersley Basin

• Sequential crustal development: commences ~3730 Ma in NW 
Yilgarn

 
Craton; followed by Pilbara Craton; more widespread from 

Yilgarn and Pilbara cratons, Hamersley Basin, Sylvania Inlier; 
concludes with two late Archean events in Gawler Craton

• Three AME have significant mineralisation: AME 8 ~2925 Ma 
Munni Munni-Radio Hill (PGE-Ni-Cu); AME 11 ~2800 Ma 
Windimurra (Ti-V); AME 19 ~2705 Ma Kambalda

 
(Ni-Cu: coeval with 

Abitibi Belt, Canada);
 

no coeval analogues with ~2585 Ma Great Dyke 
of Zimbabwe; Archean is poorly mineralised relative to Proterozoic

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

�



Where are the Archean mafic-ultramafic magmatic systems?
• Continent-

 
and province-wide spatial & temporal correlations

Which Archean Magmatic Events have ultramafic associations, 
i.e., fertility for Ni, Cr, PGE systems?
• 16 of 26 AME contain ultramafic rocks….7 of which (AME 4, 5, 
6, 8, 18, 19, 26) have komatiitic rocks

Can we correlate Archean Magmatic Events that are known 
to be mineralised …. especially under cover?
• Three AME (8, 11, 19) contain significant mineralisation 
• Potential for extending fertile komatiitic magmatic systems
under shallow cover in N and NE Yilgarn Craton

Critical Questions for Explorers…
 

RevisitedCritical Questions for Explorers…
 

Revisited

Presenter�
Presentation Notes�
Answers to the three critical questions (see slide #2) relevant to explorers searching for nickel, platinum-group elements (PGEs), copper, chromium, cobalt, titanium, and vanadium mineralisation associated with Archean mafic and ultramafic igneous rocks. �



Most Important Messages
 

:

• Komatiites and tholeiitic layered intrusions are 
favourable Archean targets

 
(hydrothermal & Cr deposits rare)

• Exploration interest for large, fractionated tholeiitic 
mafic-ultramafic intrusions

 
(Windimurra & Munni Munni-type)

• Most prospective komatiitic sequences (Kalgoorlie Terrane):
– emplaced at ~2.7 Ga 
– volumetrically large magmatic systems 
– sulphidic basement sediments
– dynamic high-magma-flux environments  
– Al-undepleted dominant compositions
– unmineralised Pilbara komatiites are older (~3.1-3.4 Ga), 

thinner (10’s of m), and mostly Al-depleted

• Map delineates large prospective areas of komatiites 
under shallow cover in the Yilgarn Craton

Presenter�
Presentation Notes�
Important messages from presentation.�



Wiluna
Leinster

Agnew

100 km

Mt Keith
(3.4 Mt, #1)

Cosmos
(0.1 Mt)

Yakabindie
(1.7 Mt, #3)

Honeymoon Well
(1 Mt, #5) Perseverance

(2.5 Mt, #2)

Jericho
(0.4 Mt, #6) 

Weebo Bore
(0.1 Mt)

• Richest nickel-komatiite belt in world  
• Five of the six largest nickel 
sulphide deposits in Australia

• Four world-class deposits (>1 Mt)
• Global Ni metal resource of ~9.2 Mt

Prot. coverProt. cover

GraniteGranite
GreenstoneGreenstone

KomatiiteKomatiite
DuniteDunite

N
40 kmPotential 

under 
cover

Bodkin: first massive sulphides 
in N. Wiluna Belt 3/2005

New ‛Ni-PGE’

 

Province:
Cosmos, Prospero, 
Collurabbie, The Bulge, 
Gunbarrel, Bodkin, Fly 
Bore, Camel Bore, 
Waterloo, The Horn, Rosie, 
Marshall Pool, Mt 
Windarra      Symbol =

Potential ‛komatiites’
under cover

Presenter�
Presentation Notes�
The interpreted north-northwestern extensions of various Archean greenstone sequences beneath shallow alluvium cover and Proterozoic basins in the northeastern corner of the Yilgarn Craton. The interpreted subsurface extensions of equivalent rocks to the greenstone sequences under cover are largely derived from aeromagnetic data. Those regions with explorable cover depths (less than a few hundreds of metres) are indicated by red ellipses. Interestingly, many of the nickel sulphide deposits (yellow triangles) in this part of the Yilgarn Craton are platinum-group element (PGE)-enriched and have relatively low Ni/Cu ratios compared to the more typical komatiite-hosted deposits elsewhere in the craton. The clustering of these chemically distinctive deposits indicates a potential new Nickel-PGE province in the northeast Yilgarn Craton characterised by perhaps more evolved komatiitic magmas. There are many exploration opportunities in this part of the craton for finding further such deposits under shallow alluvial cover or beneath sedimentary rocks in Proterozoic basins. The next fly-in slide shows an enlarged geological map for the region (see infilled red ellipse) extending from near Wiluna to Leinster.



Fly-in slide: Enlarged simplified geological map of the northern part of the Norseman-Wiluna greenstone belt (rotated 90o anti-clockwise) in the northeast Yilgarn Craton. The map shows the major komatiite-associated nickel sulphide deposits and their total resources of nickel metal and ranking (#) in size relative to other Australian deposits. This particular section of the greenstones contains more than 9 Mt of nickel metal and represents the richest komatiite-hosted nickel belt in the world. The region north of Wiluna has considerable potential for nickel sulphide mineralisation, especially in view of the world-class metal endowment of the greenstones immediately to the south of Wiluna and the discovery of PGE-bearing massive sulphides at Bodkin.�



GA Products Available On Line:GA Products Available On Line:

National Maps

Time-Space-Event Chart
State
Data Tables

Time-
Slice 
Maps

Mineral
Deposits

Prospectivity 
Under Cover 

GA Record 
2009/41 
GeoCat 
69935

Download Archean & 
Proterozoic products at:
www.ga.gov.au/resources/ 
maps/minerals/index.jsp

Presenter�
Presentation Notes�
Geoscience Australia products available from this study to download from Geoscience Australia’s web site at: 

http://www.ga.gov.au/minerals/research/pubspres.jsp, and 

www.ga.gov.au/resources/maps/minerals/index.jsp



GA Record 2009/41 (GeoCat 69935) contains all the geochronological data, references, and attribute data that underpins the information portrayed on the ‘Australian Archean Mafic-Ultramafic Magmatic Events’ maps.



�



Other Related New Products: LIPs and Time-Series MapsOther Related New Products: LIPs and Time-Series Maps

Download at: www.ga.gov.au/resources/maps/minerals/index.jsp

Presenter�
Presentation Notes�
Geoscience Australia has also released two other large format, web-based colour maps (Geoscience Australia GeoCat Number 69213), namely: (1) ‘Australian Proterozoic Large Igneous Provinces’; and (2) ‘Time Series of Australian Proterozoic Mafic-Ultramafic Magmatic Events’.



Spatial distributions of Large Igneous Provinces (LIPs), mapped at 1:5 000 000 scale, point to continent-scale controls on the locations of magmatic feeder zones which are an important principal exploration target for large Ni-PGE ore deposits. The Proterozoic time series of eight maps highlights relationships between magmatic distributions and the major Australian crustal elements. The time series indicates how the identified LIPs share the location controls of numerous smaller magmatic events. 



The new maps provide a framework for considering potentially mineralised environments and the role of the mantle in the development of the Australian continent. The maps can be downloaded in pdf and jpg formats from Geoscience Australia under the heading ‘Mafic-Ultramafic Magmatic Events’ at: http://www.ga.gov.au/resources/maps/minerals/index.jsp



�



Contact: Dean.Hoatson@ga.gov.au                 
www.ga.gov.au/resources/maps/minerals/index.jsp

Thank youThank you

Magmatic Events are 
even occurring today!
Magmatic Events are 
even occurring today!

Presenter�
Presentation Notes�
Concluding message and contacts.

�
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